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Editorial on the Research Topic

Cooperative Adaptation and Evolution in Plant-Microbe Systems

Evolutionarily, plant-microbe interactions range from beneficial symbioses to the molecular arms
race between pathogens and the immune systems of plants. Expanding our knowledge on ecological
and evolutionary genetics of plant-microbe interactions is of high importance. Plants coevolve
symbiotically with enormously diverse microbial communities, which has been pivotal since
colonization of land by plants. The fungal and bacterial associates provide plants with important
nutritional, protective and growth regulatory functions.

The well-studied mutualists (legume N2-fixing nodules, arbuscular mycorrhizae) and
antagonists (biotrophic and necrotrophic) represent only a minority of symbioses between plants
and associated microbial communities. The endophytic and epiphytic microbiomes exceed their
hosts greatly in terms of genetic information potentially useful for extending the plant ecological
amplitude and improving crop production.

Amajor breakthrough in conceptualizing the role of plant-microbe interactions in evolution has
become possible largely owing to the new research methods. Next generation sequencing (NGS)
opens up new prospects for studies in inter-species interactions. On the one hand, analysis of the
accumulating data makes it possible to approach macroevolution from a new angle. The study
presented byWang et al. in this issue of Frontiers in Plant Science lays ground for discussions about
evolution of stramenopiles and more complex scenarios for the evolution of oomycetes, including
the supposed ancestral endosymbioses or independent horizontal gene transfer events involving
red and green algae, oomycetes and other stramenopiles.

NGS provides opportunities for deeper study of genomes and transcriptomes of species,
new gene combinations and differentially expressed genes during the symbiotic interactions.
For instance, Phomopsis liquidambari studied by Zhou et al. is established in endophytic and
saprophytic systems with rice (Oryza sativa L.). Most genes for amino acids and carbohydrate
metabolism, fatty acid biosynthesis, and secondary metabolism are up-regulated in endophytic
fungi. Most pathways of xenobiotic biodegradation and metabolism are upregulated in saprophytic
systems, demonstrating the genetic regulation of adaptation to various ecological niches.

Symbiotic relationships contribute not only to changes in the pattern of gene expression, but
also to the exchange of genes between symbionts. NGS helps to find footprints of such exchanges.
Five different types of T-DNA of Rhizobium rhizogenes (formerly Agrobacterium rhizogenes)
were identifed in Nicotiana during the analysis of genome sequence data, supplementing former
information about T-DNA inNicotiana and Linaria species with new types of T-DNA. Homologues
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of T-DNAs of agrobacteria were fortuitously found in the
genome of sweetpotato while assembling small interfering RNAs
(siRNAs) for metagenomic analysis. All this suggests that
horizontal gene transfer between bacteria and plants is more
widespread in evolution than previously thought (Chen and
Otten; Quispe-Huamanquispe et al.). However, to understand
the function of the transferred genes, additional studies are
required.

Another interesting and actively studied aspect of the
interaction of plants and rhizobia is nitrogen-fixing symbiosis.
Evolution of N2-fixing symbioses may be addressed as a
conduit of constructing N2-fixing plants. Construction of
“ammonioplasts” by N2-fixing intracellular symbionts was
reviewed by de la Peña et al. who outlined that symbiosomes
of galegoid legumes represent functional and structural analogs
of regular cellular organelles. Moreover, in some legumes,
the symbiosome formation is compatible with the host cell
divisions suggesting a possibility for regeneration of plants stably
maintaining the ammonioplasts.

N2-fixing organelles can be constructed by introducing nif
genes into regular organelles since their free-living ancestors
probably possessed those genes. Burén et al. have demonstrated
that the functional nifB may be expressed in mitochondria
of yeast and tobacco, whereas Arragain et al. found broad
phylogenetic diversity of nifB in thermo- and mesophylic
microbes. Hence, it seems possible to select optimal nifB alleles
for expression in eukaryotic cells.

For developing the novel N2-fixing systems, it is important
to dissect the evolutionary mechanisms operating in the extant
symbioses, wherein the evolution of N2-fixing bacteria is directed
by plant hosts. An important approach is to analyze the evolution
of plant receptor genes and signatures of different types of
natural selection, characterized by nonsynonymous/synonymous
nucleotide substitutions. Their functionality was demonstrated
for the family of LysM-RLK receptors in Pisum sativum
recognizing the Rhizobium leguminosarum Nod factors, since
different selection types (purifying, positive, balancing) are
attributed to the functionally diverse plant gene domains (Sulima
et al.). Evolution of symbiotically specialized plant genes may be
sufficiently intensified due to their cytokinin-dependent local and
systemic regulation which was for the first time demonstrated in
Medicago truncatula (Azarakhsh et al.).

An alternative, antagonistic strategy of plant-microbe
interactions may be represented by defense against pathogens.
Co-evolution of plants and pathogens has affected the various
mechanisms of their interaction. Defense against viruses
in plants is largely based on recognition and degradation
of double-stranded viral RNA by a mechanism called RNA
interference (RNAi). New plant genes that participate in the

RNAi pathway and enhance its function are reported by Zhu
et al. Plants undergo molecular arms race also with pathogens
that interfere with other immune systems, e.g., by inhibiting
signaling molecules such as reactive oxygen species (ROS)
triggering defense responses upon infection. Jwa and Hwang
provide updates of the mechanisms by which pathogen effectors
interfere with ROS signaling in plants. Plants can also warn
neighboring plants by signaling via volatile organic compounds
(VOCs). The plants wounded by insects or pathogens produce
VOCs triggering defense mechanisms in undamaged plants,
induce root growth and enhance beneficial root microbes, and
hence improve overall resistance of the plant to pathogens and
pests (Sweeney et al.).

Besides the biotic stresses caused by pathogens and pests,
plants face abiotic stresses such as drought and high or low
temperatures that may be most limiting for growth. Non-
pathogenic microbes may alleviate such stresses. Tiwari et al.
report that a strain of Bacillus amyloliquefaciens living in the
plant root system is able to reduce abiotic stresses in rice via
cross-talk with pathways regulating stresses and phytohormones.
Similarly, studies of Bilal et al. show that soil microbes such as
Paecilomyces formosus can help alleviating the stress of plants
caused by heavy metals such as nickel in plants.

The studies published in this thematic issue contribute to a
broad range of fundamental and applied themes and integrate
top level research on genetic interactions in plant-microbe
associations. The novel information reported is required to
develop the prospective evolutionary approaches for the study of
molecular and ecological genetics of symbioses.
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The spread of photosynthesis is one of the most important but constantly debated
topics in eukaryotic evolution. Various hypotheses have been proposed to explain
the plastid distribution in extant eukaryotes. Notably, the chromalveolate hypothesis
suggested that multiple eukaryotic lineages were derived from a photosynthetic
ancestor that had a red algal endosymbiont. As such, genes of plastid/algal origin
in aplastidic chromalveolates, such as oomycetes, were considered to be important
supporting evidence. Although the chromalveolate hypothesis has been seriously
challenged, some of its supporting evidence has not been carefully investigated. In this
study, we re-evaluate the “algal” genes from oomycetes with a larger sampling and
careful phylogenetic analyses. Our data provide no conclusive support for a common
photosynthetic ancestry of stramenopiles, but show that the initial estimate of “algal”
genes in oomycetes was drastically inflated due to limited genome data available then for
certain eukaryotic lineages. These findings also suggest that the evolutionary histories of
these “algal” genes might be attributed to complex scenarios such as differential gene
loss, serial endosymbioses, or horizontal gene transfer.

Keywords: plastid evolution, stramenopiles, endosymbiosis, horizontal gene transfer, eukaryotic evolution

INTRODUCTION

How photosynthesis evolved in eukaryotes has been a subject of tremendous scientific interest.
Oxygenic photosynthesis was first invented by cyanobacteria (Gould et al., 2008). During the
early evolution of eukaryotes, a cyanobacterial cell was engulfed by a heterotrophic eukaryote
(Margulis, 1970; Martin and Kowallik, 1999; McFadden, 2001; Palmer, 2003), spawning the
origin of primary plastids and Plantae (also called Archaeplastida, including green plants, red
algae, and glaucophytes) (Cavalier-Smith, 1981; Delwiche and Palmer, 1997; Gould et al., 2008).
This process was accompanied by massive cyanobacterial gene loss and transfer to the host
nucleus. Subsequently, the photosynthetic capacity was spread to multiple other eukaryotic lineages
through higher-order endosymbioses (secondary, tertiary, or quaternary) (Delwiche, 1999), that
is, these eukaryotes acquired plastids by engulfing another photosynthetic eukaryote instead of a
cyanobacterial cell. Although it is clear that the spread of photosynthetic capacity in eukaryotic
lineages represents a history of reticulate evolution involving multiple endosymbiotic events, the
exact number and the nature of historical endosymbioses remain controversial.
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Among eukaryotic lineages involved in higher-order
endosymbioses, it was generally accepted that plastids of
euglenids and chlorarachniophytes are derived from green algal
endosymbionts (Gibbs, 1978; Ludwig and Gibbs, 1989; Van de
Peer et al., 1996), whereas plastids of cryptophytes, alveolates,
stramenopiles and haptophytes (CASH lineages) are from red
algal endosymbionts (Cavalier-Smith, 1995; Cavalier-Smith
et al., 1996; Palmer and Delwiche, 1998; Delwiche, 1999). For
a long period of time, plastid gains through endosymbiotic
events were considered to be extremely rare and plastid losses,
on the other hand, were thought to be relatively common. Such
a belief also formed the foundation of the Cabozoa hypothesis
and the chromalveolate hypothesis (Cavalier-Smith, 1999;
Cavalier-Smith and Chao, 2003). The Cabozoa hypothesis
argued that plastids of euglenids and chlorarachniophytes could
be traced back to a common secondary endosymbiotic event
involving a green alga (Cavalier-Smith, 1999; Cavalier-Smith and
Chao, 2003). Similarly, the chromalveolate hypothesis proposed
that plastids in CASH lineages were vertically derived from
a common ancestor that engulfed a red algal endosymbiont
and, as such, aplastidic organisms in these lineages were
interpreted as resulting from secondary plastid losses (Cavalier-
Smith, 1999). However, multiple lines of evidence (Baldauf
et al., 2000; Archibald et al., 2003; Leander, 2004; Gilson
et al., 2006), including the complete chloroplast genome of
chlorarachniophyte Bigelowiella natans (Rogers et al., 2007),
rejected the Cabozoa hypothesis. Thus far, it is commonly
believed that the plastids of euglenids and chlorarachniophytes
were acquired from two independent green algal endosymbiotic
events (Gould et al., 2008; Keeling, 2013). The chromalveolate
hypothesis has long been under debate and now in jeopardy in
face of recent data (Bodył, 2005; Burki et al., 2008, 2012b, 2016;
Kim and Graham, 2008; Yoon et al., 2008; Bodył et al., 2009).
Several other hypotheses have been proposed, each of which is
supported by different lines of evidence (Bodył and Moszczyński,
2006; Sanchez-Puerta and Delwiche, 2008; Okamoto et al., 2009;
Stiller et al., 2014). Therefore, how plastids evolved in red plastid
lineages remains unsettled.

Stramenopiles (also known as heterokonts), as a major
eukaryotic clade, include a wide variety of organisms (Cavalier-
Smith, 1986; Patterson, 1989). This lineage contains not only
many important algae, such as diatoms that are a major producer
of oxygen and consumer of carbon dioxide in marine ecosystems,
but also a significant fraction of aplastidic or heterotrophic
organisms, including pathogens like Phytophthora infestans, the
causative agent of potato late blight that triggered the Great
Irish Famine in the 1840s. Whether these diverse organisms
originated from a common photosynthetic ancestor is crucial
for understanding the evolution of stramenopiles as well as
eukaryotes in general. This in turn led to many studies on
the existence of potential historical plastids in heterotrophic
stramenopiles (Keeling, 2013).

Oomycetes are fungus-like eukaryotic microorganisms that
often have a saprophytic or pathogenic lifestyle. Oomycetes were
once placed within fungi in earlier classification systems, but
are now widely considered as part of stramenopiles (Baldauf
et al., 2000; Yoon et al., 2002). Although there are different

views about the phylogenetic relationships within stramenopiles
(Brown and Sorhannus, 2009; Riisberg et al., 2009; Yang et al.,
2012; Cavalier-Smith and Scoble, 2013; Ševčíková et al., 2015),
the most recent phylogenomic analyses suggest that oomycetes
form a clade closely related to ochrophytes, a monophyletic
group of photosynthetic stramenopiles (Derelle et al., 2016).
Unlike ochrophytes, oomycetes do not contain plastids (Tyler
et al., 2006; Derelle et al., 2016), not even vestigial ones like
those in apicomplexan parasites (called apicoplast) (Maréchal
and Cesbron-Delauw, 2001). If all stramenopiles are derived from
a single photosynthetic ancestor, plastids would have been lost in
oomycetes.

In 2006, draft genome sequences of two oomycete species,
Phytophthora sojae and P. ramorum, were published (Tyler et al.,
2006). In this study, 855 genes of putatively algal origin (“algal”
genes hereafter) were identified based on their unusually high
similarities to sequences from algae and/or cyanobacteria, 30
of which were considered the most likely cases after detailed
phylogenetic analyses. These “algal” genes were interpreted as
the relic from a red algal endosymbiont (plastid) and subsequent
endosymbiotic gene transfer (EGT) or endosymbiotic gene
replacement (EGR). As key evidence for historical plastids in
oomycetes, these “algal” genes were further used to support
the hypothesis that all stramenopiles were derived from a
photosynthetic ancestor. Such evidence, however, has been called
into question by a more recent statistical genomic analysis that
found no unusual contribution from a red algal endosymbiont to
Phytophthora genomes (Stiller et al., 2009).

Like in many earlier studies on gene transfer, insufficient
taxonomic sampling was a potential caveat for the identification
of “algal” genes in oomycetes. This is evidenced by the fact
that, although the identified “algal” genes were interpreted as
derived from a red algal endosymbiont, their sequences, on
the other hand, were often found to be closely related to
green algal homologs, presumably due to the lack of sufficient
sequence data from red algae. As more genome sequence data
from various major eukaryotic lineages become available in
recent years, we now revisit the “algal” genes identified in
oomycete genomes. Our goal is to provide a better understanding
of the nature of these genes and the potential interactions
of oomycetes/stramenopiles with other organisms, particularly
primary photosynthetic eukaryotes.

MATERIALS AND METHODS

Data Sources
In the original Phytophthora genome analyses, 855 genes
were considered to be of algal or cyanobacterial origin, and
30 most likely candidates were subject to further detailed
analyses (Tyler et al., 2006). We downloaded the protein
sequences of these 30 genes of Phytophthora ramorum from
http://www.jgi.doe.gov/Pramorum, and used them as queries
to search the National Center for Biotechnology Information
(NCBI) non-redundant (nr) protein sequences database (E-value
cutoff 1e−7). Additional searches were also performed against
over 650 transcriptomes in the Marine Microbial Eukaryote
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Transcriptome Sequencing Project (MMETSP) (Keeling et al.,
2014), the fungal genome database at the Joint Genome Institute1,
and our internal customized database (Supplementary Table 1).
Particularly, a total of six red algal genomes of five genera
were used to search for P. ramorum gene homologs, including
Cyanidioschyzon merolae, Porphyridium purpureum, Chondrus
crispus, Galdieria sulphuraria, G. phlegrea, and Pyropia yezoensis.
Complete genome sequence data of multiple photosynthetic
stramenopiles (including Aureococcus anophagefferens,
Ectocarpus siliculosus, Fragilariopsis cylindrus, Nannochloropsis
gaditana, Phaeodactylum tricornutum, Saccharina japonica, and
Thalassiosira pseudonana) were also searched in our analyses.

Re-analyses of BLAST Results
In the original Phytophthora genome paper (Tyler et al., 2006),
the search of “algal” genes was based on significant matches to
sequences from Plantae and cyanobacteria (that is, these sequence
matches had the highest bit scores and the lowest E-values outside
the stramenopiles). The Phytophthora “algal” genes identified
from the BLAST search were shared by other stramenopiles
(or chromalveolates), and they had stronger BLAST matches
to homologous genes of red algae and/or cyanobacteria than
to sequences from archaea, opisthokonts or non-cyanobacterial
bacteria. Additionally, a complementary approach based on
Smith–Waterman alignment was also used to identify candidates
with significantly higher similarities to red algal or green plant
homologs than to those from opisthokonts or amoebozoans.
Because Cyanidioschyzon merolae, which also happens to have
a streamlined genome, was the only red alga whose complete
nuclear genome sequence was then available, the matches to
green plant homologs were included and interpreted as resulting
from the lack of sufficient red algal genome data (Tyler et al.,
2006).

In the current study, BLAST search was performed against
NCBI nr, MMETSP and our internal customized databases for
each of the 30 most likely “algal” genes, followed by re-analyses
of its phylogenetic distribution and gene structure. Following
the criteria used by the Phytophthora genome paper (Tyler
et al., 2006), we compared the best BLAST matches (represented
by the highest bit scores) between homologs from red algae,
cyanobacteria, photosynthetic stramenopiles and those from
archaea, opisthokonts, amoebozoans, and non-cyanobacterial
bacteria. Because more red algal genomes and transcriptomic
data were included in our analyses, the matches to green plant
homologs were no longer included and used as proxy for red algal
homologs.

Phylogenetic Analyses
For each of the 30 “algal” genes identified in Phytophthora
genome sequencing project, we performed further phylogenetic
analyses. In order to attain a broad and balanced sampling, we
selected protein sequences from representative groups of three
domains of life (eukaryotes, bacteria, and archaea). The same
sampling strategy was also used to ensure sufficient coverage
of representative taxa within each major eukaryotic group. This

1http://genome.jgi.doe.gov/programs/fungi/index.jsf

was done using a Perl script followed by manual inspection
and additional sequence sampling if needed. Particular attention
was paid to groups under-sampled in the previous analyses,
such as chromalveolates and other protists. Multiple alignments
of sampled sequences were performed using MUSCLE (Edgar,
2004), followed by careful manual inspection of alignment
quality, gene structure, shared insertions/deletions (indels), and
conserved amino acid residues. Gaps, ambiguously aligned sites,
and sequences whose real identity could not be confirmed
were removed from alignments. Phylogenetic analyses were
performed with maximum likelihood method using PhyML 3.1
(Guindon et al., 2010) and distance method using neighbor of
PHYLIP-3.695 (Felsenstein, 2013). The optimal model of protein
substitution and rate heterogeneity were chosen based on the
result of ModelGenerator (Keane et al., 2006). Bootstrap analyses
were performed using 1,000 replicates.

RESULTS

The Identity of “Algal” Genes in
Oomycetes
If the previously identified “algal” genes in Phytophthora are
indeed derived from a red algal endosymbiont acquired by the
ancestor of stramenopiles, their homologs might also be found in
photosynthetic stramenopiles. Given their presumably red algal
nature, these stramenopile sequences theoretically should have
a closer relationship to homologs from red algae (or red algae
and other photosynthetic eukaryotes plus cyanobacteria) than to
those from other organisms (e.g., opisthokonts, amoebozoans,
non-cyanobacterial bacteria, and archaea). Our BLAST results
with a larger taxonomic sampling showed that, for all of the 30
most likely “algal” genes previously identified in Phytophthora,
only 10 of them (about 33%) were more similar to sequences
of red algae, photosynthetic eukaryotes and/or cyanobacteria
(Table 1); these 10 genes were also the viable candidate genes of
red algal origin.

Of the 30 “algal” genes in Phytophthora, nine (30%)
showed stronger BLAST matches (represented by higher
bit scores) to homologs from opisthokonts, amoebozoans,
non-cyanobacterial bacteria or archaea than to those from
photosynthetic stramenopiles (Table 1). Another gene encoding
methylthioadenosine phosphorylase (P. ramorum Gene ID
86425) had no detectable homologs in sequenced photosynthetic
stramenopiles. Although the possibility of differential gene
losses cannot be ruled out, genes with such a distribution
pattern may also suggest an independent origin in oomycetes,
such as horizontal gene transfer (HGT) from prokaryotes
or other eukaryotes to oomycetes. Moreover, 16 of these 30
genes (about 53%) had more significant matches to homologs
from opisthokonts, amoebozoans, non-cyanobacterial bacteria
or archaea than to those from red algae and cyanobacteria
(Table 1). Particularly, four genes had the strongest BLAST
matches in non-cyanobacterial bacteria, and two in opisthokonts
or amoebozoans. This observation based on simple pairwise
comparisons suggests that many of these “algal” genes in
oomycetes have no stronger similarity to photosynthetic
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FIGURE 1 | Molecular phylogeny of cobalamin-independent methionine synthase (MetE). Numbers above branches show bootstrap values in percentage for
maximum likelihood and distance analyses, respectively. Values below 50% are indicated by asterisks.

stramenopile, red algal or cyanobacterial sequences. If sequence
similarity is largely correlated with sequence relatedness, as
commonly believed, the nature of these “algal” genes might be
seriously questioned.

We further performed phylogenetic analyses on each of
these 30 “algal” genes to evaluate its origin. If an oomycete
gene is of red algal origin, the gene and its stramenopile
(or chromalveolate) homologs are expected to form a clade
sister to red algal and/or cyanobacterial sequences. This,
however, was not the pattern uncovered in our study. Tree
topologies for 21 (70%) genes were poorly supported overall
(or the position of oomycete sequences couldn’t be confidently
determined), thus providing no sufficient evidence for any
evolutionary scenarios (Supplementary Materials). These poorly
supported tree topologies might be caused by multiple issues,
for example, insufficient phylogenetic signal or heterogeneity in
evolutionary rates. Nevertheless, such topologies, combined with

the information of phylogenetic distribution from BLAST search,
should not be interpreted as evidence for a red algal origin of
involved Phytophthora genes. The remaining genes had relatively
well-resolved phylogenies and will be detailed in the following
sections.

Algal or Cyanobacterial Genes in
Oomycetes
In our analyses, several of these “algal” genes indeed showed a
close affinity with algal or cyanobacterial sequences. In addition,
for 12 “algal” genes previously identified in Phytophthora,
the protein products of their plant and/or algal homologs
are localized in plastids (Tyler et al., 2006), as predicted
by TargetP (Emanuelsson et al., 2000) (Table 1). It is well
known that proteins of organelles-derived genes are often
re-imported into the original organelles (mitochondria or
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FIGURE 2 | (A) Molecular phylogeny of cAMP-binding mitochondrial solute carrier. Numbers above branches show bootstrap values in percentage for maximum
likelihood and distance analyses, respectively. Values below 50% are indicated by asterisks. (B) Schematic gene structure and domain composition of the
cAMP-binding mitochondrial solute carrier gene in different lineages. Boxes show individual domains.

plastids) to participate in related biochemical activities (Bogorad,
1975; Ellis, 1981; Weeden, 1981; Timmis et al., 2004). This
information has been frequently used as supplemental evidence
for genes of organellar origin. However, such affinity with
algal/cyanobacterial sequences or functionality in other plastids
might not necessarily support the suggestion of a historical red
algal endosymbiont in the ancestral stramenopile.

The most likely “algal” gene uncovered in our current study
encodes cobalamin-independent methionine synthase (MetE).
Our phylogenetic analyses indicated that MetE sequences from
oomycetes, photosynthetic stramenopiles, chlorarachniophytes,
chromerids and cryptophytes formed a large group with
homologs of red algae, green algae, and cyanobacteria (Figure 1).
Within this group, oomycete MetE sequences formed a strongly
supported clade with red algal instead of other stramenopile
homologs. Although the overall molecular phylogeny of MetE
is consistent with an algal origin of oomycetes and, to a certain
extent, an algal/cyanobacterial origin of all stramenopiles, the
strength of this evidence is somewhat compromised by the
fact that oomycete and other stramenopile sequences didn’t
form a monophyletic group (see Discussion). Two other similar
cases are related to the genes encoding prolyl oligopeptidase
II (Supplementary Figure 1) and cAMP-binding mitochondrial
solute carrier (Figure 2). For both genes, their molecular
phylogenies showed that oomycete and red algal sequences were
closely related. Particularly in the latter case, a NLPC_P60 and
two CAP_ED domains are uniquely shared by oomycetes and
red algae, but are absent from other stramenopiles (Figure 2).

A parsimonious explanation for these findings would be that
oomycetes obtained this gene from red algae directly or vice
versa.

Two genes in our analyses were found to be specifically related
to green plant sequences, which is in disagreement with the
suggestion of a red algal plastid in the ancestral stramenopile. The
gene encoding NCAIR mutase does not have detectable homologs
in red algae. Phylogenetic analyses of NCAIR mutase supported
a monophyletic group including sequences from oomycetes,
photosynthetic stramenopiles, dinoflagellates, green algae and
cyanobacteria (Figure 3). Because of the lack of detectable
NCAIR mutase homologs in red algae, a red algal origin of this
gene in all stramenopiles cannot be concluded. On the other
hand, an independent green algal endosymbiont in stramenopiles
might potentially explain such a distribution pattern (Moustafa
et al., 2009; Dorrell and Smith, 2011). The other green plants-
related gene in oomycetes encodes a probable folate-biopterin
transporter (Supplementary Figure 22). Our analyses showed that
sequences from oomycetes, diatom Thalassionema frauenfeldii
and land plants formed a strongly supported clade, whereas other
photosynthetic sequences, including red algae and cyanobacteria,
formed another large group with only modest support.

In addition to primary algae and cyanobacteria, several groups
of eukaryotes that have secondary plastids through higher-order
endosymbioses might also be potential donors for genes in
oomycetes. For instance, phylogenetic analyses of glucokinase
indicated that sequences from oomycetes, haptophytes and
ciliates formed a well-supported clade, which in turn grouped
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FIGURE 3 | Molecular phylogeny of NCAIR mutase. Numbers above branches show bootstrap values in percentage for maximum likelihood and distance analyses,
respectively. Values below 50% are indicated by asterisks.

with homologs from photosynthetic stramenopiles, red algae,
green algae, choanoflagellates and dinoflagellates (Figure 4).
A similar case was also observed for the gene encoding
ketol-acid reductoisomerase (Figure 5). As it is known that
ciliates contain sequences of algal origin (Reyes-Prieto et al.,
2008), this topology might suggest HGT from haptophytes-
related groups to oomycetes, and again provides no support for
a common photosynthetic origin between oomycetes and other
stramenopiles.

Other Potential Evolutionary Scenarios
As indicated above, a large fraction of “algal” genes in
oomycetes/stramenopiles showed stronger matches in our
BLAST search to homologs from opisthokonts, amoebozoans or
non-cyanobacterial bacteria rather than those from red algae and
cyanobacteria. For several of these genes, this relationship was
also confirmed by subsequent phylogenetic analyses.

One of these genes encodes 2-isopropylmalate synthase
in leucine biosynthesis and was previously detailed in the
Phytophthora genome paper (Tyler et al., 2006). According to
the authors, this gene was subject to at least two transfer

events in eukaryotes: sequences of primary photosynthetic
eukaryotes and stramenopiles (including oomycetes) were
derived from cyanobacteria, whereas sequences of fungi were
from α-proteobacteria. Specifically, diatom sequences were found
to group with green plant rather than red algal homologs,
which was interpreted as a separate ancestry or artifacts due
to incomplete sampling (Tyler et al., 2006). Our current
analyses support the previous conclusion that this gene in
stramenopiles might have different origins, but also suggest
a potentially more complicated evolutionary scenario. While
sequences from brown algae and cryptophytes indeed grouped
with red algal homologs, those from diatoms and Aureococcus
with green plant sequences instead (Figure 6). The relationships
between brown algae, cryptophytes and red algae uncovered
here is in line with the suggestion of serial endosymbioses by
Stiller et al. (2014), where a red alga was first adopted by a
cryptophyte that was in turn engulfed by ochrophytes. The
sequence affiliation between diatoms, Aureococcus and green
algae might point to separate origins of this gene in other
photosynthetic stramenopiles [e.g., from a potential green algal
endosymbiont (Moustafa et al., 2009; Dorrell and Smith, 2011)
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FIGURE 4 | Molecular phylogeny of glucokinase. Numbers above branches show bootstrap values in percentage for maximum likelihood and distance analyses,
respectively. Values below 50% are indicated by asterisks.

or an independent HGT event]. Nevertheless, unlike previously
reported in the Phytophthora genome paper (Tyler et al., 2006),
oomycete sequences grouped with labyrinthulomycetes, another
group of heterotrophic stramenopiles, and other eukaryotes,
rather than being affiliated with diatoms, primary photosynthetic
eukaryotes and cyanobacteria (Figure 6).

The gene encoding 3′-phosphoadenosine 5′-phosphosulfate
reductase (PAPR), an enzyme in the sulfate assimilation
pathway, is another example highlighting the potential pitfalls
of insufficient sampling. PAPR and adenosine 5′-phosphosulfate
reductase (APR) are homologous proteins and have a complex
evolutionary history in eukaryotes (Kopriva et al., 2002; Kopriva
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FIGURE 5 | Molecular phylogeny of ketol-acid reductoisomerase. Numbers above branches show bootstrap values in percentage for maximum likelihood and
distance analyses, respectively. Values below 50% are indicated by asterisks.

and Koprivova, 2004; Patron et al., 2008). The APR gene was
previously thought to exist in land plants, algae, and phototrophic
bacteria. PAPR, on the other hand, was initially identified
mainly in fungi and bacteria (Kopriva et al., 2002). Several
more recent studies reported PAPR sparely in phototrophic
eukaryotes, suggesting potential HGT events (Kopriva and
Koprivova, 2004; Kopriva et al., 2007; Patron et al., 2008).
Particularly, the study of Patron et al. (2008) indicated a
potential bacterial origin of PAPR in P. sojae. With a much
larger taxonomic sampling, our analyses showed that sequences
from some stramenopiles (including oomycetes), bacteria
(both cyanobacteria and non-cyanobacteria) and Paulinella
chromatophora formed a major PAPR clade (Figure 7). The
cyanobacterial origin of PAPR in P. chromatophora is somewhat
expected, as this species contains an independently evolved
plastid organelle (cyanobacterial endosymbiont) (Marin et al.,
2005). As the overall topology of this clade is poorly supported,
whether PAPR in stramenopiles was derived from a red algal
endosymbiont or a separate HGT event could not be answered
by our study.

DISCUSSION

As evidence of historical plastids in oomycetes, the “algal”
genes identified in Phytophthora genomes were used to support
a common photosynthetic ancestry of stramenopiles, and the
chromalveolate hypothesis in general. In the Phytophthora
genome paper (Tyler et al., 2006), the identification of “algal”
genes was heavily based on significant matches to sequences from
red algae or cyanobacteria. Because the identification of foreign
genes in eukaryote can be affected by taxonomic samplings and
methods of analyses, studies on algal genes in different eukaryotes
sometimes led to different interpretations after re-analyses. For
example, 263 red algal genes and 250 green plant genes were
reported in Chromera velia (Woehle et al., 2011), but only 23 and
nine of them, respectively, were confirmed after re-evaluation
(Burki et al., 2012a). When more stringent criteria were applied,
the number of putative green algal genes in diatoms decreased
from 1,700 (Moustafa et al., 2009) to only 144 (Dorrell and
Smith, 2011). While an algal endosymbiont in the common
ancestor of stramenopiles or any other lineages could certainly
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FIGURE 6 | Molecular phylogeny of 2-isopropylmalate synthase. Numbers above branches show bootstrap values in percentage for maximum likelihood and
distance analyses, respectively. Values below 50% are indicated by asterisks.

be a significant source of foreign genes, other issues, notably
phylogenetic artifacts, insufficient sampling, differential gene
losses and independent HGT events, could all lead to the same
or similar atypical gene distributions or relationships.

With a much larger sampling and careful phylogenetic
analyses, we revisited the 30 most likely “algal” genes identified
in the Phytophthora genomes (Tyler et al., 2006). Our results
show that the identification of these “algal” genes, to a great
extent, was affected by limited genome data then available for
certain eukaryotic lineages. Almost none of these 30 genes

confidently supports the hypothesis of a red algal endosymbiont
in the common ancestor of stramenopiles. Although the
molecular phylogeny of MetE is indeed consistent with the
suggestion of a photosynthetic ancestry of stramenopiles, its
topology does not strictly support a historical red plastid in
this lineage. As such, our current study is largely consistent
with the statistical genome analyses of Stiller et al. (2009),
which found no evidence for a red algal endosymbiont in the
ancestral stramenopile. However, we should also caution here
that, because the parasitic nature of oomycetes, the possibility
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FIGURE 7 | Molecular phylogeny of 3′-phosphoadenosine 5′-phosphosulfate reductase (PAPR) and adenosine 5′-phosphosulfate reductase (APR). Numbers above
branches show bootstrap values in percentage for maximum likelihood and distance analyses, respectively. Values below 50% are indicated by asterisks.

of plastid loss during oomycete evolution cannot be entirely
excluded based on our data. Furthermore, given the fact that
many of the sampled sequences in our analyses were from
transcriptomic data, it is unclear whether and how the data
quality, for example potential sequencing contamination, might
have affected our results. Additional investigations are needed
to resolve this significant, nevertheless controversial, issue of
eukaryotic evolution.

On the other hand, our results also indicate that the abnormal
phylogenetic signal of these “algal” genes might be caused by
a complex evolutionary history of oomycetes or stramenopiles.
Although the origins of these 30 genes in oomycetes or

stramenopiles are not always clear, several of them were found
to be related to miscellaneous algae. To a certain extent, such
sequence relatedness to various lineages might be attributed to
other potential historical endosymbioses or independent HGT
events involving oomycetes or stramenopiles. For instance, in
lieu of the chromalveolate hypothesis, serial endosymbioses
between different photosynthetic lineages have been proposed
to explain the evolution of red algal plastids (Sanchez-Puerta
and Delwiche, 2008; Stiller et al., 2014). A potential green algal
endosymbiont was also suggested in stramenopiles (Moustafa
et al., 2009; Dorrell and Smith, 2011). Furthermore, horizontally
acquired genes have been reported in different eukaryotic
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lineages (Richardson and Palmer, 2007; Keeling and Palmer,
2008; Andersson, 2009; Dunning Hotopp, 2011; Huang and Yue,
2012; Soucy et al., 2015; Qiu et al., 2016), even though some of the
earlier reports might turn out to be false positives as suggested
by our current study. Especially for microbial eukaryotes,
the importance and frequency of HGT in their evolution
is increasingly being appreciated (Keeling and Palmer, 2008;
Andersson, 2009), and there is evidence that microbial eukaryotes
might have frequently acquired genes from various organisms,
instead of a specific source of endosymbiotic relationship (Huang
et al., 2004; Loftus et al., 2005; Carlton et al., 2007; Bowler
et al., 2008; Sun et al., 2010; Yue et al., 2013). Oomycetes
originated in marine environments and gradually spread to
freshwater and terrestrial environments (Beakes and Sekimoto,
2009; Beakes et al., 2012). Bacteria, miscellaneous algae or other
organisms in a common habitat could be potential sources of
foreign genes in oomycetes. Additionally, feeding activities of
their ancestors in aquatic environments or the parasitic feature
of modern species [many oomycetes are parasites; for instance,
the early diverging species Eurychasma dicksonii is an obligate
parasite of marine brown algae (Küpper and Müller, 1999;
Gachon et al., 2009; Strittmatter et al., 2009)] might have also
facilitated genes acquisition in oomycetes. Indeed, several studies
have already reported gene acquisition events in oomycetes and
other stramenopiles, including fungi to oomycetes (Richards
et al., 2006, 2011), bacteria to diatoms (Bowler et al., 2008),
and different prokaryotic or eukaryotic sources to Blastocystis

(Tsaousis et al., 2012; Eme et al., 2017). In this regard, our
finding of multiple foreign genes in oomycetes might reflect the
interactions among red/green algae, oomycetes/stramenopiles,
and other microbes, as well as their ensuing genetic integration.
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The mechanisms that trigger the switch from endophytic fungi to saprophytic fungi

are largely unexplored. Broad host range Phomopsis liquidambari is established

in endophytic and saprophytic systems with rice (Oryza sativa L.). Endophytic

P. liquidambari promotes rice growth, increasing rice yield and improving the efficiency

of nitrogen fertilizer. This species’s saprophytic counterpart can decompose rice

litterfall, promoting litter organic matter cycling and the release of nutrients and

improving the soil microbial environment. Fluorescence microscopy, confocal laser

scanning microscopy and quantitative PCR investigated the colonization dynamics

and biomass of P. liquidambari in rice in vivo. P. liquidambari formed infection

structures similar to phytopathogens with infected vascular tissues that systematically

spread to acrial parts. However, different from pathogenic infection, P. liquidambari

colonization exhibits space restriction and quantity restriction. Direct comparison of

a fungal transcriptome under three different habitats provided a better understanding

of lifestyle conversion during plant-fungi interactions. The isolated total RNA of Ck

(pure culture), EP (endophytic culture) and FP (saprophytic culture) was subjected

to Illumina transcriptome sequencing. To the best of our knowledge, this study is

the first to investigate Phomopsis sp. using RNA-seq technology to obtain whole

transcriptome information. A total of 27,401,258 raw reads were generated and

22,700 unigenes were annotated. Functional annotation indicated that carbohydrate

metabolism and biosynthesis of secondary metabolites played important roles. There

were 2522 differentially expressed genes (DEGs) between the saprophytic and

endophytic lifestyles. Quantitative PCR analysis validated the DEGs of RNA-seq.

Analysis of DEGs between saprophytic and endophytic lifestyles revealed that most

genes from amino acids metabolism, carbohydrate metabolism, fatty acid biosynthesis,

secondary metabolism and terpenoid and steroid biosynthesis were up-regulated

in EP. Secondary metabolites of these pathways may affect fungal growth and

development and contribute to signaling communication with the host. Most pathways of

xenobiotic biodegradation and metabolism were upregulated in FP. Cytochrome P450s
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play diverse vital roles in endophytism and saprophytism, as their highly specialized

functions are evolutionarily adapted to various ecological niches. These results help to

characterize the relationship between fungi and plants, the diversity of fungi for ecological

adaptations and the application prospects for fungi in sustainable agriculture.

Keywords: Phomopsis liquidambari, rice, endophyte, saprophyte, transcriptome, ecological adaptation

INTRODUCTION

In farmland ecosystems, intensive agriculture weakens the self-
cycle capacity of soil nutrients, forcing farmers to devote effort
to collecting and burning plant litter and applying fertilizer to
farmland. This leads to the waste of natural organic resources,
atmospheric and environmental pollution and soil quality
deterioration, which are unfavorable for sustainable agriculture.
Therefore, it is necessary to find an appropriate medium to
decompose plant residues in farmland in order to increase soil
available nutrients.

Endophytic fungi and saprophytic fungi usually play
important ecological functions in living plant tissue and dead
plant material. Many studies have investigated the relationship
between endophytes and saprophytes and have hypothesized that
endophytes become saprophytic after senescence of host tissues
(Hyde et al., 2007). This may be due to modification of host
tissues during senescence, allowing fungal hyphae to penetrate
the epidermis and colonize the surface of the host. Promputtha
et al. (2007) isolated common endophytes fromMagnolia liliifera,
Phomopsis, Guignardia, Fusarium, and Colletotrichum that have
a high degree of sequence similarity and are phylogenetically
relevant to the corresponding saprophyte. These results suggest
that some endophytes might alter their ecological strategies
and adopt a saprophytic lifestyle. Promputtha et al. (2010) also
reported that nine endophytes, Phomopsis sp. 2, Phomopsis
sp. 6, Phomopsis sp. 10, Guignardia mangiferae, Corynespora
cassiicola, Leptosphaeria sp., Fusarium sp. 1, Colletotrichum
gloeosporioides and Colletotrichum sp. 2 were morphologically
similar and phylogenetically related to saprophytes. These
endophytes and their saprobic counterparts produce the same
degrading enzymes and a similar isoform of β-mannanase.
Fungal succession is relevant to enzyme production patterns
during leaf decomposition, and the occurrence of saprophytes is
related to enzyme production from endophytes. This provides
further convincing evidence that endophytes can change their
lifestyle to become saprophytes.

Lipids are an important component of all living cells that offer
a structural basis for cell membranes and fuel for metabolism
and have a role in cell signaling. Membrane lipid synthesis
is a prerequisite of symbiosis, and the performance of the

Abbreviations: P. liquidambari, Phomopsis liquidambari; GFP, green fluorescent

protein; Ck, pure culture/control treatment; EP, endophytic culture/ fungal

mycelium of the P. liquidambari callus culture; FP, saprophytic culture/ litterfall-

cultivated fungal mycelium of P. liquidambari; DEGs, differentially expressed

genes; DGE, digital gene expression profiling; dai, days after inoculation; NR,

non-redundant databases; KEGG, Kyoto Encyclopedia of Genes and Genomes;

COG, Clusters of Orthologous Groups of proteins; GO, Gene Ontology; FDR, false

discovery rate; CDS, Protein coding region.

membrane depends on lipid composition (Wewer et al., 2014).
Fatty acids and modified fatty acids are important molecules for
pathogen colonizing plants whose functions include signaling,
energy sources and virulence factors (Uranga et al., 2016). The
oxylipins are a vast diversified family of secondary metabolites
derived from oxidation of unsaturated fatty acids or further
conversion (Tsitsigiannis and Keller, 2007). In fungi, precursors
of oxylipins are usually linoleic acid, oleic acid and α-linolenic
acid (Pohl and Kock, 2014). Fungal oxylipins can be used as
secondary metabolites that participate in infection processes,
biotrophy and necrotrophy (Oliw et al., 2016). Fungi produce
a series of secondary metabolites and small molecules that may
not be directly required for growth, but play important roles
in signal transduction, development and organism interaction.
The cytochrome P450 enzyme system is thought to play
various functions in biosynthesis of secondary metabolites and
participated in biodegradation of lignin and various xenobiotics
(Martinez et al., 2009).

Though most endophytes depend on readily available
compounds such as soluble sugar to grow, xylariaceous
endophytes can degrade cellulose and lignin (Promputtha
et al., 2010). Hence, endophytes that produce enzymes to
decompose lignin and cellulose could decompose host tissue
and persist as saprophytes following host senescence. Our
research shows that the endophyte Phomopsis liquidambari B3
can establish a symbiotic relationship with rice (Oryza sativa
L.), systematically colonizing roots and aerial parts (Yang et al.,
2014b), which promotes the growth of rice, increasing yield
and significantly reducing application of nitrogen fertilizer (Yang
et al., 2014a, 2015; Siddikee et al., 2016). In the saprophytic
phase, the fungus can decompose rice straw, promote litter
organic matter cycling and the release of nutrients, improve
soil microbial environments (Chen et al., 2013a) and secrete
laccase, cellulase and polyphenol oxidase. Dai et al. (2010a)
investigated the capability to form cavities on the straw surface
and the condition for laccase production in P. liquidambari,
suggested that endophytes can form a series of cavities on
straw to decompose plant materials by producing laccase. In
addition, P. liquidambari also secretes degradative enzymes
for phenanthrene (Dai et al., 2010b), indole (Chen et al.,
2013c; Wang et al., 2014), ferulic acid (Xie and Dai, 2015),
4-hydroxybenzoic acid (Chen et al., 2011) and phytoestrogen
luteolin (Wang et al., 2015) among others. The fungus utilizes
these compounds as the sole carbon source for growth. Chen et al.
(2013c) shows that the degradation rate of indole in endophyte
B3 over 120 h in a pure culture condition was 41.7%. The
exogenous addition of plant litter significantly increased the
ratio of indole degradation within 60 h to 99.1%, indicating
the utility of litter-induced fungi to produce laccase and lignin
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peroxidase to non-specifically decompose nitrogen heterocyclic
compounds.

However, comparisons of different types of plant-fungal
interactions in the same plant species are limited because
saprophytic systems and mutualistic systems are separated
in various plants. Therefore, it will be valuable to perform
experiments studying saprophytism and mutualism in a single
plant species to directly compare endophytic and saprophytic
plant-fungi interactions. Few studies have directly compared two
different plant-microbe interactions in a single plant species.
Furthermore, because only a small part of plant cells are
colonized and it is difficult to accurately detect expression
levels of fungal genes in colonized tissue, the detection
of gene expression profiles and elucidation of interactional
mechanisms during the endophytic lifestyle transition at
different stages in associated host tissues remain poorly
understood. Recently, “omics” approaches have been used to
better understand endophyte-plant interactions (Kaul et al.,
2016).

Rice is a representative gramineous plant, the staple food
for approximately half the global population and a model
material in agricultural microbiology research. P. liquidambari
is a broad-spectrum endophyte that is typically used to study
the switch from endophytism to saprophytism. We have
established experimental systems to study the endophytic and
saprophytic interaction of P. liquidambari B3 with a rice single
host. Colonization dynamics and distribution in rice in vivo
were monitored by green fluorescent protein (GFP)-tagged
P. liquidambari. To discuss the differences in gene expression
in P. liquidambari B3 interactions with rice under the two
conditions of endophytism and saprophytism transcriptome
sequencing technology and digital gene expression profiles were
used. Endophytes are known to establish a symbiosis with the
host through a series of regulatory mechanisms, as there is
a sizable difference in performance between mutualistic fungi
in the host and the common saprophyte. However, there
is insufficient research into the switch from endophyte to
saprophyte function in senescent plant litter. Clarification of
this scientific problem has great significance for understanding
the relationship between endophytes and plants and for
documenting the diversity of endophytes.

MATERIALS AND METHODS

Fungal Strain and Transformation
P. liquidambari B3 was isolated from the inner bark of Bischofia
polycarpa. It was stored on a potato dextrose agar slant (200 g
potato extract, 20 g glucose, 20 g ager per liter, pH 7.0) at 4◦C.
The fungus was activated in potato dextrose broth (200 g potato
extract, 20 g glucose per liter, pH 7.0) and cultured for 48 h at
28◦C with a rotation speed of 180 rpm.

The transformation vector plasmid for filamentous fungi
pCT74 expresses sGFP under the control of the ToxA promoter.
It contains the hygromycin B resistance gene hph, which
encodes an aminoglycosidic antibiotic and is derived from
Streptomyces hygroscopicus. This gene has been used for
selection and maintenance of transformed prokaryotic and

eukaryotic cells. Protoplast preparation and transformation were
performed as described by Yang et al. (2014b) with some
modifications.

Inoculation, Co-culture and Microscopy
The rice cultivar used in this study was “Wuyunjing 21”. Rice
seeds were dehusked and surface-sterilized in 75% ethanol for
15 min, bleached in a 6% sodium hypochlorite solution (6%
available chlorine) for 10min, rinsed repeatedly in sterile distilled
water, and planted in 1/2 Murashige & Skoog (MS) 0.7% agarose
medium supplemented with 30 mM sucrose for 4 days. The
seedlings were kept vertical at 25◦C under a 16 h of light
at 22◦C and 8 h of dark. Seedlings of roughly the same size
were transferred to 1/2 MS in a square petri dish (13 cm in
width, 13 cm in length). Each plate of five plants inoculated
with 7-mm GFP-B3 mycelial disks were placed near the plant
roots on the medium. Potato dextrose agar disks of equal size
were used as a control. All treatments were replicated five
times. Rice shoots and roots were sampled and processed for
microscopy.

An Axio Imager A1 fluorescence microscope (Zeiss, Jena,
Germany) was used for observing the fungal structures as
described previously by Yang et al. (2014b). Confocal laser
scanning microscopy was performed using a Ti-E microscope
with an A1 confocal system (Nikon, Tokyo, Japan) to monitor
the infection process. GFP and FITC images of rice shoots and
roots were captured simultaneously using 488 nm excitation with
an argon laser and fluorescence detection at 543.5 nm. Images
were processed using Adobe Photoshop CS6 (Adobe, San Jose,
CA, USA).

Quantification of P. liquidambari Biomass
in Rice Roots and Shoots by Quantitative
PCR
P. liquidambari-infected roots and shoots were harvested at
0, 3, 7, 14, 21, and 28 dai (days after inoculation). The
biomass of P. liquidambari in the infected plant tissue was
quantified using quantitative PCR (qPCR) according to Yang
et al. (2014b). DNA was extracted after grinding tissue powder
with a Multisource Genomic DNA Miniprep Kit (Axygen).
A primer set suitable for qPCR was designed based on a P.
liquidambari-specific ITS locus (Bf1 and Br1) (Table S1). PCR
amplified products were cloned into the pMD R© 19-T vector
(Takara, Otsu, Japan) and expressed in competent DH5αcells.
Positive clones were screened and plasmids were extracted
using a SanPrep Column Plasmid Mini-Prep Kit. A dilution
range of the plasmids from 1.3 × 102 to 1.3 × 108 copies
was used to make a standard curve. In the qPCR reaction
system (20 µL), gDNA was mixed with SYBR R© Green Master
Mix (Vazyme, Nanjing, China), primers, and ddH2O. The PCR
procedure was as follows: 94◦C (1 min) for one cycle; 94◦C
(15 s), 60◦C (45 s), and 72◦C (30 s) for 45 cycles; melting
curve analysis from 72 to 60◦C in 0.5◦C decrements. The
amplification of a single PCR product was validated using 1.5%
gel electrophoresis.
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Endophytic and Saprophytic Systems of
P. liquidambari Interact with Rice
Activated P. liquidambari was filtered with 8-layer gauze. Fungal
mycelia were cleaned three times with sterile deionized water
and 0.10 g mycelia (0.01 g dry biomass) were weighed and used
for callus inoculation. In addition, 0.30 g mycelia (0.03 g dry
biomass) were weighed and inoculated in 20 mL sterile water as a
fungus seed solution for litterfall inoculation; 0.30 g mycelia were
weighed and inoculated in 1 × NB solid medium for 3 days and
regarded as a control treatment (Ck).

The endophytic lifestyle was studied using tissues cultures
of host rice in dual culture in vitro based on previous research
(Sieber et al., 1990; Peters and Schulz, 1998; Nawrot-Chorabik
et al., 2016). Inoculated rice seeds at the surface were sterilized
in callus solid medium (1 × NB solid medium, 2mg L−1 2,4-D,
30 g L−1 sucrose, 10 g L−1 agar, pH 7) and cultivated for 20 days
at 28◦C. The callus was stripped from rice seeds at germination
and a yellow soft callus appeared at the base of medium. This
was placed on new callus solid medium and cultivated for 50 days
under 28◦C. When a callus formed (Figure S1), P. liquidambari
mycelium was inoculated on top of the callus with tweezers
and cultivated for 3 days at 28◦C. At this stage, the fungus was
checked to ensure that it grew on the surface of the callus but did
not contact the medium. The mycelium was stripped from the
surface of the callus with delicate tweezers, and this sample was
used as the fungal mycelium of the P. liquidambari callus culture
(EP).

The saprophytic system was derived using the culture fungus
method of Chen et al. (2013a) with litter. Collected rice litterfall
completely withered from the ground of the rice experimental
plot. The moisture content of rice litterfall was 7.6%. The litterfall
surface was washed with sterile deionized water and cut into
1 cm × 1 mm segments. Weighed 0.5-g litterfall samples were
added to a 250-mL triangular flask with 100 mL 1 × NB liquid
medium (pH 5.5) and sterilized for 20 min at 121◦C. A 2-mL
sample of P. liquidambari was inoculated into the seed solution
and cultivated for 3 days at 28◦C and 160 rpm. The mycelium
pellet was removed from the liquid medium with tweezers and
washed clean. This sample was used as a litterfall-cultivated
fungal mycelium of P. liquidambari (FP).

RNA Extraction
Total RNA was isolated from Ck, EP and FP using a Fungal RNA
extraction kit (E.Z.N.A. Total RNA Kit I, OMEGA, USA) and
treated with DNase I. The quality and concentration of extracted
RNA were examined using agarose gel electrophoresis and a
spectrophotometer (OneDropTM OD-2000+, China), and eligible
groups were used for Illumina sequencing.

cDNA Library Construction and
Sequencing
The mRNA of the total RNA was purified using magnetic Oligo
(dT) beads. This mRNA was mixed with the fragmentation
buffer, the mRNA was fragmented into short fragments. The
cDNA was synthesized using mRNA fragments as templates.
Short fragments were purified and resolved with EB buffer

for sticky-end preparation and single nucleotide A addition.
Subsequently, the short fragments were connected with adapters,
and suitable fragments were selected as templates for PCR
amplification. Quantification and qualification of the sample
library was performed using an ABI StepOnePlus Real-Time
PCR System and an Agilent 2100 Bioanalyzer. The library was
sequenced using Illumina HiSeqTM 2000.

Sequence Annotation
Image data output from Illumina sequencing was transformed
by base calling into raw reads. Clean reads were obtained by
removing dirty reads that contained adapters or unknown or
low quality bases. Transcriptome de novo assembly was carried
out with Trinty (Grabherr et al., 2011) and a k-mer library
was constructed. The highest frequency k-mer was selected to
assemble contigs and then mapped with clean reads. Paired-end
reads were used to fill gaps in the scaffolds to assemble contigs
to unigenes. Non-redundant unigenes were acquired by further
processing of sequence splicing and removal of redundancy. All-
unigenes were generated after gene family clustering. Unigene
sequences were aligned with blastx (e < 0.00001) to protein
databases including non-redundant databases (NR), Swiss-Prot,
the Kyoto Encyclopedia of Genes and Genomes (KEGG) and the
Clusters of Orthologous Groups of proteins (COG), and aligned
by blastn (e < 0.00001) to the nucleotide databases nt. Gene
Ontology (GO) functional annotation was achieved using NR
annotation by Blast2GO (Conesa et al., 2005). GO functional
classification was achieved using WEGO software (Ye et al.,
2006).

Identification of Differentially Expressed
Genes
The FPKM method was used to calculating unigene expression
(Mortazavi et al., 2008). An algorithm to identify differentially
expressed genes (DEGs) between the two samples was used
according to the method of Audic and Claverie (1997). In our
analysis, the genes with false discovery rates (FDR) ≤ 0.001
and ratios larger than 2 were regarded as significant DEGs.
We mapped all DEGs to terms in the GO database and KEGG
database for enrichment analysis.

Quantitative Real-Time PCR Analysis
To validate the DEGs obtained by Solexa RNA-seq, 20 genes
(Table S1) were subjected to quantitative real-time PCR analysis
using an ABI PRISM 7500 Real-time PCR System (Applied
Biosystems). P. liquidambari β-actin (Table S1) was used as the
endogenous control. cDNA synthesis was carried out using the
same RNA samples as those used for digital gene expression
profiling (DGE) experiments. The corresponding primers were
designed using Primer Premier 6.0 and listed in Table S1. The
reaction mixture (20 µl) contained 10 µl of SYBR R© Green
Master Mix (Vazyme, Nanjing, China), 0.4 µM of forward and
reverse primers, and 0.2 µl of cDNA template. The amplification
programs were performed with the following parameters: 95◦C
for 30 s; 95◦C for 5 s, 60◦C for 40 s (40 cycles) and followed
by melting curve analysis from 60 to 95◦C in 0.5◦C increments.
Each reaction was run in triplicate, including a negative control.
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The relative expression levels of genes were calculated using the
2−11CT method.

RESULTS

Infection and Colonization Process of Rice
Plants Systemically by P. liquidambari
To visualize the infection process of P. liquidambari in planta,
we first obtained transgenic fungal strains by constitutively
expressing cytoplasmic GFP (GFP-B3). In the early stage of
infection (1–3 dai), P. liquidambari hyphae were only distributed
on the root surface, especially the root-hair zone, infected root-
hairs and infected epidermis (Figures 1A–C). A large number of
runner hypha interweaved together to form a hyphal network
(Figures 1D–F and Video S1). Runner hypha were distributed
in the low-lying area between the cells of root epidermal layers,
growing along the longitudinal axis direction of the root and
invading cells using a penetration peg (Figure 1G). In the middle
stage of infection (4–15 dai), hyphae beginning intracellular and
intercellular infection spread from epidermal layers to the cortex
and finally to the endodermis (Figures 1H–J). In the epidermis
and cortex, hyphae can undergo intracellular and intercellular
growth along the direction parallel to the root spindle spread
from one cell to another, branching in the intercellular space,
and then continue to grow (Figures 1K–M). When it penetrated
the cell wall, hyphae appeared with neck-like constrictions
(Figure 1N). Parts of strong hypha entered the center of the root
spindle and then penetrated the vascular bundle into the acrial
part (Figures 1O–R). In late-stage colonization (>15 dai), which
is associated with programmed cell death, the vast majority of
epidermal cells and parts of outer cortex cells were crowded
with mycelium and sclerotium (Figures 1S,T). Colonization of
P. liquidambari was still observed in the senescence root (>50
dai) (Figures 1U–W).

Quantification of P. liquidambari Biomass
in Rice Tissues
The concentration of P. liquidambari within plantlets is
expressed as the number of P. liquidambari-specific ITS copies
per ng total (plantlet + fungal) genomic DNA in the qPCR
analysis. The concentration of endophytes in roots was always
higher than in shoots from 0 to 28 dai. In roots, a significant
increase from 0 to 7 dai was followed by a moderate decrease.
A a moderate increase in shoots occurred from 0 to 21 dai and
then reached a steady state (Figure 2).

Illumina RNA-Sequencing and Read
Assembly
To identify DEGs related to lifestyle, we mixed total RNA
extracted from Ck, FP and EP of P. liquidambari hyphae equally
for transcriptome sequencing. A total of 27,401,258 raw reads
were generated. After filtering, 26,109,074 clean reads were
obtained, for a total of 2,349,816,660 bp clean nucleotides.
The Q20 percentage was 96.47% and the GC percentage was
56.45%. After editing and quality checking, 26 million 90 bp
clean reads were assembled into 51,120 contigs with a mean

length of 487 bp. The N50 of contigs was 1240 bp, where larger
numbers are better for the quality of assembly. Using paired-
end joining and gap filling, the contigs were further assembled
into 32,424 unigenes with a mean length of 945 bp, including
7946 distinct clusters and 24,478 distinct singletons. The N50
of unigenes was 1574 bp, indicating that the assembly results
were desirable (Table 1). The assembled sequence length is one
evaluative criteria of assembly quality. The size distribution of the
contigs and unigenes are shown in Figure 3. By comparing the
length distribution proportion of contigs and unigenes, we found
that contigs from 100 to 200 bp accounted for 50.62%, greater
than 500 bp that accounted for 22.65% (Table S2). However, the
length of unigenes obtained from further assembly, of which of
100–500 bp accounted for just 46.48%, were all greater than 200
bp and the proportion greater than 1000 bp was over 31.51%
(Table S3), indicating that the assembly quality of unigenes that
assembled from contigs was high.

Functional Annotation of Predicted
Proteins
We matched unigene sequences against NR, NT, Swiss-Prot,
KEGG, GO and COG databases using blastx (E < 10−5). Of
these, 22,700 unigenes (70.0% of total) were annotated, and
most could be annotated to protein functional information in
the NR database. A total of 22,382 unigenes were annotated
to NR database (Table S4). We have analyzed the E-value
distribution (Figure 4A), similarity distribution (Figure 4B) and
species distribution (Figure 4C) of the NR annotation. The
E-value distribution showed that 64.8% of the mapped sequences
displayed a high level of homology (E < 10−30); 51.6% of the
mapped sequences displayed a higher level of homology (E <

10−45). The similarity distribution has a comparable pattern, with
50.5% of sequences having similarity higher than 60 and 12.5%
of the sequences having similarity higher than 80%. For species
distribution, 8.2% of the distinct sequences had top matches
with sequences from Colletotrichum higginsianum, followed by
the Glomerella graminicola M1.001 (8.0%), Gaeumannomyces
graminis var. tritici R3-111a-1 (7.8%), Thielavia terrestris NRRL
8126 (7.7%), Magnaporthe oryzae 70-15 (6.3%), Myceliophthora
thermophila ATCC 42464 (5.7%), Nectria haematococca mpVI
77-13-4 (4.4%) and 48.1% of the unigene sequences matched to
the seven species.

GO and COG Classification
GO functional annotation was obtained according to NR
annotation information. GO assignments were used to classify
the functions of the predicted P. liquidambari unigenes. A total
of 10,209 unigenes were assigned to 50 functional groups in each
of the three main categories according to sequence homology
(Figure 5 and Table S5). In the cellular component, the majority
was “cell,” “cell part,” “membrane,” “organelle” and “membrane
part” unigenes associated with cell membranes and organelles.
In the section for molecular function, the dominant functions
were “catalytic activity,” “binding,” “transporter activity” and
“structural molecule activity.” In the section for biological
processes, unigenes were mainly involved in metabolic processes
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FIGURE 1 | Colonization pattern of P. liquidambari in rice roots and shoots. (A–C) Distribution of GFP- P. liquidambari hyphae on the root surface and infection

of root-hair; 1–3 dai. (A) Overlay channel. (B) Green fluorescence channel. (C) Red fluorescence channel. Bar, 100 µm. (D–F) Cross-section of root tip, runnner hypha

interweaved to form hyphal network. (D) Overlay channel. (E) Green fluorescence channel. (F) Red fluorescence channel. Bars, 100 µm. (G) Penetration peg (arrow).

Bar, 25 µm. (H–J) Intracellular and intercellular growth of hypha along the direction parallel to the root spindle spread from one cell to another; 4–15 dai. Bar, 25 µm.

(H) Overlay channel. (I) Green fluorescence channel. (J) Red fluorescence channel. (K–M) Hyphae branching in the intercellular space. (K) Overlay channel. (L) Green

fluorescence channel. (M) Red fluorescence channel. Bar, 50 µm. (N) Neck-like constriction, Bar, 10 µm. (O) Penetration of the center of the root spindle. Bar, 25

µm. (P–R) Colonization of hyphae in acrial parts. (P) Colonization of hyphae in stem cells. (Q,R) Colonization of hyphae in leaf cells. Bar, 50 µm. (S,T) Fluorescence

microscopy of root cells were crowded with mycelium and sclerotium (>15 dai). (S) DIC channel. (T) bright field channel. Bar, 25 µm. (U,V) Colonization of hyphae in

senescence rice root (>50 dai). (U) Overlay channel. (V) Red fluorescence channel. (W) Green fluorescence channel. Bar, 50 µm.
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FIGURE 2 | Concentration of P. liquidambari in infected rice tissue at

various time points (0, 3, 7, 14, 21, 28 dai). Values are means ± SD from

three biological replicates.

TABLE 1 | Statistics of P. liquidambari transcriptome.

Total raw reads 27,401,258

Total clean reads 26,109,074

Total clean nucleotides (nt) 2,349,816,660

Q20 percentage 96.47%

N percentage 0.01%

GC percentage 56.45%

Total number of contigs 51,120

Total length of contigs (nt) 24,882,464

Mean length of contigs (nt) 487

N50 of contigs 1240

Total number of unigenes 32,424

Total length of unigenes (nt) 30,646,255

Mean length of unigenes (nt) 945

N50 of unigenes 1574

Distinct clusters 7,946

Distinct singletons 24,478

and cellular processes, in agreement with the results of cellular
components and molecular function.

In total, 10,327 unigenes have a COG classification based on
sequence homology. Among the 25 COG categories (Figure 6),
“general function prediction only” (3698) was the largest group,
followed by “carbohydrate transport and metabolism” (1998),
“transcription” (1982), and “translation, ribosomal structure
and biogenesis” (1887). The groups for “nuclear structure”
(5), “extracellular structure” (25) and “RNA processing and
modification” (74) were smallest.

KEGG Analysis
A total of 22,700 annotated unigenes of P. liquidambari were
blasted to the KEGG database and annotated further. In all,
14,791 sequences were found to be involved in 108 signal

pathways. The number of sequences ranged from 4 to 4785
(Table S6). The first 20 pathways with the greatest number
of sequences are indicated in Table 2, and the pathways that
were most represented were metabolic pathways (4785) and
biosynthesis of secondary metabolites (2154). These annotations
provided important clues for further studying the specific
development, function and pathways of P. liquidambari.
The top 10 metabolic pathways were as follows: starch and
sucrose metabolism (1481), amino sugar and nucleotide
sugar metabolism (814), purine metabolism (630), pyrimidine
metabolism (408), lysine degradation (365), tyrosine metabolism
(329), glycolysis/gluconeogenesis (276), fructose and mannose
metabolism (249), butanoate metabolism (236) and tryptophan
metabolism (226). We believe that genes in carbohydrate
metabolism and biosynthesis of secondary metabolites
play significant roles in P. liquidambari endophytism and
saprophytism.

Protein Coding Region (CDS) Prediction
In total, 22,300 and 1551 unigenes were predicted by BLASTx and
ESTScan, respectively. The histogram seen in Figure S2 shows
the length distribution of CDS predicted by BLAST and ESTScan.
In general, as sequence length increased, the number of CDS
was gradually reduced. This is consistent with unigene assembly
results.

Analysis of Differentially Expressed Genes
To detect the DEGs between EP and FP, we screened differentially
expressed tags between samples according to the method
described by Audic and Claverie (1997). As shown in Figure 7,
there were 2869 genes that were differentially expressed between
Ck and FP. Among these genes, 1502 were up-regulated and 1367
were down-regulated in response to the FP switch. There were
2277 genes differentially expressed between Ck and EP. Among
these genes, 1382 genes were up-regulated and 895 were down-
regulated in response to the EP switch. There were 2522 genes
differentially expressed between FP and EP. Among these genes,
1415 genes were up-regulated and 1107 were down-regulated in
response to the switch between EP and FP. There were 491 genes
co-expressed among the three expression patterns (Figure 7).
DEGs were further categorized into different functional groups
by GO and KEGG pathway enrichment analysis. Compared with
Ck, “starch and sucrose metabolism” and “amino sugar and
nucleotide sugar metabolism” were the most enriched pathways
in FP, and “butanoate metabolism” was the most enriched
pathway in EP. Compared with FP, the “ribosome” group was the
most enriched pathway in EP (P < 0.05) (Table S7).

Validation of RNA-seq Data by qPCR
To validate the DEGs obtained by Solexa RNA-seq, we
further performed quantitative real-time PCR analysis on 20
representative genes involved in the three lifestyles (Figure 8).
We found that fold-change values of most DEGs using real-
time qRT-PCR exhibited trends similar to RNA-Seq samples.
Differential expression was observed for all candidate genes,
suggesting that they are involved in regulatory networks that
are active during the three environmental conditions. Only
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FIGURE 3 | Length distribution of contigs and unigenes. (A) Length distribution of contigs. Horizontal coordinate is contig length and vertical coordinate is contig

number. (B) Length distribution of unigenes. Horizontal coordinate is unigene length and vertical coordinate is number of unigenes.

FIGURE 4 | NR classification of P. liquidambari unigenes. (A) E-value distribution. (B) Identity distribution. (C) Species distribution.
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FIGURE 5 | GO classification of P. liquidambari unigenes. Left vertical coordinate indicates the percentage of a specific category of unigenes in the main

category, right vertical coordinate indicates the number of unigenes in a category.

FIGURE 6 | COG classification of P. liquidambari unigenes.
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TABLE 2 | List of first 20 pathways with highest sequence numbers.

Number Pathway All genes with

pathway annotation

(14,791)

Pathway

ID

1 Metabolic pathways 4785 (32.35%) ko01100

2 Biosynthesis of secondary

metabolites

2154 (14.56%) ko01110

3 Starch and sucrose metabolism 1481 (10.01%) ko00500

4 RNA transport 817 (5.52%) ko03013

5 Amino sugar and nucleotide

sugar metabolism

814 (5.5%) ko00520

6 Purine metabolism 630 (4.26%) ko00230

7 MAPK signaling pathway - yeast 596 (4.03%) ko04011

8 Protein processing in

endoplasmic reticulum

543 (3.67%) ko04141

9 Cell cycle - yeast 467 (3.16%) ko04111

10 mRNA surveillance pathway 445 (3.01%) ko03015

11 Meiosis - yeast 414 (2.8%) ko04113

12 Spliceosome 409 (2.77%) ko03040

13 Pyrimidine metabolism 408 (2.76%) ko00240

14 RNA degradation 370 (2.5%) ko03018

15 Lysine degradation 365 (2.47%) ko00310

16 Tyrosine metabolism 329 (2.22%) ko00350

17 Endocytosis 281 (1.9%) ko04144

18 Glycolysis / Gluconeogenesis 276 (1.87%) ko00010

19 Ribosome biogenesis in

eukaryotes

256 (1.73%) ko03008

20 Fructose and mannose

metabolism

249 (1.68%) ko00051

three genes (putative alcohol dehydrogenase, cytochrome P450
monooxygenase and glycoside hydrolase family 72 protein) did
not show consistent expression between qRT-PCR and RNA-
seq data sets. Comparison of data from Solexa sequencing
analysis methods with data obtained from qRT-PCR indicates
high credibility for these sequencing methods.

DISCUSSION

Colonization of P. liquidambari in Rice
To investigate the fate and behavior of P. liquidambari in
rice in situ, B3 was tagged with the gfp gene. Colonization
patterns of P. liquidambari were roughly divided into three
successive time-space stages. First, extracellular colonization of
runner hyphae outside the root, mainly concentrated in the
base of the root hair, gradually formed a hyphal network on
the root surface (<3 dai) (Figures 1A–F and Video S1). Next,
entering the biotrophic phase, intracellular and extracellular
hyphae underwent branching growth along the root axis,
and hyphae were extruded in a deformed fashion (4–10 dai)
(Figures 1H–M), meaning that fungal infection began to be
restricted. Finally, in the stage of colonization associated with
programmed cell death, the vast majority of epidermal cells
and part of the outer cortex cells were crowded with a large
number of mycelium and sclerotium; the fungal structure

FIGURE 7 | P. liquidambari DEGs induced under various lifestyles.

Image above, histogram displaying numbers of DEGs for various lifestyles.

Image below, clustering of co-expressed genes among three expression

patterns; green to red represent gene expression levels.

indicated that fungal infection was further blocked (>15 dai)
(Figures 1S,T). Interestingly, P. liquidambari still colonized
when the host aged or died (Figures 1U–W). It is possible that
P. liquidambari activated saprophytic programs to adapt to this
variation. Colonization patterns of P. liquidambari in rice were
different fromHarpophora oryzae (Su et al., 2013), basidiomycete
endophyte Piriformospora indica (Zuccaro et al., 2011; Lahrmann
et al., 2013), soil invaders Fusarium equiseti, and Pochonia
chlamydosporia (Maciá-Vicente et al., 2009), which belong to
strict root endophytes. It was similar to Colletotrichum tofieldiae,
in that a fraction of strong hypha penetrated and entered the
root axis center, through the vascular bundle into the acrial part
(Hiruma et al., 2016). During root infection, P. liquidambari
generated a fungal structure similar to phytopathogen, with neck-
like constriction (Figure 1N), showing that any phytopathogen
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FIGURE 8 | Confirmation of DEGs by qRT-PCR. The x-axis indicates treatment method. The y-axis indicates relative expression level. The following genes were

tested (with description). (A) glutaminase a (Unigene11948_A), (B) probable lysosomal cobalamin transporter (Unigene16976_A), (C) NAD(P)-binding protein

(Unigene17203_A), (D) putative alcohol dehydrogenase (Unigene6694_A), (E) cytochrome P450 monooxygenase (Unigene14342_A), (F) beta-glucosidase

(Unigene19402_A), (G) pyruvate decarboxylase (Unigene13421_A), (H) cyanide hydratase (Unigene13743_A), (I) major facilitator superfamily transporter

(CL403.Contig1_A), (J) glycoside hydrolase family 72 protein (Unigene7006_A), (K) transmembrane amino acid transporter (Unigene19132_A), (L) epl1 protein

(Unigene2645_A), (M) heavy metal translocating P-type ATPase (Unigene13596_A), (N) glutathione S-transferase Gst3 (Unigene2773_A), (O) phosphoadenosine

phosphosulfate reductase (Unigene7219_A), (P) nucleolar protein nop-58 (CL1651.Contig1_A), (Q) laccase-like protein (Unigene11698_A), (R) high affinity copper

transporter (Unigene9769_A), (S) 3-ketoacyl-CoA reductase (Unigene3887_A), (T) glucan 1,4-alpha-maltohexaosidase (Unigene17276_A).

or endophyte can form similar infection structures during root
infection. This phenomenon is related to infected tissue and thus
belongs to tissue-specific infection. The most obvious similarity
between P. liquidambari and phytopathogens is that they can
infect vascular tissues and systematically spread to acrial parts
through vascular tissue (Figures 1O–R).

In the colonization process of P. liquidambari, a large number
of hyphae were limited to the epidermal layer and rhizosphere,
and only a fraction of hyphae penetrated to the cortex. This fully

demonstrates that P. liquidambari colonization is restricted by
space and quantity. In late infection, P. liquidambari biomass
remained at a steady state after hyphae entered the cortex cells,
which can be explained by a reproduction rate of endophyte that
was controlled within a certain range (Figure 2). In contrast,
the reproduction of pathogen in the root was unrestricted
and spread from roots to acrial parts, increasing biomass in
an unrestricted fashion and inducing plant disease (Marcel
et al., 2010; Su et al., 2013). In contrast, with this exploding
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pathogenic infection, the biomass of P. liquidambari in the
host was maintained in an appropriate range without excessive
reproduction. This is reminiscent of endophyte H. oryzae
symbiosis with rice, initially showed moderate proliferation,
subsequently colonization increased rapidly, finally reaching a
steady-state level in rice roots (Su et al., 2013). Endophyte
C. tofieldiae biomass was significantly increased in Trp-derived
metabolites mutant, resulted in a severe negative effect on
the growth of this mutant and eventually killed the plants
(Hiruma et al., 2016). Likewise, the increased colonization of
indolic glucosinolates mutant by root-associated fungi P. indica
and Sebacina vermifera led in turn to plant death, suggesting
compromised mutualism (Lahrmann et al., 2015). Therefore,
another important difference between hostile interactions and
mutualistic interactions is quantity rather than quality.

Endophytic and Saprophytic Systems and
Transcriptome Sequencing of
P. liquidambari
The transcriptome is the subset of genes active in tissues and
species. To understand the dynamic of the transcriptome it is
key to explain the phenotypic changes caused by combinations
of genotype and environmental factors (Rockman and Kruglyak,
2006). Recently, Illumina RNA-seq has been used to identify
genes of microbes related to plant interactions (Kawahara et al.,
2012; O’connell et al., 2012; Alkan et al., 2015). RNA-seq can
be used not only to detect organismic transcripts in existing
genomic sequences but also to sequence non-model organisms
lacking genomic information. To our knowledge, this is the first
study of Phomopsis sp. using RNA-seq technology to obtain
whole transcriptome information. Our experimental results
provide more resources and sequences for studying filamentous
endophyte P. liquidambari.

In the past, researchers have investigated the molecular
genome of endophytes in vivo, but are challenged in retrieving
endophyte gene information from high genetic background from
the host plant. Compared to unrestrained pathogen reproduction
after infection, endophytes steadily undergo symbiosis with the
host and establish a subtle counterbalancing relationship that
largely limits endophyte growth in the host. When host plants
are used as vectors for transcriptome level research, a small
number of expressed endophyte genes are typically disregarded
due to the significant background of plant genes (Porras-
Alfaro and Bayman, 2011). The callus is an undifferentiated
living cell structure of plants that contains a set of defense
systems similar to host plants (Nawrot-Chorabik et al., 2016).
In this study, we used dual cultures of rice callus and P.
liquidambari to simulate an endophytic environment in which
organisms can release signals to recognize each other and form a
relationship of simulated antagonism balance. Fungi growth on
the callus surface can provide fungal hyphae directly, avoiding
the interference from host cell. In litter culture, the humic
acid substances of litter will significantly affect RNA quality.
Thus, we adopted a litter liquid culture to suspend fungi in a
liquid, collected the hyphae by flushing with sterile water and
extracted RNA. The quality was improved using this method.

All transcriptome sequencing items were fit with the measurable
indicators; Q20 percentage >80%, N percentage <0.5% and GC
percentage was 35–65%, showing that the sequencing output
and sequence quality were of good quality and could be further
analyzed (Table 1).

Divergent Expression Patterns from Amino
Acid Metabolism to Fatty Acid Biosynthesis
For our research, 108 biological pathways including the
starch and sucrose metabolism pathway, amino sugar and
nucleotide sugar metabolic pathways, the fatty acid biosynthesis
pathway, and many others were identified by KEGG pathway
analysis of unigenes. A total of 1638, 1330, and 1503
DEGs with pathway annotations were identified in the three
respective contrast groups. From those pathways, we selected
the fatty acid biosynthesis pathway, which is connected
to amino acid metabolism and involved in carbohydrate
metabolism, for deep analysis. The citrate cycle is the key
pathway to energy metabolism. For P. liquidambari in the EP
compared with FP, genes of the citrate cycle were differentially
expressed, significantly enriched (P < 0.05), and nearly up-
regulated (Figure 9 and Table S7). Most genes for oxidative
phosphorylation related to the citrate cycle were also up-
regulated. Carbon flux in the fatty acid biosynthesis pathway
not only determines the component but also the content of
fatty acids in fungi (Hao et al., 2014). Because alanine, aspartate
and glutamate metabolism are closely connected to the citrate
cycle, and thus genes for these pathways are also enriched
and mostly up-regulated. The genes of glycine, serine and
threonine metabolism and cysteine and methionine metabolism
were up-regulated. The common product of these amino acids
metabolisms is pyruvate, and a supply of acetyl-CoA plays
a more important role in fungal fatty acid biosynthesis. In
Mortierella alpina, tyrosine and phenylalanine were considered
to contribute NADPH and acetyl-CoA to lipid metabolism
through a phenylalanine-hydroxylating system (Wang et al.,
2013).

Fatty acid synthesis and transformation plays an important
role in fungal growth and development. During intraradical
growth, much fatty acid synthesis is required for lipid storage and
membrane proliferation of fungi. Adaptation of lipid metabolism
may be the prerequisite for symbiosis to achieve function
compatibility between fungi and periarbuscular membrane.
Fungi were forced to change their membrane lipid composition
to allow nutrient exchange between fungal arbuscular and
plant periarbuscular membranes (Wewer et al., 2014). In the
EP, compared to FP, nine DEGs associated with fatty acid
biosynthesis were co-expressed. Interestingly, two identified
unigenes were identical to those identified from the GO analysis.
Among those nine DEGs, only one unigene (Unigene2899_A)
was down-regulated; this unigene encodes 3-oxoacyl-[acyl-
carrier protein] reductases (FabG). The other eight unigenes
were up-regulated and may be positively regulated genes in the
fatty acid biosynthesis pathway. Figure 9 shows the locations
of DEGs in the fatty acid biosynthesis pathway. The many
up-regulated genes indicate that more positively controlled
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FIGURE 9 | P. liquidambari significantly up-regulated pathways leading to fatty acid biosynthesis from amino acids metabolism and carbohydrate

metabolism in FP vs. EP. Red represents up-regulated transcripts and green represents down-regulated transcripts.

genes than negatively regulated genes function in fatty acid
biosynthesis.

Polyunsaturated fatty acids or oxylipins can trigger extensive
cellular responses, such as pathogenicity arsenals, defense
and stress response, secondary metabolism, oxylipin synthesis
and cell wall formation. This indicates that generation and
recognition are important for coordinating these responses,
which can guide pathogen adaptation to host response
(Tsitsigiannis and Keller, 2007). Fungal oxylipin repertoire may

participate in the competition between pathogen and host
and is also involved in reproduction and development (Oliw
et al., 2016). Recent evidence has showed that fatty acids also
appear and play a role in beneficial plant-fungi interactions.
The endophyte Fusarium incarnatum in the embryo of Aegiceras
corniculatum can produce archetypal plant defense oxylipins
that can protect the embryo and are derived from linoleic acid
(Pohl and Kock, 2014). Esterified fatty acids of Lasiodiplodia
theobromae can be used as plant growth regulators in tobacco

Frontiers in Plant Science | www.frontiersin.org February 2017 | Volume 8 | Article 12133

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Zhou et al. Transcriptome of Phomopsis liquidambari Lifestyles

and have similar activity to gibberellic acid (Uranga et al., 2016).
In addition, commensal Candida albicans produce a low-level
of resolvin E1, an eicosanoids that works as an effective anti-
inflammatory lipid and can inhibit adaptive immune responses
and protect commensal yeast from host immune attacks (Pohl
and Kock, 2014). DGE data show that genes encoding the FAS1,
FAS2, and Acetyl-CoA carboxylase of fatty acid synthesis were
up-regulated in EP. FabG genes were both up- and down-
regulated (Figure 9). There are considerable differences in fatty
acid synthesis between the symbiotic and asymbiotic states.
Lipid compounds play a key role in symbiotic signals and
are likely involved in signaling communication between plants
and endophytes. Oxidized fatty acids as signaling molecules
have an ancient evolutionary origin and are ideal candidates
for inter-kingdom signaling communication (Pohl and Kock,
2014). Oxylipins as intracellular and intercellular communication
signals showed vital bioactivities in fungi, plants and animals. The
oxylipin signature profile of fungi serves an adjusting function as
a “master switch” under different environmental conditions and
provides the appropriate mechanisms to microbes by balancing
meiospore and mitospore development temporarily. On the
basis of Aspergillus–seed pathosystems, as supported by data,
oxylipin cross-talk is reciprocal. The structural similarity of
plant and fungal oxylipins has given rise to a hypothesis that
they are important molecules in cross-kingdom communication
(Tsitsigiannis and Keller, 2007).

Differences in Secondary Metabolism from
Terpenoid to Steroid Biosynthesis
Secondary metabolism is strictly regulated by fungi and is often
closely related to asexual reproduction. Secondary metabolites
produced from Trichoderma include pyrone, antimicrobial
peptides and terpenoids that can inhibit the growth of
phytopathogens. Several studies have reported that endophytes
are involved in the synthesis of plant secondary metabolites

during symbiosis with plants. For example, as PhomaMedicaginis
switches from the endophytic stage to the saprophytic stage, a
large increase in the production of brefeldin A contributes to host
defense competitive saprophytes. Low levels of these compounds
will inhibit the defense system tomaintain the endophytic state of
P. Medicaginis (Weber et al., 2004). Endophytes can affect growth
processes by influencing secondary metabolism under different
habitats. Genes encoding secondary metabolism in Epichloe spp.,
C. tofieldiae and H. oryzae were significantly expressed, but
strongly reduced in sebacinales, indicating convergent adaptation
to a life inside living host cells (Zuccaro et al., 2011; Fesel
and Zuccaro, 2016). Cytochrome P450 monooxygenases play
diverse and vital roles in various metabolisms and when fungi
adapt to specific ecological niches (Chen et al., 2014). As
shown in Table 3, compared with FP, the corresponding genes
of secondary metabolites synthesis pathways (e.g., stilbenoid,
diarylheptanoid and gingerol biosynthesis, phenylpropanoid
biosynthesis, terpenoid backbone biosynthesis, ubiquinone and
other terpenoid-quinone biosynthesis), were up-regulated. Most
of these genes coded for the cytochrome P450 enzyme family
and revealed that various cytochrome P450s are involved
when filamentous fungi generate a large number of secondary
metabolites. Similarly, a phylogenetic analysis revealed the
specific expansion of secondary metabolite synthesis genes in H.
oryzae, as well as cytochrome P450 monooxygenases (Xu et al.,
2014). Cytochrome P450 catalyzes biosynthetic metabolism of
endogenous substances with important physiological functions
such as fatty acids, terpenoids and hormones, and thus P450 plays
an important role in the modification of secondary metabolites.
In tryptophan metabolism, tryptophan is converted into indole
derivatives through these cytochrome P450 enzymes and
further forms various secondary metabolites. Several secondary
metabolisms originating from tryptophan were essential for
beneficial symbiosis with C. tofieldiae. Mutation of the organism
not only ended this beneficial symbiotic relationship, but

TABLE 3 | Upregulation of genes involved in biosynthesis of secondary metabolites in FP vs. EP.

Category or unigene ID Gene ID Annotation Accession no. Log2ratio

Unigene14342_A 145246720 cytochrome P450 monooxygenase XP_001395609.1 15.43

Unigene113_A 310795890 cytochrome P450 EFQ31351.1 14.26

Unigene13908_A 302415555 cytochrome P450 monooxygenase XP_003005609.1 14.20

Unigene6720_A 310789565 oxidoreductase NAD-binding domain-containing protein EFQ25098.1 12.81

Unigene10987_A 322705062 branched-chain-amino-acid aminotransferase EFY96651.1 12.29

Unigene3485_A 16416002 probable cytochrome P450 monooxygenase (lovA) CAB91316.2 12.04

Unigene19402_A 302423734 beta-glucosidase XP_003009697.1 10.93

Unigene2980_A 347839081 similar to cytochrome P450 monooxygenase CCD53653.1 10.88

Unigene57_A 52548220 C-5 sterol desaturase C-like AAU82099.1 10.77

Unigene14360_A 400600304 Cytochrome P450 CYP505D4 EJP67978.1 10.50

Unigene10045_A 380493536 trichothecene C-8 hydroxylase CCF33809.1 10.47

Unigene1270_A 358369448 3-ketoacyl-acyl carrier protein reductase GAA86062.1 10.34

Unigene19132_A 380492609 transmembrane amino acid transporter CCF34481.1 10.13

Unigene7296_A 240282093 cytochrome P450 EER45596.1 9.89

Unigene17476_A 380488167 CTP synthase CCF37564.1 9.41

Unigene19143_A 380479107 benzoate 4-monooxygenase cytochrome P450, partial CCF43218.1 8.47
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increased colonization of C. tofieldiae such that it eventually
killed the host plant (Hiruma et al., 2016). DGE showed that
the corresponding genes in the pathway of sesquiterpenoid and
triterpenoid biosynthesis were significantly up-regulated (P <

0.05) (Figure 10 and Table S7). This is consistent with a previous
study that shoed that endophyte Gilmaniella sp. AL12 can
establish symbiosis withAtractylodes lancea and greatly promotes
terpenoids accumulation in the herb (Yuan et al., 2016). We
found two up-regulated genes in EP: farnesyl-diphosphate
farnesyl transferase (Unigene14286_A), involved in isoprenoid
biosynthesis, and squalene monooxygenase (Unigene13115_A).
Both enzymes have oxidoreductase activity and effect secondary
metabolites synthesis and plant-endophyte symbiosis. They
also participated in steroid biosynthesis in lipid metabolism.
Cytochrome P450 also plays housekeeping functions in fungi.
For instance, CYP51 takes part in sterol biosynthesis and is a
popular antifungal target to control fungal disease in humans
and crops (Becher and Wirsel, 2012). Previous studies have
shown that CYP51 and CYP61 play housekeeping functions in
the sterol biosynthesis of filamentous fungi (Kelly et al., 2009).
The personalized cytochrome P450 components of fungi indicate
that highly specialized functions enable evolutionary adaptation
to ecological niches.

Distinct Xenobiotic Biodegradation and
Metabolism
Our previous studies have reported the capacity of

P. liquidambari to decompose phenolic acids, cellulose,

N-heterocyclic indole and the polycyclic aromatic hydrocarbon

phenanthrene (Dai et al., 2010a,b; Chen et al., 2011, 2013b,c). The
cytochrome P450 family also contributes to ecological functions

as a decomposer or saprophyte. For example, the cytochrome

P450s of white-rot fungi Phanerochaete chrysosporium is involved

in vast xenobiotic biodegradation of extensive environmental

toxic chemicals and the natural aromatic polymer lignin (Syed

and Yadav, 2012). The diversity of cytochrome P450s may be
closely related to fungal survival environment. For example, the

cytochrome P450s of white-rot and brown-rot fungi break down

plant materials in the environment (Eastwood and Watkinson,
2011; Chen et al., 2014). As DGE showed that cytochrome P450s

are involved in xenobiotic biodegradation, we speculated that

endophyte P. liquidambari appropriately biodegraded harmful

xenobiotics or used them as carbon sources to adapted to the
host after entering. In addition, endophytes promote production
of secondary metabolites that are beneficial to the host and
enable both the endophytes and host plants both to grow.

FIGURE 10 | P. liquidambari secondary metabolism from terpenoid to steroid biosynthesis in FP vs. EP. Red represents up-regulated transcripts, green

represents down-regulated transcripts and black represents unchangeable transcripts.
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TABLE 4 | Expression profiles of pathways involved in xenobiotics

biodegradation in FP vs. EP.

Enzyme

name

Orthology Numbers

of

unigene

Numbers of

up-regulated

gene

Numbers of

down-regulated

gene

Expression

BISPHENOL DEGRADATION

1.14.-.- K00517 23 14 9 Up

4.2.1.- K01726 1 0 1 Down

1.14.13.- K00492 4 2 2

1.13.-.- K05915 1 0 1 Down

1.1.1.- K00100 9 1 8 Down

3.1.1.- K01066 2 1 1

CHLOROALKANE AND CHLOROALKENE DEGRADATION

1.1.1.1 K13953;

K00121

6 1 5 Down

1.2.1.3 K00128 1 0 1 Down

3.8.1.- K01564 2 1 1

1.1.1.- K00100 9 1 8 Down

3.8.1.2 K01560 1 1 0 Up

CAPROLACTAM DEGRADATION

1.14.13.22 K03379 1 0 1 Down

3.1.1.17 K01053 1 0 1 Down

1.1.1.2 K00002 2 0 2 Down

POLYCYCLIC AROMATIC HYDROCARBON DEGRADATION

1.3.1.- K00224 3 0 3 Down

1.14.-.- K00517 23 14 9 Up

1.14.13.1 K00480 4 1 3 Down

1.14.13.- K00492 4 2 2

2.1.1.- K00599 2 1 1

NAPHTHALENE DEGRADATION

1.14.13.- K00492 4 2 2

1.14.13.1 K00480 4 1 3 Down

1.13.-.- K05915 1 0 1 Down

4.2.1.- K01726 1 0 1 Down

1.2.1.- K00155 1 0 1 Down

1.1.1.1 K13953;

K00121

6 1 5 Down

CHLOROCYCLOHEXANE AND CHLOROBENZENE DEGRADATION

3.1.1.45 K01061 3 1 2

1.14.13.- K00492 4 2 2

3.8.1.2 K01560 1 1 0 Up

1.14.13.7 K03380 1 0 1 Down

1.3.1.- K00224 3 0 3 Down

AMINOBENZOATE DEGRADATION

3.5.1.4 K01426 1 0 1 Down

1.14.13.12 K07824 3 3 0 Up

1.14.-.- K00517 23 14 9 Up

1.14.13.7 K03380 1 0 1 Down

3.1.1.- K01066 2 1 1

3.1.3.1 K01113;

K01077

3 0 3 Down

3.1.3.2 K01078 1 0 1 Down

1.14.13.- K00492 4 2 2

2.3.1.- K00680 5 4 1 Up

(Continued)

TABLE 4 | Continued

Enzyme

name

Orthology Numbers

of

unigene

Numbers of

up-regulated

gene

Numbers of

down-regulated

gene

Expression

1.14.14.1 K14338;

K00493

2 1 1

STYRENE DEGRADATION

3.5.1.4 K01426 1 0 1 Down

1.13.11.5 K00451 1 0 1 Down

3.7.1.2 K01555 1 0 1 Down

FLUOROBENZOATE DEGRADATION

3.1.1.45 K01061 3 1 2

ATRAZINE DEGRADATION

3.8.1.- K01564 2 1 1

DIOXIN DEGRADATION

1.14.13.1 K00480 4 1 3 Down

TOLUENE DEGRADATION

1.14.13.7 K03380 1 0 1 Down

1.14.13.- K00492 4 2 2

3.1.1.45 K01061 3 1 2

BENZOATE DEGRADATION

1.14.13.12 K07824 3 3 0 Up

4.2.1.- K01726 1 0 1 Down

2.3.1.16 K00632 1 1 0 Up

2.3.1.- K00680 5 4 1 Up

2.3.1.9 K00626 1 0 1 Down

ETHYLBENZENE DEGRADATION

2.3.1.16 K00632 1 1 0 Up

2.3.1.- K00680 5 4 1 Up

METABOLISM OF XENOBIOTICS BY CYTOCHROME P450

3.3.2.9 K01253 1 0 1 Down

2.5.1.18 K00799 1 1 0 Up

1.1.1.1 K13953;

K00121

6 1 5 Down

1.2.1.5 K00129 1 1 0 Up

DRUG METABOLISM - CYTOCHROME P450

1.14.13.8 K00485 5 1 4 Down

2.5.1.18 K00799 1 1 0 Up

1.1.1.1 K13953;

K00121

6 1 5 Down

1.2.1.5 K00129 1 1 0 Up

However, endophytes affected by defensive responses and host
plant metabolites cannot overgrow at large scales, resulting in a
subtle symbiotic relationship.

It has been increasingly demonstrated that endophytes that
quickly decompose plant litter in vitro can initiate saprophytic
effects when the endophytic survival environment is destroyed,
for example through plant senescence or falling. This saprophytic
effect is similar to a saprophytic lifestyle that maintains survival
and growth by metabolizing compounds in litter that are
usually difficult to decompose. In this study, we found that the
expression of partial genes involved in xenobiotic biodegradation
and metabolism of P. liquidambari in FP was up-regulated by
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DGE. As shown in Table 4, in EP compared with FP, genes
of pathways concerning bisphenol degradation, chloroalkane
and chloroalkene degradation, caprolactam degradation,
polycyclic aromatic hydrocarbon degradation, naphthalene
degradation, chlorocyclohexane and chlorobenzene degradation,
aminobenzoate degradation, styrene degradation, fluorobenzoate
degradation, atrazine degradation, dioxin degradation, toluene
degradation, benzoate degradation, ethylbenzene degradation,
metabolism of xenobiotics by cytochrome P450 and drug
metabolism by cytochrome P450 were both up- and down-
regulated. This indicates that P. liquidambari can decompose
heterocyclic compounds in both endophytic and saprophytic
lifestyles. However, most genes are down-regulated in FP vs.
EP, indicating that the ability of P. liquidambari to degrade
aromatic or phenolic compounds was enhanced in a saprophytic
lifestyle. Endophyte P. liquidambari in a simulated saprophytic
environment that lacked nutrition that can be utilized directly
forced the fungus to decompose residual organic matter in the
litter. Lignin, a main component of litter, was also utilized by
the fungus because the corresponding genes for biodegradation
of xenobiotics such as bisphenol via lignin degradation were
up-regulated. This further verified previous research by Dai
et al. (2010b), who found that endophytes can decompose
polycyclic aromatic hydrocarbons in vitro. Chen et al. (2013a)
reported that application of endophyte P. liquidambari to soil
observably promoted the release of inorganic nitrogen through
organic matter degradation. Co-culture of P. liquidambari with
indole and litter increased indole degradation significantly:
99.1% of indole was removed after 60 h of cultivation, and
residual indole levels were below the detection threshold at
the 84 h time point (Chen et al., 2013c). Zhou et al. (2014a,b)
utilized food waste and wheat straw as nutrient sources in a
simulated saprophytic system of cultured P. liquidambari. The
fermentation product was applied to continuously cropped
peanut soil, and the concentrations of vanillic acid, coumaric
acid, and 4-hydroxybenzoic acid in soil had decreased by 52.5,
49.4, and 57.4%, respectively, after 28 days. The bacterial and
fungal community structures in the rhizosphere soil were affected
by changes in phenolic acid concentration and promoted peanut
seedling growth and nodulation. These changes demonstrate the
application prospects for P. liquidambari in the decomposition of
difficult-to-decompose organic compounds and environmental
remediation. In addition, the results indicate the advantages
of nutrient restoration to successive cropping of farmland,

when plant residue exempt from plowing can thoroughly
decompose.
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Tong University, Shanghai, China, 2 Institut de Biologie Moléculaire des Plantes, Centre National de la Recherche Scientifique

(CNRS), Strasbourg, France

Agrobacterium rhizogenes causes hairy root growth on a large number of plant species.

It does so by transferring specific DNA fragments (T-DNA) from its root-inducing plasmid

(pRi) into plant cells. Expression of T-DNA genes leads to abnormal root growth and

production of specific metabolites (opines) which are taken up by the bacterium and

used for its growth. Recent work has shown that several Nicotiana, Linaria, and Ipomoea

species contain T-DNA genes from A. rhizogenes in their genomes. Plants carrying such

T-DNAs (called cellular T-DNA or cT-DNA) can be considered as natural transformants.

In the Nicotiana genus, seven different T-DNAs are found originating from different

Agrobacterium strains, and in the Tomentosae section no <4 successive insertion events

took place. In several cases cT-DNA genes were found to be expressed. In some

Nicotiana tabacum cultivars the opine synthesis gene TB-mas2′ is expressed in the

roots. These cultivars were found to produce opines. Here we review what is known

about natural Agrobacterium transformants, develop a theoretical framework to analyze

this unusual phenomenon, and provide some outlines for further research.

Keywords: Agrobacterium rhizogenes, Nicotiana tabacum, hairy roots, natural transformation, T-DNA

INTRODUCTION

Agrobacterium is well-known for its capacity to transfer part of its DNA to plants during a natural
infection process leading to tumors (Crown galls) or abnormal roots (Hairy roots, HR) (Gelvin,
2012; Christie and Gordon, 2014; Kado, 2014). The genus Agrobacterium contains different species
such as A. tumefaciens, A. rhizogenes (Riker, 1930), A. vitis (Ophel and Kerr, 1990), and A. rubi
(Hildebrand, 1940). Another classification uses biotypes (Kerr and Panagopoulos, 1977). The
transferred DNA (T-DNA) is located on a large plasmid (tumor-inducing or Ti plasmid) or root-
inducing plasmid (pRi plasmid). Strains can carry one, two, or three T-DNAs on their pTi/pRi
plasmid (Canaday et al., 1992). T-DNAs are surrounded by direct repeats of about 25 nucleotides
(called borders). The transfer starts from the socalled right border and proceeds to the left border.
Often, the integrated T-DNAs are incomplete and truncated at the left part. They can occur as single
copies or as tandem or inverted repeats.

Genes located on the T-DNA are expressed in the plant cells and lead to growth changes (Binns
and Costantino, 1998) and opine synthesis. Sterile Crown gall and HR tissues contain opines
(Bielmann et al., 1960; Ménagé and Morel, 1964). They constitute different families of conjugated
structures, the nature of which depends on the inciting bacterium. Opines often accumulate to very
large quantities as they cannot be metabolized by the plant (Scott, 1979). Uptake and degradation
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of opines by Agrobacterium are encoded by specific genes located
on the pTi or pRi plasmid, outside the T-DNA region(s), and
agrobacteria can be attracted to opine sources by chemotaxis
(Kim and Farrand, 1998). pTi/pRi plasmids can be transferred to
other Agrobacterium strains by a conjugation process which can
be induced by opines. Much has already been learnt about the
way Agrobacterium transfers its T-DNA to plants (Gelvin, 2012;
Christie and Gordon, 2014; Kado, 2014).

In 1983 it was discovered by Southern blot analysis (White
et al., 1983) that N. glauca (Solanaceae family, Noctiflorae section
of the Nicotiana genus) carries A. rhizogenes-like sequences in
its nuclear genome. These sequences were called cellular T-
DNAs (cT-DNAs). A more extensive study (Furner et al., 1986)
involving other members of the Nicotiana genus revealed cT-
DNA sequences inN. tabacum,N. tomentosiformis,N. tomentosa,
andN. otophora (all belong to the Tomentosae section). Although
N. benavidesii (section Paniculatae) was also mentioned as
carrying a cT-DNA, there is no strong evidence for this.

A partial map of the N. glauca cT-DNA was obtained showing
two dissimilar T-DNA copies linked together as an inverted
repeat (called left and right arm). This map was later completed
(Suzuki et al., 2002). In the case of N. tabacum, a few cT-DNA
fragments were sequenced (Meyer et al., 1995; Fründt et al.,
1998a,b; Intrieri and Buiatti, 2001; Suzuki et al., 2002; Mohajjel-
Shoja et al., 2011). It has been reported that C. arvensis and
carrot contain T-DNA sequences (D. Tepfer, cited in Matveeva
and Lutova, 2014 and elsewhere), but this could not be confirmed
by others (Matveeva and Lutova, 2014).

In 2012, a large-scale survey led to the discovery of cT-DNA
sequences in Linaria vulgaris, a member of the Plantaginaceae
family (Matveeva et al., 2012). In 2014, deep sequencing revealed
four cT-DNAs (TA, TB, TC, and TD) in N. tomentosiformis and
their distribution was studied in related species of the section
Tomentosae. An additional type of cT-DNA sequence (TE) was
found in N. otophora (Chen et al., 2014). In 2015, cT-DNA
sequences were reported for Ipomoea batatas (Convolvulaceae
family), a common crop. This species contains two cT-DNAs,
IbT-DNA1 and IbT-DNA2. IbT-DNA1 was found in cultivated
sweet potatoes but not in wild relatives, whereas IbT-DNA2
was found in both (Kyndt et al., 2015). Thus, gene transfer
from agrobacteria to various plant species (natural genetic
transformation) had occurred under natural circumstances. This
led to genetically stable transformants, which we will call ≪
natural transformants≫.

Although the study of natural transformants is still in its
infancy, we would like to summarize recent observations and
develop several theoretical considerations that may be useful for
further investigations. We will start by having a close look at the
agent that introduced the cT-DNAs: A. rhizogenes.

AGROBACTERIUM RHIZOGENES

STRAINS AND THEIR VARIABILITY

Fründt et al. (1998a) speculated that cT-DNAs were initially
normal plant sequences that were later captured by agrobacteria
and employed for tumor and HR induction. We believe this

is very unlikely because of the following reasons: cT-DNAs are
absent from most plant species, their phylogenies do not match
plant phylogenies, and the cT-DNAs end at the classical pRi
T-DNA right borders as expected for transfer by Agrobacterium.
Thus, there is little doubt that plants with cT-DNAs were indeed
transformed by Agrobacterium.

The published cT-DNA structures all seem to be derived
from A. rhizogenes-like T-DNAs. We know relatively little about
A. rhizogenes strains, their Ri plasmids, and their T-DNA
structures. Only a few strains have been studied and classified
into mikimopine, cucumopine, agropine, and mannopine
strains (represented by strains MAFF03-01724, NCPPB2659,
ATCC15834, and NCIB8196 respectively) according to the
opines they induce in the transformed roots. Their host ranges
are very broad (De Cleene and De Ley, 1981).

The opine-based A. rhizogenes classification has no
phylogenetic value because opine genes can be exchanged
between different agrobacteria by horizontal gene transfer.
Frequent horizontal gene transfer makes the construction of
phylogenetic trees for T-DNA structures, pTi/pRi plasmids,
and whole genomes practically impossible. Even if thousands
of Agrobacterium genomes were available, it might still be
impossible to establish phylogenetic trees (Van Nuenen et al.,
1993). This was illustrated by a detailed analysis of A. vitis, the
only Agrobacterium species for which a large number of isolates
were compared. Three very different pTi types were found, but
no intermediate structures, making it impossible to construct a
tree. These studies suggested the selection of particular T-DNA
gene combinations, loss of intermediates, and expansion of
efficient strains into a few dominant groups (Burr and Otten,
1999).

Horizontal gene transfer also leads to chimeric T-DNAs.
Examples are the pRi1724, pRiA4, and pRi2659 T-DNAs: their
central parts are very similar, but close to the right border
pRi1724 carries a mikimopine synthase (mis) gene, pRiA4 has an
ornithine cyclodeaminase gene (rolD, Trovato et al., 2001), and
pRi2659 a cucumopine synthase (cus) gene. These differences are
most likely due to recombinations between different Ti plasmids
(Otten and De Ruffray, 1994).

WHICH TYPES OF AGROBACTERIUM

STRAINS INTRODUCED THE cT-DNAS?

Because pRi plasmids can be exchanged between Agrobacterium
strains and are often chimeric, it is very difficult (if not
impossible) to attribute a cT-DNA to a particular type of
Agrobacterium strain. For example, the N. glauca cT-DNA
strongly resembles part of the pRi1724 T-DNA, but the bacterium
that introduced the cT-DNA is not necessarily derived from
a 1724-like A. rhizogenes strain, since the remaining genome
might be completely different. Unless natural transformation
can be directly observed to occur in nature (see below), it
will be impossible to identify the strain responsible for a
natural transformation event on the sole basis of a cT-DNA
sequence. In order to get a better idea of the pRi and T-
DNA gene repertoire of A. rhizogenes, more isolates will have
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to be investigated. The variation in A. rhizogenes T-DNA
structures is probably quite large, as shown by the new cT-
DNA sequences. In N. tomentosiformis, six previously unknown
T-DNA genes were found: two (in TA and TD) are distantly
related to orf14, one codes for a protein with weak similarity
to agrocinopine synthase (Acs, TB), another for a protein with
weak similarity to octopine synthase (Ocs, TC), one for a C-
like protein (c-like gene, TC), and one for a large, completely
unknown protein (Orf511, TD). It is noteworthy that octopine
synthase-like genes are normally only found in A. tumefaciens
or A. vitis. In N. otophora, vitopine synthase (vis)-like sequences
(distantly related to ocs) and 6b genes with low similarity to
their counterparts in A. tumefaciens and A. vitis were found
alongside typical A. rhizogenes T-DNA genes such as rolC, orf13,
and orf14 (Chen et al., 2014). IbT-DNA2 of I. batatas carries
typical A. rhizogenes genes (orf13, orf14, rolB, orf17n, orf18)
but with an unusual organization and an unusual rolB-like
gene. IbT-DNA1 carries iaaM, iaaH, C-protein, and acs genes
(Kyndt et al., 2015). The latter gene combination has been
found in A. tumefaciens strain C58 and in the A. vitis strain
Tm4 TB region (Otten et al., 1999), but not in A. rhizogenes.
These unusual T-DNA structures and genes were introduced by
unknown Agrobacterium strains which might possess unusual
root-inducing properties. However, if transformation happened
long ago, strains might have evolved toward other forms or
disappeared altogether.

In the next three sections we will discuss when the different
transformation events could have taken place and how they relate
to the evolutionary history of the recipient plants.

ACCUMULATION OF cT-DNAS BY
SUCCESSIVE TRANSFORMATIONS

When it was discovered that different Nicotiana species carry cT-
DNAs in their genomes (Furner et al., 1986), it was suggested
that this could result from the transformation of a common
ancestor species. In a later report, two possibilities were proposed
to explain the presence of T-DNA genes in N. glauca (Noctiflorae
section, but at that time considered part of the Paniculatae
section) and N. tomentosiformis (Tomentosae section). First, a
T-DNA was inserted in an ancestor of these sections (part
of the Nicotiana Cestroid ancestral complex) and inherited
by the descendants. Second, the two cT-DNAs were inserted
separately and independently, after the split between the two
sections (Meyer et al., 1995). When the genome sequences of
N. tomentosiformis (Chen et al., 2014), N. otophora, and three
cultivars of N. tabacum (Sierro et al., 2014) became available,
the situation turned out to be considerably more complex. The
N. tomentosiformis genome was found to contain four cT-DNAs,
each from a different Agrobacterium strain and different from
the N. glauca cT-DNA. A fifth cT-DNA (TE) was discovered
in N. otophora (Tomentosae section); its structure has not
yet been assembled. The unexpected presence of related genes
located on different cT-DNAs (such as the three orf14 genes
of TA, TB, and TD in N. tabacum) implied that phylogenetic
analysis of partial cT-DNA sequences from different species

FIGURE 1 | Phylogenetic tree of the Nicotiana Tomentosae section. The

Tomentosae ancestor (To ancestor) splits into different groups. Arrows: arrivals

of cT-DNA sequences (in the order TC > TB > TD > TA and TC > TE), here

shown at at the separation of the branches. Alternatively, cT-DNAs could have

arrived after the speciation events (indicated as an example for TC by dotted

line). sp1 and sp2 represent hypothetical species. Vertical scale: % divergence

between cT-DNA repeats. The Tomentosae tree based on cT-DNA insertions

corresponds to the tree proposed by Knapp et al. (2004). syl, sylvestris; tab,

tabacum; tof, tomentosiformis; kaw, kawakamii; toa, tomentosa; oto,

otophora; set, setchellii; ev, insertion event. Below each species: cT-DNA

content.

(Intrieri and Buiatti, 2001) can only be carried out after it has
been established whether they belong to the same cT-DNA or
not.

If one assumes that the four N. tomentosiformis inserts
were introduced by successive transformations (and did not
accumulate through crosses between different transformants),
five different types of plants can be expected (Figure 1). In the
Tomentosae section, the relative order of the insertion events
(ev1 to ev4) can be estimated from the divergence values of
the cT-DNA repeats (Chen et al., 2014, Table 1). Events 1, 2+3
(probably in the order TB > TD because of the differences in
the repeat divergence), and 4 correspond to the introduction
of TC, TB+TD, and TA. N. setchellii probably lacks a cT-DNA,
as shown by the fact that its transcriptome contains no cT-
DNA sequences (Long et al., 2016). N. otophora has two cT-
DNAs (TC and TE, the latter being specific for N. otophora
and introduced at event 5), N. tomentosa three (TC, TB, and
TD), N. kawakamii and N. tomentosiformis four (TC, TB, TD,
and TA). N. tabacum has three cT-DNAs, but its TC region
has been completely deleted (including 1 kb of flanking DNA
on each side, Chen et al., 2014). The remarkable loss of TC
in N. tabacum shows the importance of investigating cT-DNA
insertion sites (Chen et al., 2014; Chen, 2016). According to
Figure 1, two intermediate Nicotiana forms (sp1 and sp2) are
lacking in the Tomentosae section: one with TC, but without TE,
and one with TC and TB (Figure 1). Possibly, they do occur as
variants of existing species, as yet undetected species, or became
extinct.
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USE OF cT-DNA INSERTS AS MARKERS
TO RECONSTRUCT NICOTIANA

EVOLUTION

Transferred DNA (T-DNA) insertion events provide interesting
clues to reconstruct plant evolution. All species with a cT-DNA
at the same insertion site derive from a common ancestor in
which the original insertion took place. The divergence between
the repeats of such shared cT-DNAs should be consistent with the
overall genome divergence between the species, but this has still
to be tested.

Gemini viruses such as Geminivirus-Related DNA sequence
(GRD, Murad et al., 2004) or retrotransposons such as the
TS retrotransposons in tobacco (Wenke et al., 2011) can also
provide clues for plant evolution. In the case of the Tomentosae
section, it may be possible to date the different insertion events,
since Nicotiana evolutionary trees have been calibrated, with
an estimated DNA divergence of about 28% per 5 Mio years
(Clarkson et al., 2005). The most diverged Nicotiana cT-DNA
(TC) shows 5.8% divergence between the repeats which leads to
an estimated age of 1 Mio years.

cT-DNAS AND EVOLUTION OF IPOMOEA

AND LINARIA

In the case of Ipomoea, orf13 sequences (from IbT-DNA2) were
detected in I. batatas and in I. trifida (Kyndt et al., 2015).
This suggests that as in Nicotiana, cT-DNAs were introduced
in an ancestor species and transmitted across speciation events.
However, IbT-DNA2 could have been transferred by interspecific
hybridization, known to occur between I. batatas and I. trifida
(Rouillier et al., 2013). Whether IbT-DNA1 and IbT-DNA2 were
introduced by one or two transformation events is not clear,
because both could be derived from a single Agrobacterium
strain. The origin of the cultivated hexaploid (6x) species I.
batatas is much debated. Two independent origins have been
proposed which led to the socalled Northern and Southern
lineages. The 6x genome has probably arisen in two steps, from
2x to 3x or 4x, and then to 6x. Possibly, I. trifida contributed
to I. batatas, but it has also been proposed that I. batatas is
derived from wild polyploid I. batatas plants (Rouillier et al.,
2013). The distribution of cT-DNAs within I. batatas (both
cultivated and wild forms) and I. trifida could shed new light
on these questions. For Linaria, a calculation has been made on
the basis of sequence divergence between orf14-mis sequences
of L. vulgaris, L. dalmatica, and L. acutiloba. Assuming that the
orf14-mis sequences are located on the same cT-DNA insert, the
insert was estimated to be 1 Mio years old (Kovacova et al.,
2014).

In none of the known cases, cT-DNA repeat divergence
is more than 10% (see Table 1). This may indicate that cT-
DNA insertions did not occur earlier than 1.5 Mio years ago.
Alternatively, it may be that within this time span, the statistical
probability of a complete cT-DNA deletion became sufficiently
high, so that more diverged structures had little chance to
survive.

TABLE 1 | Sequence divergence between repeats within different cT-DNA

structures.

cT-DNA Accession %

Divergence

References

N. tomentosiformis TA KJ599826 1.2 Chen et al., 2014

TB KJ599827 2.6 Chen et al., 2014

TC KJ599828 5.8 Chen et al., 2014

TD KJ599829 1.7 Chen et al., 2014

N. glauca Ng AB071334.1

AB071335.1

3 Suzuki et al., 2002

Ipomoea batatas IbT-DNA1 KM052616.1

KM113766.1

0.9 Kyndt et al., 2015

IbT-DNA2 KM052617.1 0.7 Kyndt et al., 2015

Linaria vulgaris T-DNA EU735069 8.5 Matveeva et al., 2012

COULD cT-DNA INSERTIONS LEAD TO
PLANT SPECIATION ?

It has been proposed that cT-DNA insertionsmay have led to new
species (Martin-Tanguy et al., 1996; Fründt et al., 1998a; Chen
et al., 2014). In the case of the Nicotiana Tomentosae section
different cT-DNA combinations were found in different species,
and the order of cT-DNA entry corresponds to the proposed
branching order of the species (Knapp et al., 2004; Chen et al.,
2014, Figure 1). This pattern is consistent with the idea of
speciation by transformation. Speciation could be favored by the
strong effects of A. rhizogenes T-DNA genes on development
(for example by changing flower morphology or flowering
time), but this has not been investigated for natural or artificial
HR transformants. The speciation hypothesis can be tested by
comparing normal plants with their HR transformants obtained
from A. rhizogenes infection under laboratory conditions. If
indeed HR plants no longer hybridize with the ancestor and
therefore have become new species, further studies could
be carried out to identify the T-DNA genes responsible for
introducing the change that leads to the reproductive barrier.
Alternatively, cT-DNA sequences of natural transformants may
be removed by CRISPR and the resulting plants compared with
the unmodified natural transformant. However, the function of
those genes that led to a reproductive barrier at an early stage
might have been lost in later steps.

In the next section we will investigate in more detail what is
known about the structures of cT-DNAs and their evolution.

STRUCTURAL ORGANIZATION OF
cT-DNAS

In 8 out of 9 cases, cT-DNA structures are partial inverted
repeats, inserted in a single site. The Linaria cT-DNA is an
exception, being a partial direct repeat (Matveeva et al., 2012).
In Figures 2A–D the four N. tomentosiformis cT-DNAs (TA, TB,
TC, and TD) are shown with the original contigs constructed
from small reads obtained by deep sequencing. Highly similar
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FIGURE 2 | Maps of the four cT-DNAs from N. tomentosiformis. (A–D): TA, TB, TC, and TD. Inverted repeats are indicated by colored arrows. Renumbered contigs

from N. tomentosiformis (AWOL series, Sierro et al., 2014) are mapped on the final cT-DNA maps. The large numbers of contigs are due to difficulties in automatic

assembly for these closely related inverted repeats. Various: repeated plant sequences, only part of these contigs are shown. (E) An example of a cT-DNA, the TC

region from N. tomentosiformis. The figure shows the similarity between the rpeated part of TC and part of the A. rhizogenes A4 region with its T-DNA genes (A, B, C:

rolA, rolB, rolC). Boxed in red are sequences (ocl: octopine synthase-like, and gene c) that have so far only been found in A. tumefaciens or A. vitis. Thus, the A.

rhizogenes strain that inserted the TC-region belongs to a new type of strain that combines features of A. rhizogenes and A. tumefaciens or A. vitis.

repeats can cause problems for the assembly of reads into
contigs. This leads to many small contigs which must be linked
by PCR amplification and sequencing. In Figures 2A–D the
published N. tomentosiformis contigs (Sierro et al., 2014, AWOL
series, renumbered) are shown aligned with the four assembled
cT-DNA sequences. The TC region is shown in more detail
(Figure 2E). The inverted repeat of TC partially aligns with TL
from A. rhizogenes strain A4. At both ends of the repeat unique
regions are found with an ocl gene on the left and a protein-C
gene on the right. The T-DNA that gave rise to the TC region is
unknown, and it is unclear how the inverted repeat and the single
copy fragments were assembled. Further progress may require
identification of A. rhizogenes strains with the relevant T-DNA
genes.

All cT-DNAs seem to be truncated. In experimental infections
with present-day Agrobacterium strains, T-DNA insertions can
occur in different ways: in single sites (with a complete or
truncated T-DNA, with direct or inverted repeats, with complete
or incomplete repeats) or in multiple sites (with combinations
of different structures). Some strains carry two different T-DNAs
on their Ti/Ri plasmid, such as the TL and TR regions of
A. rhizogenes strain A4 (Bouchez and Tourneur, 1991) and
can introduce them separately or combined as a single insert.
Potentially, this leads to a large variety of cT-DNA structures.

The fact that most natural transgenic plants carry a single insert
consisting of a partial inverted cT-DNA repeat is therefore
probably not coincidental. No simple hypothesis can be proposed
why this is so, but the following factors might be considered.
cT-DNA inserts in multiple sites will segregate during sexual
propagation, favoring single inserts. Repeat structures are more
tolerant to mutations, thus facilitating preservation of important
genes. Because T-DNA transfer starts at the right border and
proceeds to the left, incomplete T-DNA structures will tend to
have intact right borders and break off on the left. Studies on
experimentally obtained regenerants or with additional natural
transformants may show whether some structures are indeed
preferred and what could be the underlying reasons.

In the next section we will discuss cT-DNA evolution and
variability.

EVOLUTION OF cT-DNAS

After stable integration, cT-DNAs will evolve through point
mutations, insertions, and deletions, in the same way as normal
plant DNA. Many cT-DNA genes in natural transgenic plants are
interrupted by stop codons or are partially deleted (Table 2, see
also below). NgrolB of N. glauca is inactive but was converted
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TABLE 2 | cT-DNA genes in different natural transformants.

Species cT-DNA cT-DNA genes Intact Expr. Biol. activity References

Nicotiana glauca T-DNA rolB − + + (after restoration) Aoki and Syono, 1999c

rolC + + + Aoki and Syono, 1999c

orf13 + + + Aoki and Syono, 1999b

orf14 + + + Aoki and Syono, 1999b

mis + + + (in E. coli) Suzuki et al., 2002

N. tomentosiformis and N. tabacum (tob) TA orf8 − nt nt Chen et al., 2014

rolA − nt nt Chen et al., 2014

rolB − nt nt Chen et al., 2014

rolC + + + (tob) Mohajjel-Shoja et al., 2011

orf13 + + + (tob) Fründt et al., 1998b

orf14-like − + nt Chen et al., 2014

mis − nt nt Chen et al., 2014

TB orf14 + nt nt Chen et al., 2014

mis − nt nt Chen et al., 2014

ags − nt nt Chen et al., 2014

mas1’ − nt nt Chen et al., 2014

mas2′ + + + (tob) Chen et al., 2016

TC ocs-like + nt − Chen et al., 2014

2 − nt nt Chen et al., 2014

3 − nt nt Chen et al., 2014

8 − nt nt Chen et al., 2014

rolA − nt nt Chen et al., 2014

rolB − nt nt Chen et al., 2014

Gene c − nt nt Chen et al., 2014

TD orf18 − nt nt Chen et al., 2014

orf14-like + nt nt Chen et al., 2014

orf15 + nt nt Chen et al., 2014

orf511 ? nt nt Chen et al., 2014

TE vis ? nt nt Chen et al., 2014

6b ? nt nt Chen et al., 2014

mas1’ ? nt nt Chen et al., 2014

mas2′ ? nt nt Chen et al., 2014

rolB ? nt nt Chen et al., 2014

rolC ? nt nt Chen et al., 2014

orf13 ? nt nt Chen et al., 2014

orf14 ? nt nt Chen et al., 2014

iaaH ? nt nt Chen et al., 2014

iaaM ? nt nt Chen et al., 2014

acs ? nt nt Chen et al., 2014

Linaria vulgaris T-DNA acs − nt nt Matveeva et al., 2012

orf2 − nt nt Matveeva et al., 2012

orf3 − nt nt Matveeva et al., 2012

orf8 − nt nt Matveeva et al., 2012

rolA − nt nt Matveeva et al., 2012

rolB − − nt Matveeva et al., 2012

rolC + − nt Matveeva et al., 2012

orf13 − − nt Matveeva et al., 2012

orf14 − − nt Matveeva et al., 2012

mis − nt nt Matveeva et al., 2012

(Continued)
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TABLE 2 | Continued

Species cT-DNA cT-DNA genes Intact Expr. Biol. activity References

L. dalmatica T-DNA rolC + nt nt Matveeva and Lutova, 2014

Ipomoea batatas IbT-DNA1 acs + + nt Kyndt et al., 2015

Gene c + + nt Kyndt et al., 2015

iaaH + + nt Kyndt et al., 2015

iaaM + + nt Kyndt et al., 2015

IbT-DNA2 orf14 − nt nt Kyndt et al., 2015

orf17n − nt nt Kyndt et al., 2015

rolB-like + + nt Kyndt et al., 2015

orf13 + + nt Kyndt et al., 2015

orf18/orf17n + nt nt Kyndt et al., 2015

Ipomoea trifida IbT-DNA2 orf13 + nt nt Kyndt et al., 2015

Adapted from Matveeva and Lutova (2014) No distinction is made between copies on repeats of the same cT-DNA. Since the orf511 gene from the TD region has no equivalent in the

databases, it is unknown whether it is intact. As N. otophora contigs and reads have not yet been assembled, it is still unknown whether there are intact cT-DNA gene copies or not in

this species. nt, not tested.

to an active form by removal of two stop codons (Aoki,
2004). However, it is not clear whether the active form really
corresponds to the original rolB gene. As expected, cT-DNA
sequence variation can also occur within the same species. In
early Southern blot experiments, cT-DNA variants were reported
for N. glauca (Furner et al., 1986). Among N. tabacum cultivars,
three TA variants occur (Chen et al., 2014).

cT-DNA evolution in Ipomoea, Linaria, and Nicotiana might
be influenced by interspecific hybridization. I. batatas hybridizes
with I. trifida (its closest natural relative) under natural
conditions, although probably with low efficiency (Rouillier et al.,
2013). The IbT-DNA2 genes of I. batatas and I. trifida (Kyndt
et al., 2015) could have been transferred by interspecific crosses.
This could also apply to L. vulgaris and L. dalmatica, both of
which contain cT-DNA sequences (Matveeva and Lutova, 2014)
and are known to hybridize (Ward et al., 2009).

Interspecific crosses can have other consequences for cT-
DNAs. N. tabacum results from an interspecific cross between
N. sylvestris and N. tomentosiformis accompanied by massive
genome reorganization (Lim et al., 2004). Whether this
reorganization follows certain rules and reproducibly leads to the
loss of the TC region, might be investigated with artificial hybrids.

When trying to understand cT-DNA evolution, one needs to
reconstruct the original structures. This might be attempted by
comparing the sequences of the cT-DNA repeats, both within
the same species and between related species, favoring variants
which correspond to intact open reading frames, are expressed
and show biological activity.

In the next section we will investigate the important question
of cT-DNA gene expression and regulation.

cT-DNA EXPRESSION AND REGULATION

Although some studies have described cT-DNA gene expression
and regulation, this field is still at its beginning and much
remains to be done. Table 2 contains a list of expressed cT-DNA
genes. Expression patterns depend on the insertion site and on

the regulatory properties of the promoters. Promoter properties
can be measured in different ways, either directly by mRNA
analysis, or by using reporter genes. In reporter gene constructs
promoters are linked to genes for visible markers, such as β-
glucuronidase (GUS, Jefferson, 1987). Although much research
has been carried out on T-DNA gene promoters (Maurel et al.,
1990; Capone et al., 1991, 1994; Leung et al., 1991; Yokoyama
et al., 1994; Di Cola et al., 1997; Hansen et al., 1997; Handayani
et al., 2005), these studies should be extended in order to get a
more detailed description of tissue-specificity, and to identify the
corresponding plant transcription factors. Since T-DNA genes
of Ri plasmids are expressed in hairy roots, it can be expected
that cT-DNA genes are also expressed in roots. However, the
properties of their promoters could have evolved, especially if
expression in other plant parts would provide some selective
advantage. Expression studies show that several cT-DNA genes
have maintained their expression patterns in natural transgenic
plants (Table 2). How and why T-DNA/cT-DNA genes are
regulated the way they are, will need more research on T-
DNA/cT-DNA function in hairy roots and natural transformants.
It will be important to study those promoter properties in the
right context. A. rhizogenes T-DNA reporter genes have rarely
been studied in hairy roots. Likewise, cT-DNA promoters should
be studied in the corresponding natural transformants. However,
there is a danger that promoter constructs interfere with the
expression of the genes from which they are derived, either by
gene silencing or by competing for transcription factors.

The expression of N. glauca cT-DNA genes have received
special attention because of their possible role in tumor
formation. Interspecific hybridization between N. glauca
and N. langsdorffii leads to socalled GGLL plants that
spontaneously form tumors. It has been proposed that
the N. glauca cT-DNA genes play a role in the abnormal
growth of these tumors. Expression of Ngorf13 and Ngorf14
(Aoki et al., 1994; Udagawa et al., 2004), and NgrolB and
NgrolC (Nagata et al., 1995, 1996) is enhanced in tumor
tissues, possibly by a kind of inverted gene dosage effect
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(Martin-Tanguy et al., 1996). Up to now it has not been
demonstrated that N. glauca T-DNA genes are indeed required
for tumourous growth. For this they will need to be silenced or
removed.

Another cT-DNA gene regulation study involved the TB-
mas2′ gene of N. tomentosiformis and N. tabacum. Most tobacco
cultivars and their paternal ancestor N. tomentosiformis have low
TB-mas2′ expression levels (LE cultivars), but a few show high
expression levels (HE cultivars). HE cultivars do indeed produce
the expected mas2′ product desoxyfructosylglutamine (DFG)
and are the only known cases so far of natural transformants
which synthesize opines (Chen et al., 2016). The TB-mas2′

promoter sequences from HE and LE cultivars are identical, and
Pmas2′-GUS constructs are highly expressed in N. benthamiana
roots, suggesting that TB-mas2′ can be silenced and re-activated.
Silenced tobacco lines carrying artificially introduced mas genes
could be re-activated by 5-azacytidine (Van Slogteren et al., 1984),
but this was not the case for TB-mas2′ in LE cultivars (Chen et al.,
2016). Mendelian inheritance of the LE/HE phenotype (Chen
et al., 2016) suggested that activation and silencing of TB-mas2′

are due to a cis element linked to the TB insert.
Once it is established that cT-DNA genes are actively

transcribed in natural transformants it will be necessary to
investigate their influence on plant growth and metabolism.

ROLE AND ACTIVITY OF
GROWTH-MODIFYING GENES IN
NATURAL TRANSFORMANTS

The most interesting question concerning natural Agrobacterium
transformants is undoubtedly whether they are mere accidents
of evolution (by-products of hairy roots as it were, without any
selective advantage), or whether cT-DNA integration led to new
plant types with particular advantages compared to the non-
transformed ancestors (Tepfer, 1983; Meyer et al., 1995). Since
at least some natural transformants produce opines, they could
also be of advantage to agrobacteria, without special advantages
to the plants (sse below).

At the moment of writing, no direct evidence exists for a
particular role for any of the cT-DNA genes within their normal
context. However, some indirect arguments clearly indicate that
they could influence the growth of natural transformants. The
T-DNAs from A. rhizogenes carry genes known to induce hairy
roots and these roots can be regenerated into plants with
characteristic phenotypes, called the hairy root or HR phenotype.
HR plants generally have a short stature with short internodes
and wrinkled leaves (Tepfer, 1990; Christey, 2001; Lütken et al.,
2012). Enhanced root growth could possibly improve survival
under dry conditions. Among theA. rhizogenesT-DNA genes, the
≪ root locus ≫ (rol) genes rolA, rolB, rolC, and rolD influence
hairy root induction on Kalanchoe daigremontiana leaves (White
et al., 1985), and rolA, rolB, and rolC are sufficient to induce
roots on several species. The rolB and rolC genes belong to
the plast gene family, a large family of mostly T-DNA-located
genes which includes orf13, orf14, 6a, and 6b (Levesque et al.,

1988; Studholme et al., 2005). rolB has a more general meristem-
inducing activity (Altamura et al., 1994; Koltunow et al., 2001).
In addition, rolB induces necrosis in tobacco leaves (Schmülling
et al., 1988; Mohajjel-Shoja, 2010). orf13 has been considered
to be non-essential for root induction although capable of
stimulating HR induction by rolABC genes (Cardarelli et al.,
1987; Capone et al., 1989; Aoki and Syono, 1999a). However,
orf13 expression in tobacco (Hansen et al., 1993; Lemcke and
Schmülling, 1998), tomato (Stieger et al., 2004), and Arabidopsis
(Kodahl et al., 2016) led to various growth changes up to extreme
dwarfism in Arabidopsis (Kodahl et al., 2016). The rolA gene has
strong morphogenetic effects (Dehio and Schell, 1993; Guivarc’h
et al., 1996). Thus, expression of rol genes and orf13 in natural
transformants can be expected to influence their growth.

Linaria, Ipomoea, and N. otophora contain iaaH and iaaM
genes. Together these encode indole acetic acid synthesis and
could have been active in early stages of transformation. It is
noteworthy that the iaaM and orf8 (Lemcke et al., 2000) T-DNA
genes carry a rolB-like part at the 5′ end and a bacterial iaaM
part at the 3′ end (Levesque et al., 1988). Both can be separated
and retain their function (Otten and Helfer, 2001; Umber et al.,
2002, 2005). Thus, an intact rolB part in an otherwise mutated
orf8 or iaaM gene might still influence the growth of natural
transformants.

Ngorf13, NgrolC, trolC, and torf13 are expressed in the
corresponding Nicotiana species. When overexpressed in
tobacco, Ngorf13 leads to dark-green rounded leaves (Aoki
and Syono, 1999b), NgrolC (Aoki and Syono, 1999c), and trolC
(Mohajjel-Shoja et al., 2011) to a dwarf phenotype and lanceolate,
pale leaves, whereas torf13 induces green callus on carrot disks
(Fründt et al., 1998b). In natural transformants, rolC, orf13, orf14
are frequently intact (Table 2).

It is generally assumed that each type of T-DNA/cT-DNA gene
has a specific effect, so that a cT-DNA-located rolC gene will
have the same activity as a T-DNA-located rolC gene. However,
variants of a given gene type can encode different biological
activities. The rolB genes from 1,855 and 2,659 are less dependent
on auxin for root induction on carrot disks as rolB from A4
(Schmülling et al., 1993; Serino et al., 1994). Six different 6b genes
from A. tumefaciens and A. vitis differ in their capacity to induce
tumors (Helfer et al., 2002). Thus, functional differences between
a cT-DNA gene and a related T-DNA gene (as noted by Aoki and
Syono, 2000) might result from differences between the model
strain and the strain that introduced the cT-DNA, rather than
from divergent evolution after transfer to the plant.

The oldest cT-DNA (from Linaria) has lost all open reading
frames except LvrolC, suggesting positive selection of this gene.
Inactivation of the rolC, orf13, and orf14 genes in various natural
transformants are obvious targets for the future.

It is possible that some (or even most) cT-DNA genes only
played a role in the initial transformation/regeneration event, by
allowing HR regeneration and the establishment of a new species
(see above). After that, they could have lost their function either
because of detrimental effects (like dwarfing by rolA or orf13, or
necrosis by rolB) or because they were selectively neutral. In that
case cT-DNA gene inactivation would show no effects and could
lead to the wrong conclusion that these genes had no function

Frontiers in Plant Science | www.frontiersin.org September 2017 | Volume 8 | Article 160047

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Chen and Otten Natural Agrobacterium Transformants, Results and Theory

in the evolution of the natural transformants. If cT-DNA genes
induce significant morphological changes in other plants upon
strong and constitutive expression, their expression in natural
transgenics will probably also lead to changes, although these
might be more restricted.

In the case of the widely cultivated tobacco and sweet potato,
cT-DNA structures and expression patterns could have been
subjected to selection during domestication. This hypothesis can
be tested by careful comparison between certain cultivars and
their isogenic cT-DNA mutants.

ROLE OF OPINE SYNTHESIS GENES IN
NATURAL TRANSFORMANTS

T-DNA/cT-DNA regions generally contain opine genes. Opines
are conjugation products of common metabolites such as amino
acids, α-keto acids, and sugars, and cannot be metabolized
by plants. Often, opine enzymes use multiple substrates (as
in the case of lysopine dehydrogenase, Otten et al., 1977)
thereby potentially sequestering a large amount of metabolites
which might affect plant growth. Thus, it is important to
know where T-DNA/cT-DNA opine genes are expressed, and to
what extent they are regulated. The rolD gene strongly inhibits
growth of transgenic carrot (Limami et al., 1998). In tomato,
it does not affect morphology (the reason for the difference
with carrot is unknown), but flowering occurs earlier with
increased numbers of flowers and fruits (Bettini et al., 2003).
Opines in crown galls and hairy roots are assumed to be
secreted, in order to make them available to the agrobacteria,
but this important process has not been studied in detail.
It is unknown whether there are specific mechanisms for
opine secretion, and whether T-DNA/cT-DNA genes play a
role in this. It has been proposed that the A. tumefaciens
6a gene (a member of the plast gene family) stimulates
secretion of octopine and nopaline (Messens et al., 1985),
but unfortunately this interesting study has not been followed
up.

Additional genes such as gene c and orf511 (coding for a large,
511 amino acid protein) also remain to be studied. Gene c from
A. tumefaciens strain C58 has shoot-inducing properties (Otten
et al., 1999). Interestingly, it is also found in organisms other than
plants (see below).

The morphological effects of various cT-DNA genes
(expressed to different extents in different tissues) add up in
complex ways. For example, rolA and rolB gene are antagonistic
in tomato (Van Altvorst et al., 1992). rolA, rolB, and rolC
(Spena et al., 1987), and rolB, rolC, orf13, and orf14 act
synergistically (Nilsson and Olsson, 1997; Aoki and Syono,
1999b). It will therefore be a particularly challenging task to
establish the contribution of each gene in the context of their
combined expression in natural transformants. In addition,
two Agrobacterium T-DNA genes which are also found in
natural transformants, can produce growth effects at a distance:
orf13 (Hansen et al., 1993) and 6b (Helfer et al., 2003). This
means that their effects might extend beyond their domains of
expression.

Apart from changing plant growth, cT-DNA gene expression
may confer immunity to Agrobacterium by silencing incoming
T-DNA (for an experimental example of such T-DNA silencing,
see Escobar et al., 2001). However, in the Tomentosae section
agrobacteria were able to re-infect already transformed species,
arguing against this possibility.

We will now investigate the question whether cT-DNA gene
expression in natural transformants could influence the growth
and evolution of Agrobacterium.

DOES AGROBACTERIUM BENEFIT FROM
NATURAL TRANSGENIC PLANTS ?

Natural transformants which synthesize opines could influence
the growth and evolution of Agrobacterium (Chen et al., 2016).
In HE tobacco cultivars (see above) TB-mas2′ is expressed at
high levels in root tips, and leads to production of significant
amounts of DFG, a well-known opine (Chen et al., 2016).
DFG can be used by agrobacteria and other microbes (Moore
et al., 1997; Baek et al., 2005), but it has not yet been tested
whether the DFG of HE cultivars is secreted and whether
is might accumulate in the rhizosphere. Studies on artifical
symbiosis based on opine utilization (Guyon et al., 1993;
Dessaux et al., 1998; Savka et al., 2002; Mondy et al., 2014)
provide experimental models to test this idea. Controlled
inoculation of HE cultivars and isogenic CRISPR mutants
with DFG-metabolizing and non-metabolizing Agrobacterium
mutants could show whether DFG production by HE cultivars
confers a selective advantage on DFG-using bacteria. If so,
this could have some interesting implications. It has been
postulated that the genetic modification of plant cells allows
Agrobacterium to take control of its host, by re-directing
its growth and metabolism to its own benefit. This process
has been called ≪ genetic colonization ≫ (Schell et al.,
1979). If it could be shown that opine production by HE
plants favors Agrobacterium growth it would take the genetic
colonization theory one step further. In that case the role
of the pRi plasmid is not only (or even not at all) to
induce hairy roots, but to create transgenic plants. Such plants
could provide a genetically stable and much increased opine
production, as compared to opine synthesis by relatively small
numbers of non-permanent hairy roots growing from infected
plants. If Agrobacterium benefits from opine production by
natural transformants, hairy roots might be considered as mere
intermediates on the way to transgenic plants. Opine production
might be detrimental to plant growth, but reproductive
isolation of the initial transformants could ensure their survival.
Subsequently, cT-DNA functions might be selected against and
growth might revert to normal. Thus, natural transformants
could be transient plant species with various levels of genetic
stability.

So far, it is not known how much A. rhizogenes benefits
from opines produced in hairy roots growing in nature. Opine
sources can attract Agrobacteria (Kim and Farrand, 1998)
in vitro, but do agrobacteria also accumulate and multiply on
hairy roots or on roots of natural transformants? What are
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the dynamics of these interactions? Do the bacteria concentrate
around areas of highest production? Are opines stable in
soil and do they accumulate over time? Do the modified
growth properties of hairy roots increase opine production or
secretion (for example by stimulating lateral root formation)?
Experimental HR induction is generally done by infecting stems
in the greenhouse or leaf disks in vitro, and the hairy roots
develop in agar or in air. It would be interesting to know how
hairy roots grow in soil and whether their growth is favored
over that of normal roots. All these questions merit attention
when one considers the effects of opine-producing plants on
agrobacteria.

Apart from TB-mas2′, other opine synthesis enzymes
(encoded by acs, vis, ocl, mis, rolD) should be investigated for
their opine synthesis properties. Different forms with different
substrate preferences may exist, as in the case of octopine
dehydrogenase (Ocs, Otten and Szegedi, 1985).

Unusual growth characteristics of hairy roots and HR-
derived plants could stimulate growth of agrobacteria
independently from opines, for example if some T-
DNA genes favor secretion of common root metabolites.
When exploring the structure, expression and biological
function of cT-DNA genes, it should be realized
that some of these genes could have played a role
in the first steps of the transformation/regeneration
processes and that these events are still unknown.
In the next section we will therefore look at a
possible scenario for the evolutionary origin of natural
transformants.

A SCENARIO FOR THE ORIGIN OF
NATURAL TRANSFORMANTS

The details of the origin of natural transformants are still unclear.
Different types of Agrobacterium strains with different T-DNAs
were involved, as mentioned above. These could have induced
different types of hairy roots, depending on their cT-DNA genes.
In general, it is assumed that individual hairy roots represent
clones growing from a single transformed cell (Tepfer, 1984;
McKnight et al., 1987). A particular A. rhizogenes strain may
induce hairy roots with different T-DNA structures (complete
or incomplete) and different gene expression levels depending
on the insertion sites, which probably leads to different types
of roots. It is often assumed that hairy roots represent a single,
well-defined type of roots, but this seems highly unlikely in
view of the many combinations of T-DNA genes and expression
levels expected to occur in individual hairy root clones. The
occurrence of different agrobacteria strains, each with their
own combination of T-DNA genes, increases the problem of
HR variability. A. rhizogenes-induced roots have not yet been
systematically investigated in terms of growth rate, cell division,
elongation, differentiation, and root branching patterns. Plants
regenerated from HR have not only modified roots, but also
aberrant, wrinkled leaves and stunted growth. The conspicuously
wrinkled leaves of HR plants have not yet been analyzed at
the developmental level. Possibly they result from changes in

vascular development. We suspect that a whole gradient of HR
phenotypes may exist and that the expression ≪ hairy root
phenotype ≫ is an oversimplification. Detailed cellular analysis
of HR plants carrying T-DNA genes with inducible promoters
will be of great use to understand how T-DNA genes affect
growth (for an example using the 6b gene, see Pasternak et al.,
2017).

In the case of the natural transformants, there could have
been a selection for HR types with T-DNA gene combinations
that allowed plant regeneration. Some genes could be detrimental
to regeneration (possibly rolA: inhibition of flowering, Martin-
Tanguy et al., 1996; and rolB: necrosis, Schmülling et al., 1988),
whereas others might favor this process.

In the case of the Tomentosae section, plants carrying the
first cT-DNA (TC, carrying rolA and rolB genes) may have
acquired a better regeneration capacity compared to the non-
transformed ancestor. Thus, when TC-carrying plants were
infected with another A. rhizogenes strain, the resulting hairy
roots (carrying TC and TB) could more easily regenerate
into plants, and the process could repeat itself several
times. Tobacco plants transformed by A. rhizogenes A4
spontaneously formed shoots from roots when grown in
pots, contrary to normal tobacco (Tepfer, 1984). We need
more research on the shoot regeneration properties of hairy
roots in different species, the role of the different T-
DNA genes in this process, and the underlying molecular
mechanisms.

When considering the origin of natural transformants, it
is worth noting that A. tumefaciens nopaline strains T37
and C58 (Yang and Simpson, 1981) or 82.139 (Drevet et al.,
1994) can induce abnormal shoots (called shooty teratomas,
Figures 3c,d). These are due to expression of the T-DNA-located
isopentenyltransferase (ipt) gene, but shoot growth is probably
also influenced by other T-DNA genes. It would be worth
investigating whether teratomas could lead to rooting plants
under natural conditions and eventually give rise to natural
transformants.

Some plant species may have special regeneration abilities,
so that hairy roots induced on such plants could easily produce
fertile plants. Linaria carries buds on its roots, which may greatly
facilitate plant regeneration from hairy roots (Figures 3a,b).
L. vulgaris (but not L. maroccana) internode fragments easily
form shoots and callus in vitro, even on hormone-free medium
(Matveeva et al., 2012). It remains to be shown whether this is
an intrinsic property of some Linaria species or due to cT-DNA
genes. I. batatas shoot fragments (called slips) easily form roots,
whereas root pieces carry dormant buds which easily produce
plants (George et al., 2011). Re-transformation events may be
favored if opine-producing plants attract agrobacteria. These
could then introduce additional cT-DNAs (Chen et al., 2014).

In order to definitely establish themselves, the new
transgenic plants had to transmit their cT-DNA to their
progeny and reproduce successfully in the same environment
as the ancestors. It is questionable whether a presumably
very rare natural transgenic plant could have survived
without reproductive isolation (sympatric speciation, see
below). Later, the need for reproductive isolation might have

Frontiers in Plant Science | www.frontiersin.org September 2017 | Volume 8 | Article 160049

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Chen and Otten Natural Agrobacterium Transformants, Results and Theory

FIGURE 3 | Regeneration of buds from Linaria vulgaris roots and of shoots

from Kalanchoe daigremontiana tumors. (a) L. vulgaris, overview. Scale: 2 cm.

(b) Detail buds. Scale 5 mm. (c) Normal K. daigremontiana plantlet. Scale: 3

cm. (d) Teratoma formation on K. daigremontiana stems infected with

A. tumefaciens strain Tm4. The Kalanchoe teratoma structures are abnormal,

but structured. Scale: 1 cm.

disappeared, when sufficient differences had accumulated
to prevent hybridization with the ancestral species. This
could have led to the counterselection of cT-DNA genes
that were important for speciation, especially if they reduced
growth and reproduction. Selection to reduce negative cT-
DNA effects could also have occurred elsewhere in the plant
genome.

It is often assumed that natural transformants are
homozygous for cT-DNA sequences, but it is possible that
different cT-DNA gene alleles occur in natural populations (for
intraspecific cT-DNA variants, see above). Selectively neutral
genes would gradually be eroded and finally disappear. In
extreme cases, the complete insert could be lost, as observed for
the N. tabacum TC-DNA. TB-mas2′ seems to have been silenced
in N. tomentosiformis and subsequently re-activated in some
N. tabacum cultivars (Chen et al., 2016) which might constitute a
case of evolutionary≪ reversion≫.

Thus, to ensure the transition from a hairy root clone
to the many successful populations of present-day natural
transformants such as Nicotiana glauca or Linaria vulgaris, many
steps might have been necessary. For a summary of these steps,
see Figure 4A. The following section suggests some experiments
to investigate this scheme (summarized in Figure 4B).

EXPERIMENTAL EVIDENCE FOR
EVOLUTIONARY SCENARIOS

What kind of experimental evidence could lend support to
theoretical evolutionary scenarios as described above? It seems
impossible to reconstruct the exact transformation events
and the subsequent evolution leading to present-day natural
transformants. However, if similar events still occur in nature,
one might learn more about them. In the case of the natural
Nicotiana transformants, it could be investigated whether
Nicotiana species from the Tomentosae or Noctiflorae section
are infected by A. rhizogenes in their natural South-American
environment, and one could try to isolate and characterize
A. rhizogenes strains from their rhizosphere.

The next question concerns the capacity of hairy roots
to spontaneously produce transgenic plants under natural
conditions. This may be studied by challenging different plant
species with different A. rhizogenes strains under controlled
conditions, preferably using plants growing in soil. Regeneration
of plants from hairy roots under laboratory conditions has been
reported for 53 plant species (Christey, 2001). However, nothing
is known about conditions that favor regeneration in nature,
such as climate, humidity, age of the plant, type of soil, type of
wounding, or site of infection. Starting with a system of robust
HR induction on plants growing in soil, it might be possible to
study plant regeneration from such roots. Several ornamental
plants have been transformed with natural A. rhizogenes strains
in order to obtain dwarfed forms, a desirable trait in horticulture
(Lütken et al., 2012). Such applied HR research could address
several of the questions raised above (HR types, effects of
cT-DNA genes, regeneration capacity, reproductive isolation).
A significant potential exists for plant improvement using A.
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FIGURE 4 | Theoretical steps in the origin of natural transformants. (A) Questions on the origin and evolution of natural transformants. (B) Experimental apporaches to

study the questions raised in A.

rhizogenes T-DNA genes (Christey, 2001; Casanova et al., 2005;
Guillon et al., 2006) which probably also applies to cT-DNA
genes.

In order to study possible ancestor phenotypes, cT-DNA genes
might be silenced or removed by CRISPR. Compared to the
CRISPR approach, silencing may have an interesting advantage:
placed under control of an inducible promoter, a silencing
construct could reduce expression of a target gene to different
levels and in a spatially and temporally controlled way.

Naturally transformed plants have so far been found in the
genus Nicotiana, Linaria, and Ipomoea. In the next part we will
discuss how to search for additional transformants.

SEARCH FOR ADDITIONAL NATURAL
TRANSFORMANTS

In order to search for natural transformants, three approaches
can be used. First, deep sequencing of many plant species is
yielding vast numbers of DNA sequences, both from genomic
DNA and from transcriptomes. These sequences can be regularly
analyzed for T-DNA-like sequences by automatic search robots.
The cT-DNAs of the Nicotiana group have revealed the presence
of genes that were thought to be specific for A. tumefaciens
or A. vitis (6b, ocl, vis, Chen et al., 2014). Therefore, query
sequences should not only include all known A. rhizogenes T-
DNA sequences, but A. tumefaciens and A. vitis T-DNAs as
well. In order to increase the chance of finding sequences with
weak homology to model sequences, nucleotide data bases can
be interrogated with protein query sequences (NCBI, tblastn
search).

Second, plant species with close affinity to natural
transformants or different accessions of the same species
should be investigated, in order to define the distribution limits
of the cT-DNA sequences within a group of species, and to
explore their structural and functional variability.

Third, species that easily form plants from root fragments,
have wrinkled leaves or other HR characteristics, might be
candidates and could be tested by PCR experiments or deep
sequencing.

We believe that the search for cT-DNA sequences should
not be limited to plants. The capacity of Agrobacterium to
introduce T-DNA genes into fungi under laboratory conditions
has been well documented (de Groot et al., 1998; Michielse
et al., 2008). It seems possible that this also occurs in nature,
especially in the mycosphere (Zhang et al., 2014). Regeneration
of transformed cells might be easy in such organisms, since
single cells can be transformed. No bona fide cT-DNA sequences
have yet been found outside the plant world. However, protein
searches led to the discovery of several T-DNA-like protein
sequences in fungi (Mohajjel-Shoja et al., 2011; Chen et al.,
2014). Among these, opine enzyme-like sequences were found
in Nectria hematococca (Acs), Aspergillus nidulans (Ocl), and
Sus-like proteins are relatively widespread in various fungi. Plast
proteins were detected in Laccaria bicolor. Protein C sequences
were found in Melampsora larici-populina and Pestalotiopsis
fici (Chen et al., 2014). These fungal T-DNA-like sequences
are more divergent with respect to known T-DNA sequences
than the plant cT-DNA plast sequences (Table 3) and could be
derived from other types of Agrobacterium strains. Their patchy
distribution among fungi argues in favor of horizontal gene
transfer. Some fungi (such as Pestatoliopsis and Melampsora)
contain several T-DNA-like genes. If such genes are grouped
(as expected in the case of T-DNA transfer), this would provide
a argument for ancient T-DNA transfer. Further investigations
should concentrate on the chromosomal sequences around these
genes and their comparison with relatives lacking such genes.
Finally, it will be important to investigate their expression and
function.

CONCLUSIONS

Natural Agrobacterium transformants represent special cases of
horizontal gene transfer, as they result from a highly adapted
process aimed at the transfer and insertion of functional genes in
plants. The bacteria responsible for the insertion of the cT-DNAs
were probably related to A. rhizogenes. The natural variability of
this bacterium and the capacity of various A. rhizogenes types
to induce hairy roots in nature (and not only under laboratory
conditions), both on aerial parts and in soil, is still largely
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TABLE 3 | T-DNA-like protein sequences in fungi.

Protein category Organism Accession

number

Closest T-DNA relative Accession number of

closest relative

% Identity

Opine enzymes Nectria haematococca,

Fusarium oxysporum

XP_003047010.1

XP_018252422.1

ChsA (not on T-DNA), Ags AAK08601.1

P27875.1

60

42

Aspergillus niger and

many others

EHA20957.1 TC-Ocl XP_009611266 40

Melampsora

larici-populina

EGG11641.1 TC-Ocl XP_009611266 34

Plast proteins Laccaria bicolor XP_001884962 Protein 5 (Tm4) AAB41873 21

Laccaria bicolor XP_001884963 Protein 5 (Tm4) AAB41873 20

Laccaria bicolor XP_001884964

(409aa, first part)

Protein 5 (Tm4) AAB41873 19

Laccaria bicolor XP_001884861

(451aa, last part)

Protein 5 (Tm4) AAB41873 22

Laccaria bicolor XP_001881215

(491 aa)

C’ protein NP_053417.1 19

C protein Melampsora

larici-populina

EGG11381.1 C (C58) AAD30491.1 30

Pestalotiopsis fici XP_007840635.1

(540aa)

C (C58) AAD30491.1 32

unexplored. Spontaneous regeneration of natural hairy roots may
depend on the properties of the non-transformed hosts, but
probably also involves cT-DNA genes. More studies are required
on the function and molecular mechanism of the T-DNA
genes, in order to explain how and why natural transformants
differ from their ancestors, and how they managed to establish
themselves. An important direction for future research will be the
removal or silencing of cT-DNA genes. The plast genes, opine
genes, rolA, gene c, and orf511 all require detailed analysis by
themselves. Opine synthesis by natural transformants and its
potential to favor Agrobacterium growth should be investigated
under natural conditions, and should include studies on the
influence of opine synthesis on plant metabolism, and on the
mechanisms and specificities of opine secretion. The plast genes
constitute an especially challenging subject as 30 years of research
have not been able to convincingly reveal their basic function.
They seem to be involved in the transport of plant metabolites
and in the induction of abnormal growth. Studies on cell division

and differentiation of various types of hairy roots and HR
plants will be essential to understand how T-DNA/cT-DNA genes
redirect the growth of roots and other plant organs. In view
of their strong morphogenetic activities, both T-DNA and cT-
DNA genes may be used for applications in horticulture and
agriculture. Such research would undoubtedly benefit from a
better understanding of their functions.
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Horizontal gene transfer (HGT) can be defined as the acquisition of genetic material
from another organism without being its offspring. HGT is common in the microbial
world including archaea and bacteria, where HGT mechanisms are widely understood
and recognized as an important force in evolution. In eukaryotes, HGT now appears to
occur more frequently than originally thought. Many studies are currently detecting novel
HGT events among distinct lineages using next-generation sequencing. Most examples
to date include gene transfers from bacterial donors to recipient organisms including
fungi, plants, and animals. In plants, one well-studied example of HGT is the transfer
of the tumor-inducing genes (T-DNAs) from some Agrobacterium species into their host
plant genomes. Evidence of T-DNAs from Agrobacterium spp. into plant genomes, and
their subsequent maintenance in the germline, has been reported in Nicotiana, Linaria
and, more recently, in Ipomoea species. The transferred genes do not produce the usual
disease phenotype, and appear to have a role in evolution of these plants. In this paper,
we review previous reported cases of HGT from Agrobacterium, including the transfer
of T-DNA regions from Agrobacterium spp. to the sweetpotato [Ipomoea batatas (L.)
Lam.] genome which is, to date, the sole documented example of a naturally-occurring
incidence of HGT from Agrobacterium to a domesticated crop plant. We also discuss
the possible evolutionary impact of T-DNA acquisition on plants.

Keywords: HGT (horizontal gene transfer), Agrobacterium, Ipomoea batatas (L.) Lam., T-DNAs, evolution

INTRODUCTION

Horizontal gene transfer (HGT) can be defined as the acquisition of genetic material from
another organism without being its offspring. It contrasts with vertical gene transfer, which is the
acquisition of genetic material from an ancestor. HGT is a universal phenomenon and occurs
frequently among prokaryotes. Bacteria have acquired a variety of important traits including
antibiotic resistance, pathogenesis and metabolic pathways, via HGT. These horizontal gene
acquisitions enabled bacteria to explore new habitats and hence facilitated their rapid evolution
(Maiden, 1998; Ochman et al., 2000; Gogarten et al., 2002; Hotopp et al., 2007). In contrast to its
rather common occurrence in prokaryotes, examples of HGT in eukaryotes have been reported
only infrequently. However, that appears to be changing as recent discoveries indicate the possible
contribution of HGT to the acquisition of traits with adaptive significance, suggesting that HGT
is an important driving force in the evolution of eukaryotes, as well as prokaryotes. In this paper,
we review HGT in higher organisms emphasizing examples involving Agrobacterium species and
plants. We also discuss the possible evolutionary impact of the transferred genes on their respective
hosts.
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HGT IN EUKARYOTES

Horizontal gene transfer played a pivotal role in the origin
of eukaryotes. Endosymbiosis and the subsequent genetic
integration of entire organisms gave rise to the mitochondria and
plastids (Talianova and Janousek, 2011). Advances in sequencing
technologies in combination with ever increasing amounts of
sequence data have facilitated the identification of additional
examples of HGT in eukaryotes. In most instances, these were
identified by chance while sequencing for other purposes or
as a result of phylogenetic incongruences while attempting
to establish evolutionary relationships. Examples include DNA
transfer from bacteria, fungi and plants to bdelloid rotifers
(Gladyshev et al., 2008), bacteria to insects (Hotopp et al., 2007),
bacteria and fungi to nematodes (Noon and Baum, 2016), fish to
fish (Graham et al., 2008), bryophytes to ferns (Li et al., 2014),
and bacteria to plants (White et al., 1983; Matveeva and Lutova,
2014; Kyndt et al., 2015).

A particularly interesting example of HGT is the transfer of
fungal genes to the pea aphid (Acyrthosiphon pisum) (Moran and
Jarvik, 2010). Genes coding for carotenoid synthase/cyclase and
carotenoid desaturase enzymes had not been reported in animals
until their discovery in the pea aphid genome. Carotenoid
biosynthesis genes are responsible for the body pigmentation in
pea aphids. Body color is considered an ecologically important
trait that influences the susceptibility of pea aphids to predators
and/or parasites. Ladybugs (Coccinellidae) prefer to attack red
aphids while parasitic wasps are more likely to lay their eggs
in green aphids. Phylogenetic analysis of these genes in the pea
aphid (Nováková and Moran, 2012) indicated that they had been
obtained from fungi. Further analyses suggested that these genes
were acquired early in the radiation of this group (Nováková and
Moran, 2012).

Despite being one of the oldest groups of land plants,
the majority of living ferns resulted from a relatively recent
diversification following the arrival of angiosperms. In order
to exploit the new understory habitats created by angiosperm
dominated ecosystems, ferns evolved strategies to thrive under
the low light conditions created by the angiosperm canopy. In
adapting to these conditions, ferns acquired an unconventional
chimeric photoreceptor, called neochrome, that fuses red sensing
phytochrome and blue sensing phototropin modules into a single
gene, thereby optimizing phototropic responses (Li et al., 2014).
The recent analysis of 434 transcriptomes and 40 genomes of
plants and algae demonstrated that ferns acquired this gene from
hornworts (a bryophyte lineage) via HGT about 179 million year
ago (Li et al., 2014).

Horizontal gene transfer seems to have played an
important role also in the transition from the aquatic to
the terrestrial environment. A novel genome analyses of the
moss Physcomitrella patens reveal that 57 families of nuclear
genes were acquired by HGT from prokaryotes, fungi or
viruses. These genes have strong implications on plant-specific
activities, such as xylem formation, plant defense, and hormone
biosynthesis. The study suggests that many of these genes were
transferred to the ancestors of green or land plants (Yue et al.,
2012). Other examples of HGT in plants involve the case of

parasitic plants (Yang et al., 2016). The transcriptome analyses
of three parasitic members of Orobanchaceae family show the
occurrence of 52 high-confidence HGT events. Genes acquired
by HGT are preferentially expressed in the haustorium, the host
connecting organ of parasitic plants, proposing that these genes
are contributing to the unique adaptive feeding structure of
parasitic plants.

HGT FROM Agrobacterium SPECIES TO
PLANTS (THE CLASSICAL MODEL)

Agrobacterium-mediated plant genetic transformation is
probably the best studied and best understood system of
transkingdom gene transfer. Agrobacterium is a plant pathogenic
bacterium that causes neoplastic growth, i.e., uncontrolled cell
division in host plants resulting in crown galls or in proliferating
roots following the transfer of a segment of its DNA into the host
cell genome.

Most of the bacterial genes necessary for the DNA transfer
are located in a large tumor- or root-inducing plasmid (Ti/Ri
plasmid) which also contains that part of the plasmid that is
transferred (T-DNA). During Agrobacterium infection, plant-
derived phenolics trigger the expression of the bacterium’s
virulence genes, and the encoded proteins subsequently mediate
the T-DNA transfer to the host plant cell. The final destiny of
the T-DNA in the host cell is dependent on various interactions
between Agrobacterium and plant proteins. Several host cell
pathways are utilized to ensure that the T-DNA is imported
to the nucleus and integrated into the host genome (Lacroix
and Citovsky, 2016). Expression of the T-DNA genes in the
plant can alter the physiology to stimulate cell division and root
growth. IaaM and iaaH encode enzymes for the biosynthesis
of auxin that is essential for crown gall development (Zhang
et al., 2015). Several rol (root loci) genes are involved in root
formation while the function of several T-DNA genes such
as C-prot is still unknown (Otten et al., 1999). Opines are
also encoded on the T-DNAs, they are utilized as carbon and
nitrogen sources by invading bacteria and their presence can
alter the biological root environment, particularly, root associated
bacterial populations (Oger et al., 1997). Acs encodes the key
enzyme for the biosynthesis of the opine called agrocinopine
while mis is a mikimopine synthase and mas a mannopine
synthase.

The ability of Agrobacterium to transform plants has been
exploited for decades as a means to introduce foreign genes
of interest into crop plants (Tzfira and Citovsky, 2006; Gelvin,
2009). However, Agrobacterium-mediated HGT is not restricted
to the production of genetically modified crops. Evidence of the
naturally occurring transfer of T-DNA genes from Agrobacterium
into plant genomes and their subsequent maintenance in the
germline has been documented in Nicotiana, Linaria, and more
recently Ipomoea species Figure 1 (White et al., 1983; Intrieri and
Buiatti, 2001; Matveeva et al., 2012; Pavlova et al., 2014; Kyndt
et al., 2015). In these examples, the transferred genes are fixed
and are expressed in the host plant’s lineage suggesting that they
might have a functional role.
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FIGURE 1 | Schematic representation of HGT from Agrobacterium to plants. Examples include; Nicotiana glauca “tobacco” (White et al., 1983) – upper right, Linaria
vulgaris “common toadflax” (Matveeva et al., 2012) – middle right, and Ipomoea batatas (L.) Lam “sweet potato” (Kyndt et al., 2015) – lower right. Imagens courtesy
of (a) Jing Xu, Indiana University, (b) A. H. Harris, Texas University at El Paso, (c) Graham Calow, NatureSpot (http://www.naturespot.org.uk/species/common-
toadflax), and (d) International Potato Center (CIP).

HGT FROM Agrobacterium rhizogenes
TO Nicotiana AND Linaria

More than three decades ago White et al. (1983) detected a region
in the genome of Nicotiana glauca homologous to regions in
the T-DNA of the Ri plasmid of Agrobacterium rhizogenes. The
region was called cellular T-DNA (cT-DNA) (White et al., 1983).
The cT-DNA in the N. glauca genome was initially described as
an imperfect inverted repeat that contained two homologs to rol
genes, NgrolB and NgrolC (Ng, N. glauca). Later, the cT-DNA
was found to contain two additional genes corresponding to
open reading frames ORF13 and ORF14 (Aoki et al., 1994). The
discovery of mikimopine synthase (mis) sequences (NgmisL and
NgmisR) in the N. glauca cT-DNA indicated that it originated
from a mikimopine-type Ri plasmid (Suzuki et al., 2002).

PCR analysis and southern hybridization confirmed the
acquisition of cT-DNA by N. glauca (Furner et al., 1986). Intrieri
and Buiatti (2001) screened a total of 42 Nicotiana species for
the presence of rolB, rolC, ORF13 and ORF14, and at least
one of those genes was detected in the genome of 15 species.
Phylogenetic analyses concluded that the rol genes seemed to
follow the evolution of the genus Nicotiana. This study (Intrieri
and Buiatti, 2001) also suggested that more than one independent
infection of Nicotiana by A. rhizogenes occurred in ancient
times. This hypothesis was recently corroborated through deep
sequencing of the genome of the ancestral tobacco species
Nicotiana tomentosiformis (Chen et al., 2014). The genome of
N. tomentosiformis contains four cT-DNAs all of which are
derived from different Agrobacterium strains. These cT-DNAs,

TA, TB, TC, and TD, each contain an incomplete inverted-repeat
structure. The TB region contains an intact mannopine synthase
2′ gene (TB- mas2′) that is highly expressed in roots of some
N. tabacum cultivars. These results suggest that the TB-mas2′

gene could have been selected in some tobacco populations by
nature or by tobacco growers, as a result of changes in the root
metabolism of these plants (Chen et al., 2016).

cT-DNA sequences are not restricted to the genus Nicotiana.
Indeed, they have also been found in species belonging to the
genus Linaria, primarily within sections Linaria and Speciosae
(Pavlova et al., 2014). Two copies of cT-DNA are present in
Linaria vulgaris and are imperfect direct repeats. The Linaria
cT-DNA appears to have originated from an ancient infection
by a mikimopine strain of A. rhizogenes. Among the cT-DNA
genes, rolC is the most conserved gene in the Linaria group and
it contains an intact ORF. However, reverse transcriptional (RT)
real-time PCR assays carried out using L. vulgaris internodes,
leaves and roots under in vitro conditions have shown that rolC
and the other cT-DNA genes are not expressed in these tissues
(Matveeva et al., 2012).

HGT FROM Agrobacterium TO Ipomoea
spp.

Sweet potato [Ipomoea batatas (L.) Lam.] belongs to
genus Ipomoea. Ipomoea is the largest genus in the family
Convolvulaceae and contains 600–700 species. Over half of
Ipomoea spp. are concentrated in the Americas, where they are
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distributed as cultigens, medicinal plants and weeds (Huaman,
1992). Series Batatas is a small group of taxa within the genus
Ipomoea that contains 13 species that are considered to be closely
related to sweet potato (Nimmakayala et al., 2011). Members
of this series include Ipomoea cordatotriloba, I. cynanchifolia,
I. grandiflora, I. lacunosa, I. leucantha, I. littoralis, I. ramosissima,
I. umbraticola, I. tabascana, I. tenuissima, I. tiliacea, I. trifida,
and I. triloba. The basic chromosome number of the series is
15 whereas the cultivated sweet potato is a hexaploid species
(2n = 6x = 90). However, tetraploid (2n = 4x = 60) variants of
I. batatas have also been reported (Bohac et al., 1993; Roullier
et al., 2013) and these are sometimes referred to as tetraploid
I. trifida or wild sweet potatoes in the scientific literature. Today,
sweet potato is a staple food crop in many areas of the world.
However, its botanical origins and the details concerning its
domestication remain obscure.

The discovery of Agrobacterium genes IbT-DNA1 and
IbT-DNA2 in the sweet potato genome represents the only
known example of an ancient HGT that occurred in, what is
today, a domesticated crop (Kyndt et al., 2015). Both regions,
IbT-DNA1 and IbT-DNA2 were fortuitously detected during an
analysis of small interfering RNA (siRNA) in the sweet potato
cultivar Huachano. Plants of cv. Huachano contain an IbT-DNA1
with at least 4 ORFs with significant homology to the bacterial
genes tryptophan-2-monooxygenase (iaaM), indole-3-acetamide
hydrolase (iaaH), C-protein (C-prot) and agrocinopine synthase
(Acs) and an IbT-DNA2 containing at least five ORFs with
significant homology to ORF14, ORF17n, RolB/RolC, ORF13,
and ORF18/ORF17n. The insertion of IbT-DNA1 has been
corroborated by sequence analysis of a bacterial artificial
chromosome (BAC) clone of sweet potato cv. Xu781. The BAC
sequence revealed that the complete IbT-DNA1 encompassed
21,564 bp and consisted of an inverted repeat. IbT-DNA1
and 2 are transmitted from parent to progeny and the genes
are expressed at detectable levels in different sweet potato
tissues suggesting that they may have a function (Kyndt et al.,
2015).

THE EVOLUTIONARY IMPACT OF THE
ACQUISITION OF T-DNAs IN PLANTS

In general, for any foreign gene to be acquired by a host and stably
inherited by its offspring (i) it must enter a cell and be integrated
into the recipient genome, (ii) the DNA should not be lost after
genome rearrangements during subsequent cell divisions, (iii) the
transformed cell must enter the germ line, and finally (iv) the
integrated sequence must be preserved in the course of evolution,
which is most likely to happen if the gene confers a selective
advantage to the recipient organism (Huang, 2013; Lacroix and
Citovsky, 2016). In the case of T-DNA genes one could assume
another specific requirement which is that the inserted genes
must somehow be modified or controlled from their ‘natural’
expression pattern to avoid vigorous cell growth that would
be detrimental to survival of the plant. The gold standard to
determine gene function resulting from HGT is the existence of
a phenotype that is correlated with the presence of those genes.

However, changes to the phenotype are not always so obvious and
may in fact be difficult to detect.

The phenotypic effect of the Agrobacterium rol genes present
in Nicotiana and I. batatas is likely associated with root traits
(Matveeva et al., 2012; Kyndt et al., 2015). The suite of genes
rolA, rolB, and rolC when transformed in tobacco plants, is
able to induce the full “hairy root syndrome” (Maurel et al.,
1991). RolA and rolB are mutated in N. tabacum, while rolC
is intact. Transgenic tobacco plants bearing only rolC display
phenotypic changes such as reduced apical dominance, dwarfism,
shortened internodes, lanceolate leaves, and early flowering.
They also exhibit increased root production when compared to
untransformed plants (Shoja, 2010). The exact role of IbT-DNA
genes remains to be elucidated, although is known that the
larger part of IbT-DNA1 and IbT-DNA2 genes are intact and are
expressed.

How plants have avoided the Agrobacterium programmed
expression of T-DNA sequences after insertion into their
genomes to avoid Agrobacterium programmed cell proliferation
is not clear yet, but several options can be considered. The
T-DNA may have integrated in a region of the genome that
is transcriptionally inactive, a property which is subsequently
imparted on the inserted T-DNA. On the other hand, in
sweetpotato the IbT-DNAs were originally discovered by small
RNA sequencing and assembly, indicating that the genes -
arranged in an inverted repeat- are targeted by the RNA silencing
mechanism of the plant and in that way suppressed in their
expression, even if they integrated in a transcriptionally active
region of the genome (Kyndt et al., 2015). In the case of TB-mas2′,
evidence suggests that originally it was a functional gene but
has lost its expression in N. tomentosiformis, perhaps due to
gene silencing; whereas it is active in N. tabacum (Chen et al.,
2016).

The production of storage roots and the ability to easily
propagate via rooted vine cuttings are major traits associated
with the domestication of the sweet potato. Considering that
IbT-DNAs appear to be inherited from wild relatives and some
IbT-DNA genes have the potential to change plant physiology
(auxin biosynthesis or sensitivity), it is tempting to speculate
that IbT-DNAs have conferred an adaptive advantage to the
host. A possible association between rolB/rolC genes and root
parameters (total root yield, dry matter content, and harvest
index) was evaluated in a population segregating for IbT-DNA2.
No association between the occurrence of these genes and the
noted root characteristics was detected, except for root yield at
one location (Kyndt et al., 2015). Further study is required to
establish the role, if any, of IbT-DNA2 genes in root development.
To this end, a functional analysis using CRISPR-Cas9 to knockout
single genes, combinations of genes, or the whole IbT-DNA1
and/or 2, would result in plants that could be analyzed in detail
for their phenotype and developmental characteristics.

Knowledge of the timing of the ancestral infection as well as
details about the infection process (such as whether it occurred
as a single event or as multiple independent events), could shed
light on the evolutionary impact of the cT-DNA and the IbT-
DNA sequences on Nicotiana and Ipomoea spp. In Nicotiana, the
data suggest that Agrobacterium spp. infected this group multiple
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times, independently. Incongruences during the phylogenetic
analyses of rolB in Nicotiana were the first evidence of this
hypothesis (Intrieri and Buiatti, 2001; Suzuki et al., 2002) which is
now gaining general acceptance. Indeed, the four cT-DNAs found
in the ancestral tobacco species N. tomentosiformis appear to be
derived from different Agrobacterium strains (Chen et al., 2016).
In the sweet potato, IbT-DNA 1 and 2 are present at different
loci and segregate independently, i.e., IbT-DNA1 seems to be
fixed, while IbT-DNA2 is restricted to only some accessions and
segregates at random depending which genes are being analyzed.
These differences may reflect different infection events. However,
A. rhizogenes plasmids typically have two T-DNAs corresponding
to IbT-DNA1 and 2 that are transferred independently but often
simultaneously.

FUTURE PERSPECTIVES

Investigations about the role of Agrobacterium T-DNAs in
the evolution of plants are only just beginning. Screening of
additional Ipomoea species in our labs will demonstrate if T-DNA
genes are confined to the cultivated sweet potato, or are also
present in some of its wild relatives. The pattern of possible
acquisition of IbT-DNAs by other Ipomoea species may help to
formulate a hypothesis on the role that these sequences have

played in the evolution of this crop – and its related species.
Although these genes are expressed at detectable levels in sweet
potato, and some of them (rolB/rolC) are associated with root
parameters, further analyses are needed in order to clarify their
function(s).
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In legume nodules, symbiosomes containing endosymbiotic rhizobial bacteria act as

temporary plant organelles that are responsible for nitrogen fixation, these bacteria

develop mutual metabolic dependence with the host legume. In most legumes, the

rhizobia infect post-mitotic cells that have lost their ability to divide, although in some

nodules cells do maintain their mitotic capacity after infection. Here, we review what is

currently known about legume symbiosomes from an evolutionary and developmental

perspective, and in the context of the different interactions between diazotroph bacteria

and eukaryotes. As a result, it can be concluded that the symbiosome possesses

organelle-like characteristics due to its metabolic behavior, the composite origin and

differentiation of its membrane, the retargeting of host cell proteins, the control of

microsymbiont proliferation and differentiation by the host legume, and the cytoskeletal

dynamics and symbiosome segregation during the division of rhizobia-infected cells.

Different degrees of symbiosome evolution can be defined, specifically in relation to

rhizobial infection and to the different types of nodule. Thus, our current understanding of

the symbiosome suggests that it might be considered a nitrogen-fixing link in organelle

evolution and that the distinct types of legume symbiosomes could represent different

evolutionary stages toward the generation of a nitrogen-fixing organelle.

Keywords: endosymbiosis, legumes, rhizobia, nodule, symbiosome, lupin, nitrogen fixation, organelle evolution

INTRODUCTION

Symbiosis between different organisms has played a key role in evolution and in fact, the term
“symbiogenesis” is an evolutionary concept that refers to “the appearance of new physiologies,
tissues, organs, and even new species as a direct consequence of symbiosis” (Chapman and
Margulis, 1998; Margulis and Chapman, 1998; O’Malley, 2015). Endosymbiosis is a reciprocal
advantageous association in which one organism lives inside another and it has a pivotal
importance in symbiogenesis. Endosymbiotic theories to explain the origin of eukaryote cells
and their organelles have been proposed and discussed for more than a century (Zimorski et al.,
2014; Martin et al., 2015; O’Malley, 2015). Mitochondria and chloroplasts of eukaryotic cells,
key organelles for respiration and photosynthesis, are thought to result from the evolution of an
ancient endosymbiosis in which ancient bacterial-like organisms were engulfed into an ancient
prokaryotic or eukaryotic-like cell (Dyall et al., 2004; Kutschera and Niklas, 2005; Zimorski et al.,
2014; Archibald, 2015).

The endosymbiosis that leads to organelle formation follows distinct key processes and
stages: recognition between symbionts, engulfment, the failure of defense systems to eliminate
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the endosymbiont by defense reaction, physiological integration
and finally, genetic integration (Margulis and Chapman, 1998).
It is commonly accepted that during the transition from an
endosymbiont to an organelle, cyclical endosymbiosis becomes
permanent or obligate endosymbiosis by the transfer of
endosymbiont genes to the nucleus of the host cell, establishment
of a protein targeting system to reimport the products of these
genes, division of the endosymbiont inside the macrosymbiont
and the vertical transmission to the macrosymbiont’s offspring
(Cavalier-Smith and Lee, 1985; Chapman and Margulis, 1998;
McFadden, 1999; Parniske, 2000; Douglas and Raven, 2003;
Dyall et al., 2004). Therefore, is it obvious what differentiates
an endosymbiont from an organelle? It has been suggested
that “the boundaries between these terms can blur” and that it
might be necessary to employ other criteria to distinguish an
endosymbiont from an organelle (Keeling and Archibald, 2008).
Thus, studies focusing on more modern endosymbioses might
reveal how organelles came to be and why they look the way they
do (Keeling et al., 2015; McCutcheon, 2016).

The oxygen respiration and photosynthetic capacity of
ancestral mitochondria and chloroplasts, respectively, was the
key driving force for endosymbiosis and co-evolution toward
organelle formation. As nitrogen is an important component
of biomolecules and frequently a limiting nutrient, nitrogen
fixation is a fundamental process in ecosystems (Tyrrell, 1999).
The capacity to fix atmospheric nitrogen (diazotrophy) is
exclusive to prokaryotic organisms that contain the nitrogenase
enzyme complex. Diazotrophs include some archaea and within
the eubacteria, they include proteobacteria, cyanobacteria, and
actinobacteria. Eukaryotic organisms are unable to fix nitrogen
and thus, different types of symbiotic relationships have been
established between eukaryotes and diazotrophic bacteria to
fulfill this function, ranging from loose interactions to highly
regulated intracellular symbioses (Kneip et al., 2007). In these
interactions, eukaryotic organisms supply nutrients and energy
to the diazotrophs in exchange for fixed nitrogen.

In plants, there are two types of associations with soil
diazotroph eubacteria that are relevant to the symbiotic fixation
of atmospheric nitrogen in a new organ developed in plant,
the nodule. The filamentous Gram-positive bacteria Frankia are
nitrogen-fixing endosymbionts of plants that are collectively
called actinorhizal plants. By contrast, Gram-negative bacteria
known as rhizobia, fix nitrogen in root nodules of legumes and of
the non-legume Parasponia. Nitrogen-fixing symbiosis in legume
root nodules is the best studied to date and it is significantly
important for the nitrogen input in both agricultural and natural
ecosystems. The legume root nodule was considered as “the
best example of symbiospecific morphogenesis” (Chapman and
Margulis, 1998). Specific recognition between symbionts takes
place through the exchange of signaling molecules. For example,
legume roots secrete flavonoids and other compounds to the
rhizosphere, generally inducing the synthesis and secretion
of rhizobial lipo-chito-oligosaccharides (LCOs, Nod factors).
These molecules act as mitogens inducing cell division in the
root cortex, and the formation of the root nodule through
the progressive differentiation of specialized cells and tissues
(Pueppke, 1996; Geurts et al., 2005; Cooper, 2007). Concomitant

with nodule primordium development, bacteria enter the root
cortex and infect cells of the nodule primordium (Brewin, 1991;
Jones et al., 2007).

Two main types of symbiotic nodules have been described as
a function of the type of growth: indeterminate and determinate.
The typical indeterminate nodule is originated by proliferation
of inner root cortical cells; it has a persistent apical meristem
and adopting a cylindrical shape. The typical determinate nodule
originates by proliferation of outer cortical cells and it has a
lateral meristem that remains active for some days. After the
arrest ofmeristematic activity, the nodule grows by cell expansion
and it adopts a spherical shape (Patriarca et al., 2004).

Rhizobia can use intracellular or intercellular routes to infect
legume roots. In the former, infection occurs at root hairs where
infection threads (IT) form. IT grows inwardly until it reaches
the nodule primordium cells. The intracellular mode of infection
occurs in most of the rhizobia-legume symbioses studied and
it is tightly controlled by the host. Intercellular infection may
take place via natural wounds, where lateral roots emerge
through epidermal breaks (crack infection), or it may occur
directly between epidermal cells or between an epidermal cell
and an adjacent root hair (Gualtieri and Bisseling, 2000; Vega-
Hernández et al., 2001; González-Sama et al., 2004; reviewed in
Sprent, 2009; and in Ibáñez et al., 2017). At least 25% of all legume
genera may undergo non-hair rhizobia infection and their
nodules lack ITs (Sprent, 2007). Rhizobia that enter the nodule
host cell are surrounded by a host-derived membrane called the
peribacteroid membrane or symbiosome membrane (SM). This
new cellular compartment formed by the intracellular bacteria
(bacteroid) enclosed within a SM is referred to as the symbiosome
(Figure 1). Bacteria can divide within the symbiosome and whole
symbiosomes can also divide inside the host cell, both these types
of division being carried out synchronously or not (Whitehead
and Day, 1997; Oke and Long, 1999). After rhizobia division
ceases, the bacteria differentiate into nitrogen-fixing bacteroids.
Plant defense reactions are suppressed or attenuated during the
infection process (Mithöfer, 2002; Luo and Lu, 2014) or evaded
(Saeki, 2011).

The symbiosome is the basic nitrogen-fixing unit of the
nodule and the nitrogen fixed by bacteroids is exported as
ammonium to the host plant cytoplasm, where it is assimilated
and transported toward the rest of the plant. Conversely, reduced
carbon compounds from the plant are transported to the
nodule, and many other metabolites may also be exchanged
between the host cell and symbiosome (Udvardi and Day, 1997;
Hinde and Trautman, 2002). In 1997, it was first postulated
that “symbiosomes can be interpreted as special nitrogen-fixing
organelles within the host cell” (Whitehead and Day, 1997).

In most of the legumes studied, nodule host cells stop dividing
upon rhizobia infection (Brewin, 1991), although young infected
cells can still undergo cell division in several determinate nodules
but this process is not sustained for long (Patriarca et al., 2004).
Nevertheless, rhizobia-infected cell division does occur in some
specific cases, such as the peculiar indeterminate nodule of
Lupinus known as lupinoid nodule (González-Sama et al., 2004;
Fedorova et al., 2007), and it is a key event in forming the infected
tissue in which nitrogen will be fixed.
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FIGURE 1 | Infected cells of legume nodules. (A) Young infected cells showing few symbiosomes and vacuole disintegration; Medicago sativa nodule. (B,C)

Symbiosomes in young infected cells; M. sativa (B) and Lupinus albus (C) nodules. Note the dividing symbiosomes (arrowheads). (D) Mature infected cells harboring

mature symbiosomes; M. sativa nodule. Low temperature-scanning electron microscopy image (A,D). Transmission electron microscopy image (B,C). b, Bacteroid;

cw, cell wall; m, mitochondria; s, symbiosome; sm, symbiosome membrane; v, vacuole.

Here, we will present some evolutionary considerations

regarding rhizobia-legume symbioses in general, and about
Lupinus symbiosis in particular, leading us to suggest

that different legume symbiosomes could represent some

different stages in an evolutionary process toward a nitrogen-
fixing organelle. First, we will introduce some evolutionary

considerations about the origin of mitochondria and chloroplast,

contrasting this with the apparent absence of diazotrophic

organelles. We will compare the different degrees of association

between diazotrophs and eukaryotes, and we will detail a number

of evolutionarily relevant features of rhizobia-legume symbiosis.
Finally, we will analyse the various organelle-like characteristics
of the symbiosome, providing evidence suggesting that the

symbiosome might be considered a nitrogen-fixing link in
organelle evolution.

THE ORIGIN OF MITOCHONDRIA AND
CHLOROPLASTS AS A MODEL OF
ORGANELLE EVOLUTION.
EVOLUTIONARY CONSIDERATIONS ON
THE ABSENCE OF NITROGEN-FIXING
ORGANELLES

Biochemical, genetic, phylogenetic, and structural
studies indicate that mitochondria are derived from an
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α-proteobacterium-like ancestor that was engulfed as a
microsymbiont by an Archaea-type host between 2.2 and
1.5 Bya (Table 1; Dyall et al., 2004; Kutschera and Niklas,
2005; Gray, 2012). This specific symbiotic association was
linked to the appearance of the first heterotrophic unicellular
eukaryotes. Similarly, the primary origin of plastids is due to a
symbiotic association between an ancient cyanobacterium and a
mitochondrial carrying eukaryote, which took place between 1.5
and 1.2 Bya, giving rise to photosynthetic unicellular eukaryotes
(Table 1; McFadden, 1999; Dyall et al., 2004; Kutschera and
Niklas, 2005; Keeling, 2010).

The distinction between an endosymbiont and an organelle
remains amatter of debate. It has been postulated that key aspects
to distinguish an organelle from an endoysmbiont include the
transfer of genes from the symbiont to the host nucleus, together
with the establishment of a protein import apparatus in order
to reimport the products of the transferred genes back into the
compartment where they originally acted (Cavalier-Smith and
Lee, 1985; Theissen and Martin, 2006; Keeling and Archibald,
2008; Archibald, 2015). Thus, a key event in the evolution
from endosymbiont to organelle is the loss of autonomy of the
microsymbiont as a free-living organism. This loss of autonomy
is generally a consequence of microsymbiont genome reduction
due to gene transfer to the host genome and gene loss (Dyall
et al., 2004; Archibald, 2015). Such reduction is a continuous
process (Douglas and Raven, 2003; Bock and Timmis, 2008) and
the relocation of proto-organelle genes to the host genome may
occur to avoid harboring duplicate sets of microsymbiont genes.
Moreover, DNA transfer from organelles to the nucleusmay drive
gene and genome evolution (Kleine et al., 2009). An additional
criterion thought to define an organelle is the host’s control
of organelle division and segregation (Keeling and Archibald,
2008). In the proposed major transitions approach, the evolution
of symbiotic partnerships in the newly integrated organism is
thought to be driven by the vertical transmission of symbionts
into the host’s offspring, a key event for the integration of both
partners (Kiers and West, 2015).

Mitochondria and plastids, double membrane-surrounded
cell organelles of endosymbiotic origin, fit with these criteria of
reduced genome size, gene transfer to the host cell’s nucleus,
the presence of a protein import machinery, and host-driven
division and segregation (Keeling, 2010; Strittmatter et al.,
2010; Gray, 2012; Dudek et al., 2013). It is interesting to note
that putative intermediate stages in mitochondrial and plastid
evolution have been proposed. A heterotrophic flagellate of
the genus Reclinomonas is reported to contain a minimally-
derived mitochondrial genome with 67 protein encoding genes,
many more than the mitochondrial genes conserved in yeast
(8) and humans (13). Moreover, ancestral bacterial protein
transport routes coexist with the evolving mitochondrial protein
import machinery in R. americana. Accordingly, Reclinomonas
mitochondria may represent a “connecting link” between the
metazoan mitochondria and their ancestral bacterial progenitors
(Lang et al., 1997, 1999; Tong et al., 2011).

The thecate amoeba Paulinella chromatophora contains
obligate subcellular plastid-like photosynthetic bodies called
chromatophores. It was estimated that these chromatophores

evolved from free-living Synechococcus cyanobacteria 200–60
Mya (Nowack, 2014), although it is unclear whether these
subcellular bodies should be considered as endosymbionts or
organelles (Keeling and Archibald, 2008). Some years ago, the
cyanobacterium-like plastids of the amoeba P. chromatophora
were believed to represent intermediate forms in the transition
from endosymbiont to plastids, these chromatophores retaining
a prokaryotic peptidoglycan cell wall that is lost in current
plastids (Keeling, 2004). These subcellular bodies have a smaller
genome than their free-living relatives and they are metabolically
dependent on their host. Indeed, several chromatophore genes
have been transferred to the host nucleus and at least some
of the proteins encoded by these genes are targeted to the
chromatophores. Moreover, these subcellular bodies divide
in synchrony with their host. Thus, in accordance to the
aforementioned criteria, the chromatophores of Paulinella can
be considered an early stage photosynthetic organelle that is the
result of a relatively recent endosymbiotic event (Nowack et al.,
2008; Nakayama and Ishida, 2009; Nakayama and Archibald,
2012; Nowack and Grossman, 2012; Archibald, 2015).

In contrast to mitochondria and chloroplasts, nitrogen-fixing
organelles are absent in extant organisms, raising questions as
to why these organelles have not yet appeared in the course
of evolution (McKay and Navarro-González, 2002). Based on
the close phylogenetic relationship between current diazotrophic
bacteria (α-proteobacteria rhizobia and cyanobacteria) and the
most likely free-living ancestors of mitochondria or chloroplasts,
there doesn’t appear to be any fundamental incompatibility of
diazotrophic predecessors for endosymbiosis and for the transfer
of nitrogen-fixing genes to the host cell’s nucleus (Allen and
Raven, 1996).

Nitrogenase is inhibited by oxygen, so nitrogen-fixing
organisms might have appeared before the Great Oxidation
Event more than 2 Bya (i.e., the accumulation of oxygen in the
atmosphere) (Raymond et al., 2004). Nitrogen-fixing organisms
probably originated in a time when there was a shortage in
the availability of fixed-nitrogen. Three nitrogen crises have
been proposed during evolution: the first just after the origin
of life (more than 3.5 Bya); the second possibly due to a
strong reduction in atmospheric CO2 (about 2.5 Bya); and the
third, possibly induced by the action of pluricellular plant-based
ecosystems (500 Mya; McKay and Navarro-González, 2002).

Isotope studies suggest that biological nitrogen fixation first
took place about 3.2 Bya (Stüeken et al., 2015). It was also
postulated that biological nitrogen fixation appeared later than
the genesis of the eukaryotic cell (McKay and Navarro-González,
2002, and references therein) and molecular dating suggested
that the origin of biological nitrogen fixation was between 2.2
and 1.5 Bya (Fani et al., 2000; Boyd and Peters, 2013). Thus,
biological nitrogen fixation could have appeared during the
second nitrogen crisis. Eukaryogenesis had been completed by
then and it was a single event. Thus, for whatever reason,
an opportunity for new endosymbiosis between the unicellular
eukaryotic cell and diazotrophs did not arise. If nitrogen-
fixing organisms appeared during the third crisis, higher plants
already existed, and thus, incorporation and vertical transmission
in multicellular organisms was much more difficult (McKay
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TABLE 1 | Cellular organelles derived from endosymbionts and putative connecting-link or intermediate stages in organelle evolution (adapted from Lang et al., 1997;

Douglas and Raven, 2003; Kutschera and Niklas, 2005; Marin et al., 2005).

Organelle Ancestor Age (million

years ago)

Organelle

function

Eukaryotic

host

Morphological, physiological and molecular

modifications

Mitochondria Ancient

α-proteobacterium-like

2,200–1,500 Aerobic

Respiration

Eukaryotes High rates of gene loss (just 8-13 genes retained)

Gene transfer to the host cell nucleus

Protein import machinery

Rapid sequence evolution

No bacterial-like division

Atypical

mitochondria

Ancient

α-proteobacterium-like

More recent that typical

mitochondria

Aerobic

respiration

Reclinomonas

americana

67 protein-encoding genes retained

Eubacterial-like gene transcription

Eubacterial-like protein sorting coexisting with

evolving mitochondrial protein import machinery

Chloroplast Ancient

cyanobacterium-like

1,500–1,200 Photosynthesis Photosynthetic

eukaryotes

High rates of gene loss

Gene transfer to the nucleus of the host cell

Rapid sequence evolution

Bacterial-like division

Chromatophores Cyanobacterium-like

plastids

200–60

More recent than

typical chloroplast

Photosynthesis Paulinella

chromatophora

Reduced genome and gene transfer to the nucleus

Protein targeting from the nucleus

Division in synchrony with the host

Peptidoglycan cell wall retained

Similar pigmentation to many cyanobacteria

Bacterial-like β-carboxysomes

and Navarro-González, 2002). Indeed, it has been postulated
that organelle development does not occur in differentiated
multicellular organisms (McKay and Navarro-González, 2002).

A very interesting case of co-evolution involving a permanent
nitrogen-fixing endosymbiont can be found in diatoms of
the Rhopalodiaceae family, protists that contain the so-called
spheroid bodies (SB) in their cytoplasm. As in the case of
rhizobia-legume symbioses, the host and microsymbiont are
strictly separated by a host-derived membrane in these species
(Drum and Pankratz, 1965; Prechtl et al., 2004; Bothe et al.,
2010). Moreover, phylogenetic analyses showed that these SBs
are derived from a group of cyanobacteria and that their genome
is closely related to that of nitrogen-fixing bacteria of the genus
Cyanothece (Adler et al., 2014). This is a case of obligate symbiosis
with vertical transmission, because SBs cannot survive outside
the host cells (Prechtl et al., 2004). Indeed, this seems to be a
case of recent symbiosis induced by a loss of photosynthetic
capacity of the cyanobacteria-derived symbiont (Prechtl et al.,
2004). This endosymbiosis was proposed to have occurred in
the middle Miocene epoch, ∼12 Mya (Nakayama et al., 2011).
The complete genome of a SB from one of these diatom species
was recently sequenced (Nakayama et al., 2014), confirming
the reduced size and gene repertoire of the SB relative to
their closer free-living relatives. Furthermore, the presence of
pseudogenes and gene fusions suggest an ongoing process of
genome reduction. Interestingly, the genome of SBs contains a set
of genes for nitrogen fixation and isotope analysis indicated that
the host diatoms use the nitrogen fixed by the SBs (Nakayama
and Inagaki, 2014). However, genes for functional photosynthesis
are lacking in its genome and thus, SBs depend on their diatom
hosts for their energy requirements. To date, SBs have not
been considered as organelles stricto sensu, as gene transfer to
the host nucleus and protein import machinery have not yet

been detected. Moreover, little is known about endosymbiont
division and segregation to host daughter cells (Adler et al., 2014;
Nakayama and Inagaki, 2014).

It is interesting to note that some unicellular nitrogen-fixing
cyanobacteria of the oceanic picoplankton, termed UCYN-A,
have suffered a more pronounced reduction of their genome than
that observed in SBs. These cyanobacteria lack genes that code for
several metabolic pathways, yet they are evolutionarily related to
SBs. It has been proposed that these cyanobacteria may enter into
symbiosis with prymnesiophyte photosynthetic unicellular algae,
supplying fixed nitrogen to the host and receiving fixed carbon
in return (Thompson et al., 2012; Nakayama and Inagaki, 2014).
Like SBs, this relationship between UCYN-A cyanobacteria and
unicellular algae can be considered another stage in the evolution
of symbiosis involving nitrogen-fixation.

DIFFERENT LEVELS OF INTERACTION
BETWEEN DIAZOTROPH BACTERIA AND
EUKARYOTES

Only some diazotroph bacteria are known to establish symbiotic
interactions with eukaryotes, be they animal, plant, fungus, or
protist. These interactions range from loose associations to highly
specific intracellular symbioses, involving different molecular,
physiological, and morphological modifications. As such, the
co-evolutionary status of these associations can be estimated
by considering the degree of interdependence (facultative or
obligate symbiont), the extra- or intracellular location of the
microsymbiont, the presence or absence of segregation to
daughter cells and of vertical transmission (Kneip et al., 2007).
Some examples of diversity of interactions between diazotroph
and plants or photosynthetic protists are shown in Table 2.
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Examining these diazotroph-plant interactions has enabled
different degrees of specialization to be defined. For example,
Azospirillum sp., Azoarcus sp., and some other free-living
diazotroph bacteria are plant-growth promoting bacteria that
can establish interactions with different cereals by root
colonization or endophytic association, and they profit from
microaerobic environments to fix nitrogen while obtaining
nutrients from the plant’s roots (Reinhold-Hurek and Hurek,
1998, 2011; Steenhoudt and Vanderleyden, 2000; Pérez-Montaño
et al., 2014). Another example of a relative loose association
involving diazotrophs is the symbiosis established between the
cyanobacteriaNostoc sp. and the bryophyte Anthoceros punctatus
L. (Adams and Duggan, 2008). In this case, the microsymbiont is
located extracellularly in the cavities of the gametophyte and one
physiological adaptation of this is that the heterocyst frequency
inNostoc sp. is higher than in free-living conditions (Endelin and
Meeks, 1983).

In the symbiosis between cyanobacteria (Nostoc or Anabaena)
and the fern Azolla, the diazotroph microsymbiont resides
extracellularly in a mucilaginous sheath in the dorsal cavities
of Azolla leaves. The cyanobacteria’s filaments enter into the
fern’s sexual megaspore, allowing the microsymbiont to be
transferred vertically to the next plant generation. While it
retains its photosynthetic capacity, it seems that these diazotroph
cyanobacteria have lost their capacity to survive as free-living
organisms (Bergman et al., 2008). Indeed, there are signs of
reductive genome evolution or degradation of the cyanobiont,
i.e., the presence of a high proportion of pseudogenes and a high
frequency of transposable elements (Larsson, 2011). As such, it
has been proposed that this cyanobiont may be at the initial
phase of the transition from a free-living organism to a nitrogen-
fixing plant entity, similar to chloroplast evolution (Ran et al.,
2010). Moreover, it is possible that this Nostoc symbiosis may
have persisted for 200 million years (Bergman et al., 2008).

All gymnosperm cycads can establish root symbioses with
Nostoc sp. and with other cyanobacteria (Thajuddin et al., 2010).
Cyanobacteria invade a particular root type, the cycad coralloid
roots, provoking irreversible morphological modifications. The
cyanobacteria remain extracellular in this symbiosis, which could
have originated up to 250 Mya (Vessey et al., 2004 and references
therein). A different strategy is adopted in the symbiosis between
Nostoc sp. and the angiosperm Gunnera L. These bacteria
infect specialized plant stem glands to become intracellular.
Indeed, these glands secrete a specific signaling molecule that
induces the differentiation of Nostoc filaments into a specialized
form that is essential for infection (Rasmussen et al., 1994;
Bergman et al., 2008). Moreover, Nostoc filaments are always
surrounded by a host plasma membrane. In these examples,
cyanobacteria fix nitrogen in both free-living and symbiotic
conditions, and symbiosis is facultative and there has been
no vertical transmission observed (Bonnett and Silvester, 1981;
Rasmussen et al., 1994; Santi et al., 2013).

Root-nodule symbioses can be established between higher
plants and soil bacteria, and it was estimated that nitrogen-
fixing root nodule symbioses evolved 50–100 Mya (Kistner and
Parniske, 2002). Symbiosis of the actinorhiza Frankia originated
about 70–90 Mya (Doyle, 1998, 2011; Hocher et al., 2011), while

legume-rhizobia symbiosis originated about 55–60 Mya (Lavin
et al., 2005), Parasponia-rhizobia symbiosis is much more recent
(less than 10 million years; Op den Camp et al., 2011). In
actinorhizal symbioses, soil actinobacteria of the genus Frankia
induce nodules in the roots of about 260 plant species from
eight different families of dicotyledonous plants (Vessey et al.,
2004; Benson and Dawson, 2007). Frankia can fix nitrogen as a
free-living organism and it can enter the host plant root either
intracellularly (through root hairs) or intercellularly, depending
on the host plant species. Frankia induces the formation of multi-
lobed, indeterminate nodules, which are modified adventitious
secondary roots formed from the root pericycle. Nodule infected
cells become full of branching Frankia hyphae surrounded
by a perimicrobial membrane of host origin, forming vesicles
in which nitrogen fixation takes place (Vessey et al., 2004;
Pawlowski and Sprent, 2008; Kucho et al., 2010; Froussart
et al., 2016). This symbiosis is usually facultative but Frankia
strains of cluster II, which form symbiosis with actinorhizal
Rosales and Cucurbitales, still cannot be cultured and thus, these
actinobacteria are probably obligate symbionts (Pawlowski and
Sprent, 2008). The failure to culture these microbial strains may
be related with atypical patterns of auxotrophy (Gtari et al., 2015).
The genome of a member of this cluster is small and with a
relatively high proportion of pseudogenes, suggesting that this
strain underwent a process of genome reduction and that genome
degradation is ongoing (Persson et al., 2011). However, this
genome reduction does not involve physiological impairment, as
no metabolic pathways appear to be incomplete. Notably, it also
contains fewer genes involved in stress responses.

The symbiosis established between rhizobia and legumes is
very specific and it involves a more complex exchange of signals
and the development of a root nodule. This structure is not
a modified root (as in the case in cycads, actinorhizal plants
and Parasponia) but rather, it arises from unique zones of cell
division in the root cortex (Vessey et al., 2004). Most rhizobia
can only fix nitrogen in symbiotic conditions, when the bacteria
have differentiated into bacteroids (the nitrogen-fixing form)
inside the symbiosomes within the nodule’s host cells (Brewin,
1991; Whitehead and Day, 1997). In most symbioses, legume
host cells do not further divide once infected by the bacteria.
This is the case for thread-infected indeterminate nodules formed
by Pisum or Medicago. It has been suggested that young cells
in thread-infected determinate nodules, such as those formed
by Glycine, Lotus, or Phaseolus, undergo cell division but not
in a sustained manner (Patriarca et al., 2004). In the case of
the symbiosis established between Bradyrhizobium and Arachis
or Stylosantes, giving rise to determinate nodules, infected cells
can divide (Chandler, 1978; Chandler et al., 1982). In lupinoid
nodules formed by Lupinus albus, infected host cells continue to
divide for several cycles (Fedorova et al., 2007) and indeed, the
lupinoid nodule grows continually andmaintains an active lateral
meristem with infected dividing cells (Figure 2), allowing the
segregation of symbiosomes between daughter cells (Figure 3).
Nevertheless, legume symbiosis is facultative and no vertical
transmission occurs, such that new infection by rhizobia must
occur for each new plant generation and no gene transfer from
micro- to macro-symbiont has been reported.
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FIGURE 2 | Nodule of Lupinus albus showing dividing infected cells. (A) Scheme of a nodule section and (B) light microscopy image showing the outer cortex, and

the lateral meristematic zone (LMZ) composed of infected and uninfected dividing cells, as well as the central zone composed of infected cells. (C) Detail of the LZM in

which the arrows label the symbiosomes. Note the symmetric distribution of symbiosomes between daughter cells. Images (B,C) modified from Fedorova et al.

(2005); they are being reproduced with permission from the copyright holder.

FIGURE 3 | Confocal laser images of dividing infected cells of Lupinus albus nodules showing the cytoskeletal elements in green, and the DNA of bacteroids (arrow)

and chromosomes (arrowhead) in magenta. (A–D) Metaphase, microtubules (A,B) and actin microfilaments (D). (E) Different anaphase–telophase stages showing the

actin microfilaments. n, Nuclei. Images modified from Fedorova et al. (2007); they are being reproduced with permission from the copyright holder.

Parasponia (Cannabaceae, order Rosales) is the only non-
legume plant that can establish effective nodule symbiosis with
rhizobia. This symbiosis is a case of convergent evolution
and it occurred more recently than that of legumes. From a
phylogenetic and taxonomic point of view, Parasponia is closer
to some actinorhizal plants that belong to the Rhamnaceae,
Elaeagnaceae, and Rosaceae families, than to legumes (Soltis
et al., 1995; Geurts et al., 2012). Parasponia nodules are modified
lateral roots that originate from the pericycle, and they are
indeterminate and more similar to actinorhizal nodules than to
legume nodules. The entry of symbiotic bacteria (Rhizobium,
Bradyrhizobium) does not involve root hairs but rather, crack

entry or root erosion and an intercellular IT. This IT protrudes
into the host plant cell by plant membrane invagination, forming
the so-called fixation thread. Fixation-thread, that remains in
contact with the plasma membrane, are the equivalent to
a symbiosome in legumes and to arbuscules in arbuscular
mycorrhizal (AM) roots (Vessey et al., 2004; Pawlowski and
Sprent, 2008; Behm et al., 2014). AM symbiosis preceded root
nodule symbioses and the interactions of plants with AM fungi
probably originated more than 400 Mya (Bonfante and Genre,
2008). This symbiosis is wide spread, involving more than
80% of all terrestrial plants, and fungi from order Glomales
(Harrier, 2001). In this symbiosis, AM fungi enter the roots
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and spread into the inner cortex by invagination of the plasma
membrane. Invading hyphae branch and they develop the
arbuscule, a specialized structure that is subsequently enveloped
by the periarbuscular membrane, an extension of the host
plant’s plasma membrane. A symbiotic interface between the
arbuscule and the periarbuscular membrane controls the efficient
exchange of nutrients between both symbionts, including the
transfer of phosphorus and nitrogen from the fungus in
return for photosynthates from the plant (Smith and Read,
2008). It is notable that some components of the signaling
pathway required to establish rhizobia-legume symbiosis and the
symbiotic interface are also present in AM symbiosis (Kouchi
et al., 2010; Harrison and Ivanov, 2017).

As described above, the endosymbiosis of SBs related to the
cyanobacterium Cyanothece sp., with the diatom Rhopalodia
gibba and some other species, seems to be a unique case
of obligate nitrogen-fixing endosymbiosis, involving genome
reduction, a lack of metabolically essential genes and vertical
transmission. As indicated above, the microsymbiont is currently
not considered a real organelle due to the lack of gene transfer to
the host nucleus and of a protein import machinery (Nakayama
and Inagaki, 2014).

EVOLUTIONARY CONSIDERATIONS
ABOUT INDIVIDUAL SYMBIONTS IN
RHIZOBIA-LEGUME SYMBIOSES

Some Genetic and Evolutionary
Characteristics of the Microsymbiont
In general terms, rhizobia are defined as soil bacteria that fix
nitrogen in symbiotic association with legumes and Parasponia.
The Proteobacteria is an important phylum that contains
diazotrophic organisms and phylogenetic studies using 16S
ribosomal RNA sequences indicate that the best-known rhizobial
genera are from the α-proteobacteria group (Rogel et al., 2011;
Weir, 2016), including the genera: Rhizobium, Mesorhizobium,
Sinorhizobium (renamed Ensifer, Martens et al., 2007; Judicial
Commission of the International Committee on Systematics
of Prokaryotes, 2008), Bradyrhizobium, Azorhizobium, and
Allorhizobium. Some other α-proteobacteria genera also
contain one or more rhizobial species, such as Aminobacter,
Methylobacterium, Devosia, Ochrobactrum, Phyllobacterium,
Microvirga, and Shinella (Rogel et al., 2011; Ormeño-Orrillo
et al., 2015; Weir, 2016; ICSP Subcommittee on the taxonomy
of Rhizobium and Agrobacterium http://edzna.ccg.unam.
mx/rhizobial-taxonomy/). Recently, Neorhizobium and
Pararhizobium have been proposed as new genera (Mousavi
et al., 2014, 2015). Several rhizobial species belong to the β-
proteobacteria genera, including Burkholderia, Cupriavidus, and
Herbaspirillum (Moulin et al., 2001; Chen et al., 2003; Lloret and
Martínez-Romero, 2005; Masson-Boivin et al., 2009; Rogel et al.,
2011; Weir, 2016). Indeed, the taxonomy of rhizobia has recently
been revised (Peix et al., 2015; Shamseldin et al., 2017).

In a first instance, a comparison of glutamine synthetase
(GS) genes I and II allowed the time of divergence among the
α-proteobacteria genera of rhizobia to be estimated (Turner

and Young, 2000). The data from GSII sequences suggest
that Rhizobium and Ensifer are the most recent genera, and
Bradyrhizobium and Mesorhizobium the most ancient. Based
on GSI, Rhizobium, Ensifer, and Mesorhizobium genera appear
to have separated at the same time, and Bradyrhizobium is
the most ancient genus. Based on the analysis of GS genes
and the amino acid substitution rates in their orthologs, the
Bradyrhizobium genus probably diverged from the last common
ancestor of all rhizobia some 500 Mya, before the appearance
of land plants (about 400 Mya). Similarly, the most recent
genus Ensifer diverged about 200 Mya (Turner and Young, 2000;
Morton, 2002; Lloret and Martínez-Romero, 2005), before the
appearance of Angiosperms (dated more than 150 Mya; Martin
et al., 1989) and legumes (about 70Mya; Lavin et al., 2005).When
phylogenetic analyses of the 16S rRNA gene and the intergenic
spacer region was combined, slightly but not significantly more
recent divergence times were found for rhizobia: about 385 Mya
for Bradyrhizobium, 344 Mya for Mesorhizobium, 201 Mya for
Ensifer, 145 Mya for Rhizobium/Agrobacterium, and 54 Mya for
Neorhizobium (Chriki-Adeeb and Chriki, 2016).

Evolutionary studies of α-proteobacteria indicate that while
the evolution of a reductive genome has been observed in
intracellular animal-associated bacteria, genome expansion is
observed in plant symbionts (as well as in several animal and
plant pathogens, such as Rickettsia, Brucella, or Bartonella).
Rhizobia are among the α-proteobacteria with the largest
genomes (MacLean et al., 2007) and genes involved in
nitrogen fixation and nodulation (or pathogenicity) have become
integrated for symbiosis, often arranged on auxiliary replicons
in genomic islands (mobile elements). The genome size and the
diversity among rhizobia are due to the presence of these highly
dynamic auxiliary replicons and to a high degree of paralogy
(Batut et al., 2004).

Genome plasticity and instability in rhizobia is due to
largescale recombination events (the presence of repeated DNA
sequences, insertion elements and multiple replicons), and in
fact, lateral gene transfer is the primary source of genetic
diversity in rhizobia (Flores et al., 2000; Guo et al., 2003;
MacLean et al., 2007; Provorov et al., 2008). It has been proposed
that the genomes of rhizobia have evolved by expansion as a
means to adjust to the challenges imposed by their multiphase
lifestyle, principally through horizontal gene transfer and gene
duplication (Batut et al., 2004;MacLean et al., 2007; Provorov and
Andronov, 2016). In some rhizobia-legume symbioses, up to 15-
20% of the rhizobial genome is activated in symbiosis (Udvardi
et al., 2004; Tikhonovich and Provorov, 2009). Different models
of co-evolution in the rhizobia-legume symbiosis have been
proposed or are under study (but they are still controversial);
especially in relation to the selection of rhizobial symbiotic traits
by the host legume (Provorov et al., 2008; Martínez-Romero,
2009).

An evolutionary step from free-living diazotrophs related to
Rhodopseudomonas to the symbiotic diazotroph Bradyrhizobium
through the acquisition of fix genes was proposed as the first
stage of rhizobial evolution (Provorov, 2015; Provorov and
Andronov, 2016). It is noteworthy that when compared to other
well-known rhizobia, Bradyrhizobium displays several particular
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genomic and physiological characteristics related to diazotrophy
and symbiosis. For example:

a) Bradyrhizobium japonicum strains have some of the largest
bacterial chromosomes sequenced to date (9.1–9.6Mb), and
the largest of all rhizobia (Kündig et al., 1993; Kaneko et al.,
2002, 2011; Batut et al., 2004; Siqueira et al., 2014).

b) The nodulation genes in Bradyrhizobium are located in
a chromosomal segment that could be a mobile element,
whereas they are located in symbiotic plasmids in other
genera such as Rhizobium, Ensifer, and several strains of
Mesorhizobium (Minamisawa et al., 1998; Sessitsch et al.,
2002).

c) Some Bradyrhizobium strains do not have genes for Nod
factors but they can induce nodulation in certain some
legumes of the Aeschynomene genus using an alternative
triggering molecule (Giraud et al., 2007). This is a unique
case of nodulation by rhizobia that does not involve Nod
factors.

d) Bradyrhizobium is the only genus of rhizobia in which some
species (those nodulating some species of the Aeschynomene
genus by a Nod factor-independent mechanism) can perform
photosynthesis and fix nitrogen in symbiosis or in free-living
conditions (Molouba et al., 1999). Other rhizobia can only
fix nitrogen in symbiotic conditions, with the exception of
Azorhizobium caulinodans and some strains of Burkolderia
(Sprent et al., 2017).

e) Bradyrhizobium displays an atypical two-component
regulatory system, NodV and NodW, which is involved in
controlling nod gene expression (Stacey, 1995; Loh et al.,
1997) and in activating type III secretion system (Deakin and
Broughton, 2009).

f) In certain legumes belonging to the dalbergioid and genistoid
genera, Bradyrhizobium induces nodules in which the host
cells divide for several cycles after infection (Vega-Hernández
et al., 2001; González-Sama et al., 2004; Kalita et al., 2006;
Fedorova et al., 2007). This peculiarity makes the symbiosome
of nodules formed by Bradyrhizobium in these legumes a
prominent candidate in the evolutionary pathway toward
“genetically obligatory symbiosis.”

Some Evolutionary and Phylogenetic
Considerations about the Macrosymbiont
All angiosperms that perform symbiotic nitrogen-fixing
symbioses (except Gunnera) are included in the Rosid I clade
(Soltis et al., 2000). This clade includes actinorhizal plants
and plants that are nodulated by rhizobial bacteria. Recent
phylogenetic and molecular data suggest that these nitrogen-
fixing plants are derived from a common ancestor of the Rosid
I clade with a genetic predisposition for nodulation (Soltis
et al., 1995; Pawlowski and Sprent, 2008; Hocher et al., 2011). It
was proposed that rhizobial symbioses has evolved four times
independently within the Rosid I clade, three times for legumes
and once for Parasponia (Doyle, 1998; Pawlowski and Sprent,
2008; Sprent, 2008). More recently, it was postulated that there
might have been six to seven separate origins of nodulation in
legumes (Doyle, 2011).

All plants nodulated by rhizobia are included in the family
Leguminosae, except Parasponia. Leguminosae comprises more
than 700 genera and about 20,000 species (Doyle, 2011),
divided into three subfamilies: Caesalpinioideae, Mimosoideae,
and Papilionoideae, although the legume taxonomy is currently
under revision (Sprent et al., 2017). A key evolutionary study of
the Leguminosae family has been performed taking into account
molecular and fossil data (Lavin et al., 2005), concluding that
legumes evolved about 60 Mya. It was postulated that nodulation
could have developed due to an important climatic change
at that time, involving an important increase in CO2 levels
that made nitrogen limiting for plant growth (Sprent, 2007). A
crucial first step in rhizobia-legume symbiosis is the capacity for
mutual recognition and it is thought that this capacity derived
from ancient arbuscular mycorrhizal symbiosis (Szczyglowski
and Amyot, 2003). In fact, arbuscular mycorrhizal fungi secrete
soluble LCO signals (Gough and Cullimore, 2011; Maillet et al.,
2011) that are essential for arbuscular mycrorrhiza development
in legumes, indicating there is a common signaling pathway
for both rhizobia-legume and arbuscular mycorrhizal symbioses
(Capoen et al., 2009; Markmann and Parniske, 2009; Genre and
Russo, 2016).

The macrosymbiont determines the mode of root infection
by rhizobia, and the structure and morphology of the nodule.
The way of infection has been related to the evolution of legume
nodulation, while the structure and morphology of nodules are
different among legume clades and may be markers of legume
phylogeny (Sprent, 2007, 2009; Sprent et al., 2013). It was
considered that the infection processes and nodule structure
are more important taxonomic characteristics of legumes than
their ability or inability for nodulation (Sprent et al., 2017). An
evolutionary scheme of the different rhizobia infection types and
the nodule structure of extant legumes has been proposed (for
details of this scheme and for examples of the legume nodules
on which the model is based see: Sprent, 2007, 2008, 2009;
Sprent and James, 2007; and Ibáñez et al., 2017). In this scheme
the origin of rhizobia infection could either be through direct
epidermal infection or crack infection, which would produce
two distinct branches of nodule evolution (Figure 4). The more
complex evolutionary line involves the formation of transcellular
ITs and their entry into some daughter cells of the meristem. In a
further evolutionary step, bacteria could be retained in amodified
IT (no bacteria released into the host cell and consequently, no
symbiosome is formed), as observed in Caesalpinioideae and
Papilionoidae legumes. Alternatively, bacteria could be released
into the host cell to form the symbiosome. The infection of root
hair would be a later, key event in the evolution of the determinate
and indeterminate nodules found in Mimosoidae, and in some
Papilionoidae and Loteae legumes. All nodules originated in this
evolutionary line contain infected and uninfected cells in their
nitrogen-fixing zone. About 75% of nodulated legumes, including
almost all mimosoids and Caesalpiniodeae, and more than 50%
of papilionoids, would have followed this strategy.

In the other branch of nodule evolution a few cells are
infected by rhizobia and they divide repeatedly (Figure 4). The
bacteria enter the host cytoplasm in symbiosomes but not
via an IT because no such structure is formed. The most
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FIGURE 4 | Scheme for the evolution of different legume nodules and major steps in the nodulation. The characteristics of some legume clades regarding nodulation

are shown. D (determinate nodule); I (indeterminate nodule); IC (nodule containing interstitial cells); NIC (nodule lacking interstitial cells); LR (nodule associated with

lateral roots); A (aeschynomenoid nodule); LN (lupinoid nodule, only for Lupinus); Des-U (desmodoid nodule exporting ureide); Des-A (desmodoid nodule exporting

amide). It was adapted from Sprent and James (2007) and Oono et al. (2010).

distinctive structural feature of these nodules is that the infected
zone is composed of only infected cells. Nodules evolved in
this way are only found in Papilionoidae legumes and they
include the determinate dalbergoid nodules (crack infection,
aeschynomenoid nodules), and those of many Genistae and some
Crotalarieae legumes (epidermal infection and some infected
cells with meristematic activity: indeterminate nodules and
lupinoid nodules).

The Papilionoid crown node arose about 58 Mya, while
the genistoid and dalbergioid nodes date to about 56 and 55
Mya, respectively. In comparison, galegoid legumes (a clade that
includes Medicago, Vicia, and Pisum) began their spread about
39 Mya and thus, it is the genistoid and dalbergioid that have the
oldest origin within the papilionoids (Sprent, 2007; Hane et al.,
2017). All legumes that originated later than 40 Mya form their
nodules by root hair infection (Sprent, 2009).

In the framework of this review, it is interesting to note
some features of the genistoid legume lupin. The Lupinus genus
includes about 300 species that can be found all over the world.
Although they predominantly exist on the American continent
and in the Mediterranean area, some Mediterranean species
have been introduced into Australia and South Africa. Lupin
species colonize different environments and they have particular
agronomic potential as they are more tolerant to certain abiotic
stresses than other legumes (Fernández-Pascual et al., 2007).
These legumes can grow in nitrogen and phosphate depleted
soils, and their capability to exploit poor, degraded, contaminated
or stress-affected soils, and produce safe, protein-rich seeds make

Lupinus a legume of great interest (Lucas et al., 2015). The
Lupinus genus has the fastest evolution rate in plants and species
from the Andes evolved less than 2 Mya (Hughes and Eastwood,
2006). Moreover, it is the only legume genus known to be unable
to establish mycorrhizal symbiosis. A draft genome sequence
of L. angustifolius was recently obtained (Hane et al., 2017),
showing that all mycorrhiza-symbiotic specific genes have been
lost, although this species has retained genes commonly required
for mycorrhization and for nodulation. The lupin nodule has
unique peculiarities (lupinoid) in which a lateral meristem allows
the nodule to grow and surround the root (Figure 1). Beyond
Lupinus spp., this type of nodule has only been found in some
species of Listia to our knowledge (Yates et al., 2007; Ardley et al.,
2013; Sprent et al., 2017). Using L. albus and Bradyrhizobium as a
model, we described the mode of rhizobia infection of lupin roots
and other early steps of nodule development in detail (González-
Sama et al., 2004). Bacteria infect the root intercellularly, at the
junction between the root hair base and an adjacent epidermal
cell, and they invade a sub-epidermal outer cortical cell through
structurally altered cell wall regions. This infected cell divides
repeatedly and together with uninfected dividing cells, the nodule
primordium is formed. Thus, the infected zone of the nodule
originates through the division of a single infected cortical cell
and therefore, the central zone of the lupin nodules has no
uninfected cells.

Despite the advantages associated with the colonization of
nitrogen poor environments, the ability of many legumes to
nodulate may have evolutionary benefits in terms of alleviating
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abiotic stress. However, this issue has been little explored.
Accordingly, a range of nodulated legumes are found in desert
ecosystems and in high altitude areas, suggesting that nitrogen-
fixing symbiosis confers an advantage in these ecosystems
(Sprent and Gehlot, 2010). Nitrogen-fixing legumes make
more efficient used of the available water and their fitness
is enhanced in arid and semi-arid climates relative to non-
fixing plants (Adams et al., 2016). Some putative adaptations
of symbiosis to the environment have been reported and
for example, some Mimosa species prefer to nodulate with
certain rhizobia species rather than others, a preference that
may be influenced by soil fertility and pH (Elliot et al.,
2009; Garau et al., 2009). The semiaquatic legume Sesbania
rostrata displays phenotypic plasticity for legume nodulation
driven by environmental conditions. Thus, Sesbania can develop
nodules of the indeterminate or determinate type depending on
the environmental conditions (Fernández-López et al., 1998).
Similarly, rhizobia infection is via an IT in non-flooding
conditions whereas flooding switches the infection mechanism
to crack entry, favoring nodulation in conditions of water stress
in this legume (Goormachtig et al., 2004). On the other hand,
the mode of infection may also be determined by the rhizobia in
certain legumes. For example the intercellular via was used by a S.
fredii strain in Lotus burttii (Acosta-Jurado et al., 2016) as well as
by a strain of R. leguminosarum (Gossmann et al., 2012), whereas
aM. loti strain enters by IT (Gossmann et al., 2012).

ORGANELLE-LIKE CHARACTERISTICS OF
THE SYMBIOSOME

Composite Origin and Differentiation of the
Symbiosome Membrane Complex
Several biochemical, genetic, and proteomic studies have
set out to characterize the composition of the symbiosome
(or peribacteroid) membrane and the peribacteroid space
(Whitehead and Day, 1997; Panter et al., 2000; Hinde and
Trautman, 2002; Saalbach et al., 2002; Wienkoop and Saalbach,
2003; Catalano et al., 2004; Limpens et al., 2009; Clarke et al.,
2014, 2015; Emerich and Krishnan, 2014).

Some membrane microdomain-associated proteins can be
found in the SM and they seem to play a key role in the
regulation of the nodulation process. Flotillins are markers for
membrane microdomains called “lipid rafts.” Flotillin genes
are induced during early nodulation events in M. truncatula
(Haney and Long, 2010). Some of these proteins are involved in
infection thread invagination and elongation and they could be
involved in endocytosis and trafficking of bacteria and nodule
organogenesis (Haney and Long, 2010). Flotillin-like genes are
induced in soybean nodules (Winzer et al., 1999) and flotillin-like
peptides have been identified and isolated from SM of soybean
and pea nodules (Panter et al., 2000; Saalbach et al., 2002).
A remorin gene encoding another membrane microdomain-
associated protein (MtSYMREM1) is specifically and strongly
induced during the rhizobial infection and nodule organogenesis
of M. truncatula (Lefebvre et al., 2010). This protein was
located in plasma membrane of ITs and in the SM and may

be a scaffolding protein required for infection and bacterial
release into the host cytoplasm (Lefebvre et al., 2010). FWL1 is
another interesting membrane microdomain-associated protein
identified in soybean symbiosomes (Clarke et al., 2015). FWL1
interacts with remorins, flotillins and other proteins associated
with membrane microdomains, regulating legume nodulation
(Qiao et al., 2017).

Even at early stages of formation the SM has particular
characteristics (Whitehead and Day, 1997), and both the
composition and the function of the SM change as it develops
(Hinde and Trautman, 2002). In principle, the SM is derived from
the plant cell membrane and several plasma membrane markers
can be found in the peribacteroid membrane, such as a plasma
membrane H+-ATPase (Wienkoop and Saalbach, 2003) and the
SNARE (N-ethylmaleimide-sensitive factor attachment protein
receptor) protein SYP132 (Catalano et al., 2007; Limpens et al.,
2009). It is noteworthy that the activation of H+-ATPases was
also detected in the arbuscular membrane at the AM symbiosis
interface (Harrier, 2001).

Symbiosome formation and division induces the activation
of the endomembrane system of the host cell (Roth and Stacey,
1989), and it has been proposed that the endoplasmic reticulum
(ER) and Golgi vesicles fuse with the SM (Whitehead and
Day, 1997; Ivanov et al., 2010; Gavrin et al., 2017). Several
proteins from the endomembrane system can be detected in
the SM (e.g., cytochrome P450 and a luminal binding protein),
and calreticulin, a disulphide-isomerase protein, and some
chaperonin-like proteins of the ER have also been identified
in symbiosomal fractions and they are probably located in
the symbiosome lumen (Saalbach et al., 2002; Wienkoop and
Saalbach, 2003; Catalano et al., 2004; Verhaert et al., 2005).
Other endomembrane-related proteins in the symbiosome are
annexin and syntaxin, which are involved in vesicle transport and
secretion, as well as small GTPases involved in the regulation
of membrane fusion (Wienkoop and Saalbach, 2003; Catalano
et al., 2004; Limpens et al., 2009; Ivanov et al., 2012; Gavrin
et al., 2017). It is interesting to note that many of these
ER and Golgi proteins, as well as small Rab7 GTPases, have
also been found in phagosomes, an organelle compartment
of macrophages (Garin et al., 2001; Verhaert et al., 2005),
suggesting that symbiosome and phagosome membranes may
form in a similar way. Carbohydrate epitopes associated with
Golgi-derived glycoproteins and glycolipids have been identified
in the inner face of the SM (Perotto et al., 1991). These
glycoconjugated molecules, collectively known as the glycocalyx,
are involved in physical interactions with the bacterial surface
inside the symbiosome and they are important in symbiosome
development (Bolaños et al., 2004).

Tonoplast proteins have also been identified in the SM,
including a vacuolar H+-pyrophosphatase, a vacuolar type H+-
ATPase (V-ATPase) and an intrinsic tonoplast protein of the
Nod26 group (Saalbach et al., 2002; Wienkoop and Saalbach,
2003; Catalano et al., 2004). The presence of active H+-ATPases
in the SM drives proton accumulation and the establishment
of a membrane potential (Whitehead and Day, 1997; Fedorova
et al., 1999; Hinde and Trautman, 2002; Clarke et al., 2014).
A vacuolar cysteine protease that could be involved in protein
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turnover and/or the adaptation to changes in cell turgor was also
identified in the symbiosome lumen (Vincent and Brewin, 2000;
Vincent et al., 2000). This cysteine protease is also involved in
nodule organogenesis and function (Sheokand et al., 2005). The
vacuolar SNAREs SYP22 andVT111 were also found in senescent
symbiosomes (Limpens et al., 2009; Emerich and Krishnan, 2014;
Gavrin et al., 2014).

Several proteins originating from mitochondria and
chloroplasts are also associated with the SM. Among the
chloroplast proteins identified are the peripheral membrane
protein F1 ATPase α- and β- subunits, the chloroplast outer
envelope protein 34 and a chloroplast nucleoid DNA-binding
protein. Mitochondrial membrane proteins have also been found,
such as a membrane anion channel (porin) and a nucleotide
translocator (malate dehydrogenase), as well as mitochondrial
processing peptidases, probably located in the symbiosome
lumen (Panter et al., 2000; Saalbach et al., 2002; Wienkoop and
Saalbach, 2003; Catalano et al., 2004). Bacterial proteins can
also be detected in SMs and the peribacteroid lumen, including
several nitrogenase components, chaperones, the α-subunit
of bacteroid ATP synthase and others (Whitehead and Day,
1997; Saalbach et al., 2002; Catalano et al., 2004; Emerich and
Krishnan, 2014).

The SM is a regulated interface with a key role in nutrient
exchange between both symbiotic partners, and different types
of proteins and transporters are specifically located at this
membrane (White et al., 2007; Clarke et al., 2014; Emerich
and Krishnan, 2014). The SM has specific integral membrane
proteins, such as nodulin 24 (a glycine-rich protein; Sandal et al.,
1992), nodulin 26 (an aquaporin; Dean et al., 1999), and others
(Clarke et al., 2015). The sulfate transporter gene (Sst1) that
is expressed in a nodule-specific manner in Lotus japonicus,
is essential for nodule symbiosis (Krusell et al., 2005). This
transporter seems to reside in the SM (Wienkoop and Saalbach,
2003) and it is thought to transport sulfate from the plant cell
cytoplasm to the bacteroids (Krusell et al., 2005). Similarly,
a proteomic analysis of the SM from nodules of L. japonicus
revealed the presence of a putative sucrose transporter of the
SUC family (Wienkoop and Saalbach, 2003). More recently,
another sucrose transporter (MtSWEET11) was proposed to be
located at the symbiosome membrane in M. truncatula nodules
(Kryvoruchko et al., 2016), suggesting the possible transport of
sucrose toward the rhizobia. However, specific transporters for
some crucial molecules for nitrogen fixation seem not to be
located in the SM. For example molybdenum is a key element
for the bacteroidal nitrogenase but the molybdate transporter
has not been identified in the SM (Tejada-Jiménez et al., 2017).
The sulfate transporter Sst1 (Krusell et al., 2005) could be
involved in molybdenum delivery to the symbiosome, as some
sulfate transporters can transfer molybdate across membranes
(González-Guerrero et al., 2016). Similarly, specific ammonium
transporters have not yet been identified in the SM. Although a
symbiotic ammonium transporter1 (SAT1) was seen to localize
to the SM (Kaiser et al., 1998), it was recently shown that this
protein to actually be a membrane-localized basic helix–loop–
helix DNA-binding transcription factor involved in ammonium
transport (Chiasson et al., 2014). However, ammoniummay enter

the symbiosome via the aquaporin-like nodulin 26 channel, or
through a cation channel that transports K and Na, as well as by
diffusion (Tyerman et al., 1995; Hwang et al., 2010; Courty et al.,
2015).

The roles and functions of several proteins located at the
symbiosome membrane and the peribacteroid space remain
unknown (Kereszt et al., 2011; Emerich and Krishnan, 2014).
However, the information available provides some markers of
the symbiosome membrane identity. Evidence suggests that
secretory pathways play an important role in the formation
of the symbiosome and perimicrobial compartments, i.e.,
an exocytosis-related pathway already present in arbuscular
mycorrhizal symbiosis. In fact, an exocytotic pathway for
endosymbiosis was defined (Ivanov et al., 2012), providing
the first evidence that symbiosomes are generated through
exocytosis and that they could therefore be considered apoplastic
compartments rather than endocytotic compartments. Rhizobia
are confined to plasma membrane protrusions, compartments
that rapidly increase in surface area and volume due to
microsymbiont expansion. Because the plasma membrane is not
elastic and it is unable to stretch more than 3%, exocytosis of new
membrane material is crucial to increase the membrane’s surface
area (Grefen et al., 2011). Membrane fusion is achieved through
the action of SNARE proteins in the targeted compartment (t-
SNAREs) and the vesicle-associated membrane protein (VAMP
or v-SNAREs) that form a SNARE complex, small GTPases
of the Rab family that control the transport and docking of
vesicles to their target membrane, and Ca2+-sensors from the
synaptotagmin group involved in membrane repair (Catalano
et al., 2007; Limpens et al., 2009; Ivanov et al., 2010, 2012; Wang
et al., 2010; Gavrin et al., 2016, 2017; Harrison and Ivanov,
2017). Briefly, a plasma membrane t-SNARE (SYP123) is present
in the SM throughout the life of the symbiosome (from when
the rhizobia is released from the IT to symbiosome senescence)
and only when the symbiosome has stopped dividing does the
SM acquire a late endosomal/vacuolar marker (Rab7), which
persists until senescence. At the onset of senescence, the SM
acquires a lytic vacuolar identity due to the appearance of the two
vacuolar t-SNAREs (SYP22S, VTI11). These SNAREs allow the
symbiosome to fuse and form lytic compartments in which the
rhizobia are eventually killed. On the other hand, transporters
may have a third, new identity for SM (Emerich and Krishnan,
2014) and it could be speculated that a sulfate transporter like-
Sst1 should be considered at this point.

The Symbiosome as a Derivative of a Lytic
Compartment
The activity of the vacuolar H+-ATPase in the symbiosome
membrane leads to the accumulation of protons, which should
generate an acidic pH in the symbiosome (Whitehead and
Day, 1997; Hinde and Trautman, 2002). Several symbiosome
enzymes have an acidic optimum pH, including the proteases,
acid trehalase, protein protease inhibitor, and alpha-mannosidase
isoenzyme II that are typically found in vacuoles (Mellor, 1989;
Panter et al., 2000). In fact, certain mutant and senescent
bacteroids are degraded by these proteases and glycosidases,
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suggesting that the survival of these bacteroids is dependent on
them avoiding acid digestion in the symbiosome compartment
(Mellor, 1989; Parniske, 2000). As mentioned above, a functional
cysteine protease with proteolytic activity has been characterized
in the symbiosome lumen (Vincent and Brewin, 2000; Vincent
et al., 2000). In 1989, it was proposed that since symbiosomes
(which can be considered to be “temporary but independent
organelles”) are morphologically different from the plant central
vacuole, they may represent organ-specific modifications of
lysosomes, analogous to the protein bodies of seeds (Mellor,
1989). Nitrogen activity counteracts the tendency of the ATPase
to acidify the lumen of the symbiosome and thus, if the bacteroids
stop fixing nitrogen the pHwill drop to a level that favors the lysis
of the symbiosome. Again, this phenomenon would support the
notion of the symbiosome as a modified lysosomal compartment
(Brewin, 1991; Hinde and Trautman, 2002).

Symbiosomes do not fuse with lytic vacuoles but they remain
as individual units within the cytosol. In fact, it was suggested
that vacuolar formation is altered in nodule infected cells in
order to allow the expansion of the bacteria in the cytoplasm
(Gavrin et al., 2014). Indeed, the vacuoles in infected cells are
non-functional and have a neutral pH, or they are degraded
(Gavrin et al., 2014, 2016). This facilitates the maintenance of
symbiosomes as individual nitrogen-fixing organelles (Limpens
et al., 2009; Emerich and Krishnan, 2014).

Rab7 GTPase is thought to be required for the formation of
lytic compartments in different organisms (Bucci et al., 2000).
In nodules, the plant late endosomal marker Rab7 has been
localized in symbiosomes after division stops and it persists
until the symbiosome reaches the senescence stage. Therefore,
it seems to be involved in symbiosome maintenance (Cheon
et al., 1993; Son et al., 2003; Limpens et al., 2009; Clarke et al.,
2015). Symbiosome senescence occurs when symbiosomes fuse
and form lytic compartments (Hernández-Jiménez et al., 2002;
Van de Velde et al., 2006). During senescence, symbiosomes
acquire a lytic vacuolar identity, evident through the presence
of vacuolar SNAREs and the vacuolar proteins of the HOPS
complex at the symbiosome membrane, making it competent for
trafficking similar to that of a lytic vacuole (Gavrin et al., 2014).

The Symbiosome Behaves Like a
Metabolic Organelle
It has been postulated that metabolic innovations may be
important for organelle-producing endosymbiosis (O’Malley,
2015). Rhizobia-legume symbiosis depends on the highly
regulated exchange of carbon and nitrogen sources, and
nutrients, across the bacteroid and SMs. Specific transporters
in these membranes that are critical for symbiosis have
been identified through transcriptome and proteome analyses
(Udvardi et al., 1988; Vincill et al., 2005;White et al., 2007; Clarke
et al., 2014). Most rhizobial species only exhibit highly efficient
nitrogen fixation when they are endosymbiotic in the host nodule
cells. This suggests that the host plant controls rhizobial nitrogen
fixation. It was reported that the host plant has overcome
the lack of a bacterial gene necessary for symbiotic nitrogen
fixation, a homocitrate synthase gene, a key genetic adaptation

needed to establish efficient nitrogen-fixing symbiosis in legumes
and rhizobia. In L. japonicus, a legume host nodule-specific
homocitrate-synthase is exclusively expressed in infected cells
and it supplies homocitrate to the symbiosome. This tricarboxylic
acid is an essential component of the iron-molybdenum co-
factor of nitrogenase, although it is not itself required for
plant metabolism and it is absent from almost all rhizobia
species. This homocitrate makes the nitrogen-fixing activity of
the endosymbiont possible and it represents an example of
the co-evolution of metabolic pathways in the two symbiotic
partners (Hakoyama et al., 2009; Terpolilli et al., 2012). It is
interesting to note that photosynthetic bradyrhizobia interacting
withAeschynomene legumes can synthesize bacterial homocitrate
for free-living and symbiotic nitrogen fixation, and that the
plant enzyme is not usually induced. A. caulinodans, which form
nodules with S. rostrata, also has this enzyme. These data suggest
that different rhizobia-legume symbioses could have co-evolved
differently.

A complex amino acid cycle has been observed in pea nodules,
whereby the plant cell supplies amino acids to the symbiosome,
which can shut down nitrogen fixation, and in return the latter
acts like a plant organelle supplying amino acids back to the
plant cell for asparagine synthesis. It has been postulated that this
exchange induces mutual dependence, preventing the symbiotic
relationship from being dominated by the plant and generating
selective pressure for the evolution of mutualism (Lodwig et al.,
2003). Further studies into amino acid metabolism suggest that
symbiosomes in the indeterminate nodules of pea (carrying
Rhizobium leguminosarum bv. viciae as a microsymbiont) and
alfalfa (E. meliloti), and in the determinate nodules of soybean
(Bradyrhizobium japonicum), display metabolic dependence on
the host for branched-chain amino acids (Prell et al., 2009, 2010;
Dunn, 2014). Thus, symbiosomes become symbiotic auxotrophs
and they behave like facultative plant organelles. It was suggested
that this enabled the plant to control the degree of bacterial
infection (Prell et al., 2009, 2010; Terpolilli et al., 2012; Haag et al.,
2013).

Nitrogen fixation is uncoupled from bacterial nitrogen stress
metabolism in rhizobia-legume symbiosis, such that bacteria
generate “excess” ammonia and release this ammonia to the
plant, a case of metabolic integration in this symbiosis (Yurgel
and Kahn, 2008). The switching to ammonia synthesis by
symbiosomes is accompanied by the switching off of ammonia
assimilation into amino acids (Patriarca et al., 2002). Because
mature bacteroids deplete nitrogen and release ammonia to
the plant without assimilation, it was proposed they could be
considered as ammoniaplasts (Oldroyd et al., 2011; Downie,
2014).

Processing and Targeting of Symbiosome
Proteins
The appearance of an organelle-specific protein import
mechanism is considered a key step in the conversion of a
symbiont into a permanent organelle (Cavalier-Smith and
Lee, 1985; Cavalier-Smith, 1992; Theissen and Martin, 2006;
Archibald, 2015). Indeed, chloroplasts and mitochondria
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have developed the specific TIC/TOC and TIM/TOM protein
transport systems, respectively. The presence of a signal
peptide specific for protein targeting is a distinctive trait of
cell organelles. Although strictly referring to targeting in order
to reimport proteins back from organelle genes that were
transferred to the nucleus, it is interesting to consider the specific
targeting of protein products to symbiosomes as an organelle-
related process. N-terminal sequence comparisons of some SM
proteins, like nodulin 26B and HSP60, suggest that N-terminal
signal sequences have been removed from these proteins (Panter
et al., 2000). Mitochondrial processing peptidases, homologs
of which have been identified in the symbiosome, catalyse the
cleavage of leader peptides in precursor proteins, although
their function in symbiosomes remains unknown (Catalano
et al., 2004). The N-terminal processing of proteins may target
them to the symbiosome (Panter et al., 2000; Catalano et al.,
2004), although these proteins might be targeted to the ER or
Golgi, loosing their signal peptide and later being delivered to
the SM via the endomembrane system (Panter et al., 2000). A
N-terminal signal peptide in nodulin MtNOD25 specifically
translocates this protein to the symbiosomes (Hohnjec et al.,
2009), the first clear role for a signal peptide in protein targeting
to the symbiosome in nodule infected cells. Other nodulins and
calcium-binding proteins from Medicago, Vicia, and Lupinus
carry signal peptides (Hohnjec et al., 2009; Meckfessel et al.,
2012), although no conserved N-targeting signal for SM or
symbiosome space proteins has yet been identified. Moreover,
these symbiosome targeting signal peptides cannot account for
the majority of proteins identified in symbiosomes (Hohnjec
et al., 2009). Thus, other targeting systems must be available for
protein translocation to the symbiosome (Catalano et al., 2004;
Clarke et al., 2014).

Vesicle trafficking to the symbiosome via the endomembrane
system is not fully understood. It has been postulated that protein
delivery to the symbiosome relies on the plant secretory system
(Catalano et al., 2007; Limpens et al., 2009; Ivanov et al., 2010;
Maunoury et al., 2010; Mergaert and Kondorosi, 2010; Wang
et al., 2010) and it is interesting that proteins lacking plastid-
targeting signals might also be targeted to the chloroplast via the
secretory system (Bhattacharya et al., 2007 and references therein;
Mergaert and Kondorosi, 2010). The syntaxin SNARE SYP132,
which localizes to the SM (Catalano et al., 2004), may be involved
in site-specific vesicle fusion for the delivery of cargo vesicles to
the SM (Catalano et al., 2007). Indeed, some tonoplast proteins
involved in symbiosome maturation appear to be retargeted to
the symbiosome by a mechanism that involves membrane fusion,
as observed in infected cells of Medicago truncatula nodules
(Gavrin et al., 2014, 2017).

The Host Legume Controls Microsymbiont
Differentiation and Proliferation
In M. truncatula, the DMI2 gene that encodes a receptor kinase
plays a critical role in the Nod factor signaling cascade during
the early stages of nodulation, and it is also a key regulator of
symbiosome formation, allowing bacteria to be released from
the infection thread into the host cell. In nodules, this kinase is

found in the host cell plasma membrane and in the membrane
surrounding the ITs. If DMI2 expression is compromised in
plants, infected nodule cells are occupied by large intracellular
ITs that do not release the bacteria rather than organelle-like
symbiosomes, a phenotype that is reminiscent of the nodules of
primitive legumes and Parasponia (Limpens et al., 2005; Op den
Camp et al., 2011).

In galegoid legumes of the Inverted Repeat Lacking Clade
(IRLC), all of which form indeterminate nodules (like Medicago
and Pisum), a legume family of nodule-specific cysteine-rich
(NCR) peptides are targeted to the endosymbiotic bacteria.
These peptides are responsible for the bacteroid differentiation
that involves the induction of endopolyploidy, cell cycle arrest,
terminal differentiation, and a loss of bacterial viability. It was
recently demonstrated that a nodule specific thyoredoxin (Trx
s1) is targeted to the bacteroid, controlling NCR activity and
bacteroid terminal differentiation (Ribeiro et al., 2017). The NCR
gene family is estimated to have appeared between 51 and 25
Mya, the time at which IRLC legumes separated from the other
legumes (Lavin et al., 2005; Alunni et al., 2007; Yokota and
Hayashi, 2011).

All IRLC species tested induce terminal differentiation of their
rhizobia endosymbionts, resulting in different morphotypes.
NCR genes were also identified in all these species, although the
number of NCR peptides was highly variable, ranging from over
630 in M. truncatula to only 7 in the most basal IRLC legume
Glycyrrhiza uralensis (Montiel et al., 2016, 2017). The nodules
of this latter legume lack cationic NCR peptides, which could
indicate that the ancestral NCRs were neutral or anionic and that
they originated from a single evolutionary event in IRLC legumes
(Montiel et al., 2017).

It was proposed that the differentiated polyploid bacteroids
might have amore efficient metabolism, like polyploid eukaryotic
cells (Van de Velde et al., 2010). NCR peptides are derived from
antimicrobial, defensin-related peptides, and these antimicrobial
peptides have different mechanisms of action and drive different
states of bacteroid differentiation (Haag et al., 2013; Maróti and
Kondorosi, 2014; Pan and Wang, 2017). This may be an evolved
mechanism by which the host legume dominates microsymbiont
proliferation (Mergaert et al., 2006; Mergaert and Kondorosi,
2010; Van de Velde et al., 2010;Maróti and Kondorosi, 2014; Yang
et al., 2017). NCR peptides optimize bacteroid metabolism and
the nitrogen fixation process (Van de Velde et al., 2010), and they
control discrimination against incompatible microsymbionts
(Yang et al., 2017). It has also been suggested that this control of
bacteroid proliferation by the host plant can avoid the spreading
of rhizobia to tissues other than the nodule (Mergaert et al.,
2006).

Until recently, it was thought that bacteroids of non-galegoid,
non-IRLC legumes, do not undergo terminal differentiation nor
is their replication restricted. Indeed, they are comparable to
free-living bacteria in cell size, DNA content and proliferation
(Mergaert et al., 2006). It is noteworthy that in indeterminate
nodules of the mimosoid legume Leucaena glauca elicited by
Bradyrhizobium, no NCR peptides have been detected and the
bacteroids display a moderate differentiation phenotype; it is
an “intermediate” state relative to that of IRLC and non-IRLC
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legumes with determinate nodules (Ishihara et al., 2011). The
presence of swollen (differentiated) bacteroids has been noted in
five out of the six major papilionoid subclades, although each of
these subclades also includes species with non-swollen or non-
differentiated bacteroids (Oono et al., 2010). Moreover, there was
no consistent relationship between nodule type and the host’s
effects on bacteroid differentiation. Accordingly, it would appear
that legumes inducing bacteroid differentiation have evolved
independently on five occasions from an ancestral papilionoid
legume that hosts non-swollen (non-differentiated) bacteroids
(Oono et al., 2010). This repeated evolution of the host’s legume
traits suggests a possible advantage for the plant in terms of
fitness. It has been hypothesized that differentiated bacteroids
fix nitrogen more efficiently than non-differentiated bacteroids
(Oono et al., 2009, 2010). In fact, Oono and Denison (2010)
demonstrated that swollen bacteroids confer net benefits to the
host legume due to their more efficient nitrogen fixation and the
higher return on the cost of nodule construction (host biomass
growth per total nodule mass growth).

It was recently shown that NCR antimicrobial peptides are
involved in the permeability of the SM to diverse metabolites.
NCR peptides might contribute to metabolic integration between
the symbiosome and plant host and in the past, similar
antimicrobial peptides may have contributed to the metabolic
integration and organellogenesis of mitochondrial and plastid
ancestors (Mergaert et al., 2017). This hypothesis emphasizes the
importance of metabolic integration in organelle development
(see O’Malley, 2015). It was recently discovered that nodules of
dalbergioid legume species of the Aeschynomene genus (which
establish symbiosis with Bradyrhizobium spp.) carry polyploid
and enlarged bacteroids, and that these plants also express
NCR peptides. However, these peptides are not homologous to
NCR peptides from IRLC legumes, suggesting an independent
evolutionary origin (Czernic et al., 2015).

New plant and bacterial factors that induce bacteroid
differentiation remain to be identified (Mergaert et al., 2006;
Oono and Denison, 2010; Oono et al., 2010; Van de Velde et al.,
2010; Ishihara et al., 2011). A bacterial conserved BacA (bacteroid
development factor A) protein that forms an ABC transporter
system is produced by rhizobia, and it is required for bacteroid
development and survival in IRLC and Aeschynomene legumes.
BacAmay protect rhizobia and bacteroids from the antimicrobial
activities of NCR peptides, antagonizing NCR peptides, or it
may be involved in the uptake of these antimicrobial peptides
by bacteroids (Haag et al., 2013; Guefrachi et al., 2015; Pan and
Wang, 2017, and references therein).

It is now assumed that the fate of bacteroids is controlled
by the host plant (Mergaert et al., 2006; Maróti and Kondorosi,
2014), although some data suggest that a particular genotype of
the microsymbiont might be required, most probably related to
their surface polysaccharides. Terminal bacteroid differentiation
of Ensifer fredii strain HH103 does not take places in nodules
of the IRLC legume Glycyrrhiza uralensis, (Crespo-Rivas et al.,
2016), whereas it does occur when Mesorhizobium tianshanense
forms the nodules (Montiel et al., 2016). Notably G. uralensis is
the IRLC legume with the fewest NCR peptides reported to date
(Montiel et al., 2017).

Interestingly, species within the genus Lupinusmay host either
swollen (L. angustifolius) or non-swollen (L. albus, L. diffuses,
and L. bicolor) bacteroids, suggesting that the effects on bacteroid
differentiation might have changed during the evolution of the
Lupinus genus (Oono et al., 2010). Thus, it is possible that
the host legumes have regained non-differentiated bacteroids in
these latter three species, because bacteroid differentiation is no
longer beneficial (for some unknown reason). Alternatively, some
rhizobial strains that nodulate Lupinus may have evolved traits
to overcome host-induced swelling and the loss of reproductive
viability (Oono et al., 2010). To our knowledge, there is no data
currently available about NCR peptides or any other similar
molecules in the nodules of Lupinus (or in other legume nodules
with dividing infected cells).

Division of Rhizobia-Infected Host Cells
Infected nodule cells are usually post-mitotic and do not
divide further. However, one of the most interesting and
quite unusual traits for eukaryotic cells is found in certain
legume nodules whose host cells can divide after being infected
by rhizobia (Figures 2, 3). The division of infected cells
containing symbiosomes has been observed in nodules of
Lupinus spp. and Genista tinctoria (genistoid legumes), and
also in certain dalbergioid legumes (e.g., Arachis hypogea,
Stylosanthes spp., Sarothamnus scoparius). All these legumes
are infected by Bradyrhizobium spp. through epidermal
infection or crack infection, and the infected zone of their
nodules has no uninfected cells (Chandler, 1978; Chandler
et al., 1982; Sprent and Thomas, 1984; Tang et al., 1993;
Lotocka et al., 2000; Sajnaga et al., 2001; González-Sama
et al., 2004; Kalita et al., 2006; Fedorova et al., 2007). Nodules
elicited by Bradyrhizobium in the genistoid Chamaecytisus
proliferus (renamed as Cytisus proliferus) also contain
dividing infected cells (Vega-Hernández et al., 2001). This
is the only elongated indeterminate nodule reported to date
without uninfected cells in the central infected zone. Root
infection of this legume occurs by a singular intercellular
mechanism, and ITs are aborted and do not contribute
to infection (Vega-Hernández et al., 2001). Therefore, the
division of infected cells appears to be a trait restricted to
nodules in which infection is independent of ITs, rather
than it being influenced by the type of nodule growth
(determinate/indeterminate).

Mitochondria and plastids divide in the plant cytoplasm,
and cytoskeletal elements not only secure their distribution
and movement but also, their correct partitioning between
the daughter cells at cytokinesis (King, 2002; Sheahan et al.,
2004). Symbiosomes also have the ability to divide in the
host cytoplasm (Figure 1), and the accommodation of
endosymbionts in host cells involves microtubule and actin
microfilament rearrangements (Whitehead et al., 1998; Davidson
and Newcomb, 2001a,b; Fedorova et al., 2007; Timmers, 2008;
Gavrin et al., 2015; Kitaeva et al., 2016). The conformation of
the cytoskeleton in dividing infected cells of legume nodules has
only been studied in L. albus (Fedorova et al., 2007). We showed
that in the infected cells of L. albus nodules, symbiosomes
are segregated equally between the two daughter cells when
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the host plant cell divides, just like other cell organelles, e.g.,
mitochondria (González-Sama et al., 2004; Fedorova et al., 2007).
The cytoskeletal dynamics of infected nodule cells during the
cell cycle appear to be relatively normal. In interphase cells,
thick cortical arrays of microtubules form a radial network of
strands perpendicular to the cell wall to facilitate the migration
of organelles and symbiosomes toward the cell periphery
(Fedorova et al., 2007). During cell division, symbiosomes
concentrate at opposite poles of the cell and do not interfere
with the arrangement of microtubules and microfilaments,
segregating evenly between the two daughter cells. These
cytoskeletal rearrangements in dividing infected cells, along
with the detection of an antigen of the molecular motor
myosin, suggests that lupin symbiosomes are in contact with
and they are driven by the cytoskeleton. Thus, the positioning
of symbiosomes in lupin nodule cells seems to depend on
the same mechanisms used to segregate genuine plant cell
organelles during mitosis (Fedorova et al., 2007). Therefore, in
this regard the symbiosome displays significant organelle-like
characteristics, unlike symbiosomes from nodules in which
infected cells do not divide.

Considerations about Rhizobial Genome
Reduction and Gene Transfer to the
Nucleus
It has been established that a key event in the evolution from
a free-living bacteria to an organelle is the loss of bacterial
genes and their transfer to the nucleus of the plant host, a fate
that occurred during mitochondrial and chloroplast evolution
(Douglas and Raven, 2003; Archibald, 2015). In rhizobia-legume
symbiosis, the presence of duplicated prokaryotic genes in the
host genome has yet to be reported, although this possibility
cannot be overlooked (Raven, 1993).

In the case of nitrogen-fixing rhizobia, the absence of
gene transfer to the nucleus may be due to the low oxygen
concentrations required by the nitrogenase enzyme, which would
generate poor ROS production and mutation rates (Allen and
Raven, 1996). Thus, mutation by ROS generation is unlikely to
be an evolutionary driving force in the case of symbiosomes.
However, strong ROS production has been detected in nodule
host cells and in the symbiosome, the electron transport
chain of bacteroids generates superoxide radicals and hydrogen
peroxide (Matamoros et al., 2003). Oxidation of nitrogenase
and ferredoxin in bacteroids also induces ROS generation
(Matamoros et al., 2003). Lipid peroxidation has been detected
in the SM during senescence (Puppo et al., 1991) and it could be
due to the autoxidation of leghemoglobin (a protein controlling
the accurate oxygen level in nodules) that is in direct contact
with the SM, as well as to a decline in the activity of antioxidants
like superoxide dismutase and catalase that are also present
in the bacteroid (Puppo et al., 1991; Matamoros et al., 2003).
Moreover, ROS generation induces ultrastructural alterations
and senescence of symbiosomes (Puppo et al., 2005; Redondo
et al., 2009).

No gene loss or genome reduction has been observed in
viable symbiotic rhizobia. Symbiotic rhizobia that do not undergo

terminal differentiation are still capable of existing as free-living
bacteria. Accordingly, they must be equipped with a number of
genes to survive in different environments and to compete with
other microorganisms. Moreover, in nodules containing swollen
terminally differentiated bacteroids, some non-differentiated
bacteria inhabit the apoplastic space and consequently, all the
genes necessary for independent life are still retained (Stêpkowski
and Legocki, 2001). In fact, rhizobia underwent a genome
expansion during evolution (MacLean et al., 2007).

An evolutionary pathway has been proposed in symbiotic
systems to shift from free-living organisms to facultative
symbiosis and to ecologically obligatory symbiosis, usually
involving genome expansion (Provorov et al., 2008). The
following step in this evolutionary pathway would be “genetically
obligatory symbiosis,” which would involve microsymbiont
genome simplification or reduction, and the last stage would
be a new organism (Provorov et al., 2008). The availability of
more recent molecular data from microbes has driven more
in-depth studies into the evolutionary transitions in bacterial
symbioses, including rhizobia-legume symbiosis (Sachs et al.,
2011a,b). Based on phylogenetic analyses, it was hypothesized
that transitions from horizontal to obligate vertical transmission
of the microsymbiont are driven by the host, the partner that
most benefits from these transitions (Sachs et al., 2011b).

CONCLUDING REMARKS

While it has been postulated that organelle development cannot
occur in differentiated multicellular organisms (McKay and
Navarro-González, 2002), the information presented in this
review suggest that the symbiosome might well be considered
a step in the co-evolution of legumes and rhizobia toward
a nitrogen-fixing organelle. Symbiosomes display features that
favor their consideration as nitrogen-fixing organelles, including
the host cell’s control of microsymbiont proliferation and
differentiation, the composite origin and differentiation of the
symbiosomemembrane, the retargeting of the host cell’s proteins,
or their metabolic behavior. In some legume nodules, such as
lupin nodules, host cells seem to perceive their symbiosomes as
entities equivalent to their own real organelles. As such, division
of infected cells involves the normal cytoskeletal arrangements
of regular dividing plant cells, allowing symbiosome segregation
into the daughter cells in the same manner as other cell
organelles. Symbiosomes in nodules with dividing infected cells
might represent a crucial step in the evolution toward real
organelles. Nodules with dividing cells form in evolutionarily
older legumes in which rhizobial infection does not occur via
ITs. In this context, distinct evolutionary routes cannot be
ruled out for nodules with non-dividing infected cells and their
symbiosomes. In fact, the differences among nodules range from
those with nitrogen-fixing ITs and no symbiosomes, to those
with infected cells that are able to divide with an organelle-
like segregation of the symbiosomes. These could be considered
different events or steps in the evolution toward the nitrogen-
fixing organelle. In any case, they represent different outcomes
or stages in the co-evolution processes, which might or might not
continue.
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Active NifB is a milestone in the process of engineering nitrogen fixing plants.
NifB is an extremely O2-sensitive S-adenosyl methionine (SAM)–radical enzyme
that provides the key metal cluster intermediate (NifB-co) for the biosyntheses of
the active-site cofactors of all three types of nitrogenases. NifB and NifB-co are
unique to diazotrophic organisms. In this work, we have expressed synthetic codon-
optimized versions of NifB from the γ-proteobacterium Azotobacter vinelandii and the
thermophilic methanogen Methanocaldococcus infernus in Saccharomyces cerevisiae
and in Nicotiana benthamiana. NifB proteins were targeted to the mitochondria,
where O2 consumption is high and bacterial-like [Fe-S] cluster assembly operates.
In yeast, NifB proteins were co-expressed with NifU, NifS, and FdxN proteins that
are involved in NifB [Fe–S] cluster assembly and activity. The synthetic version of
thermophilic NifB accumulated in soluble form within the yeast cell, while the A. vinelandii
version appeared to form aggregates. Similarly, NifB from M. infernus was expressed
at higher levels in leaves of Nicotiana benthamiana and accumulated as a soluble
protein while A. vinelandii NifB was mainly associated with the non-soluble cell fraction.
Soluble M. infernus NifB was purified from aerobically grown yeast and biochemically
characterized. The purified protein was functional in the in vitro FeMo-co synthesis
assay. This work presents the first active NifB protein purified from a eukaryotic cell,
and highlights the importance of screening nif genes from different organisms in order
to sort the best candidates to assemble a functional plant nitrogenase.

Keywords: nitrogen fixing plants, yeast, mitochondria, SAM-radical, iron-molybdenum cofactor

INTRODUCTION

Agricultural systems in developed countries are largely based on cereal crops, which provide most
of the calories and proteins in the human diet (Borlaug, 2002). Nitrogen and water availability
are the most important factors limiting cereal crop productivity. Over the last 100 years, cereal
crop yields have been increased by addition of chemically synthesized nitrogen fertilizers (Smil,
2000; Galloway et al., 2008). However, the extensive use of these commercial nitrogen fertilizers
in developed countries poses enormous and pressing environmental threats (Vitousek et al.,
1997). On the other hand, the cost of chemical fertilizers is prohibitive for poor farmers, and
they are scarcely used in most of Africa with consequence of poverty and hunger derived from
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extremely low crop yields (Sanchez and Swaminathan, 2005).
During the last years, the scientific community has paid
considerable attention to this problem and acknowledged the
need of disruptive technological changes. One way to tackle this
problem could be the generation of so-called nitrogen-fixing
plants, aimed to solve the nitrogen problem (Stokstad, 2016;
Vicente and Dean, 2017).

Nitrogen fixation is the conversion of inert atmospheric N2
into NH3, a biologically active form of nitrogen. Only a few
bacteria are naturally able to fix nitrogen through the activity of
an enzyme called nitrogenase; collectively known as diazotrophs
(nitrogen eaters). In this regard, transferring bacterial nitrogen
fixation (nif ) genes into the plant genome could result in plants
able to fix nitrogen, and therefore in crops less dependent of
external nitrogen fertilization. This direct approach eliminates
the need to generate or optimize interactions of cereals with
specific symbiotic or associative nitrogen fixing bacteria (Oldroyd
and Dixon, 2014). However, two main barriers are believed to
impair the direct nif gene transfer approach (Curatti and Rubio,
2014): the known sensitivity of nitrogenase to O2 and the genetic
complexity of nitrogenase biosynthesis. Two decades of genetic
and biochemical analyses culminated with the unambiguous
identification of the essential proteins required for nitrogenase
cofactor biosynthesis (Curatti et al., 2007). On the contrary,
overcoming the O2 sensitivity barrier in plants remains largely
unexplored.

Nitrogenases have two O2-sensitive protein components: a
dinitrogenase that catalyzes the nitrogen fixation reaction and
a dinitrogenase reductase that serves as obligate electron donor
to dinitrogenase (Bulen and LeComte, 1966). In the case of
the widespread molybdenum nitrogenase these components
are called Fe protein and MoFe protein. The Fe protein
is a homodimer of the nifH gene product that contains a
[4Fe–4S] cluster at the subunit interface. The MoFe protein
is a heterotetramer of the nifD and nifK gene products
that contains two complex iron–sulfur (Fe–S) clusters called
iron-molybdenum cofactor (FeMo-co) and P-cluster. The type
of [4Fe–4S] cluster found in NifH is ubiquitous in nature.
In fact, plants carry [Fe–S] cluster assembly machineries in
mitochondria, chloroplasts, and cytosol, which are all capable
of synthesizing [4Fe–4S] clusters (Balk and Pilon, 2011).
However, the P-cluster and FeMo-co are unique to diazotrophs.
Their uniqueness implies that specialized cellular biosynthetic
pathways, involving multiple nif gene products, are required for
cofactor synthesis and NifDK maturation (Rubio and Ludden,
2008).

Successful expression and maturation of the prokaryotic
nitrogenase protein in a eukaryotic host, in order to develop
N2 fixing cereal crops, could revolutionize agricultural systems
worldwide. For this to succeed, a deeper understanding of the
processes involved in the formation of active nitrogenase in a
eukaryotic cell is required. In this regard, expression of nif genes
in Saccharomyces cerevisiae have shown that: (1) active NifH
can be achieved upon mitochondrial targeting (Lopez-Torrejon
et al., 2016), providing a proof of concept that O2-sensitive Nif
proteins can be assembled in an eukaryotic cell organelle, and (2)
that expression and mitochondria targeting of nine Nif proteins

(NifUSHMDKBEN) resulted in proper mitochondria targeting,
processing and NifDK tetramer formation (Burén et al., 2017), an
essential step of nitrogenase assembly. However, to obtain similar
results in a plant cell background is likely to be more challenging,
as the O2 generated during photosynthesis could create even a
harsher environment for nitrogenase proteins, especially in the
chloroplast. This was recently suggested from work by Ivleva et al.
(2016), where Fe protein activity from transplastomic Nicotiana
tabacum plants only could be detected at very low levels in
plants previously incubated at sub-ambient O2 (Ivleva et al.,
2016). Importantly, a recent study showed that 16 mitochondria
targeted Nif proteins from Klebsiella pneumoniae (among them
NifB) could be successfully expressed in leaves of Nicotiana
benthamiana (Allen et al., 2017). Although no protein activities
were reported, this work showed that most Nif proteins were
well expressed and accumulated at their estimated sizes within
the plant tissue, with the exception of NifD that appeared to
be processed to a polypeptide of smaller size, as has also been
observed in yeast (Burén et al., 2017).

A main hurdle to overcome in order to generate functional
nitrogenase proteins is obtaining active NifB. NifB is an
extremely O2-sensitive S-adenosyl methionine (SAM)–radical
enzyme (Curatti et al., 2006), that provides the key intermediate
metal cluster (called NifB-co) in the biosynthesis of FeMo-co
(Shah et al., 1994; Guo et al., 2016). As NifB-co also serves as
precursor for FeV-co in the vanadium nitrogenase and for FeFe-
co in the iron-only nitrogenase, NifB is required for all biological
nitrogen fixation activity in nature (Bishop and Joerger, 1990;
Curatti et al., 2007; Dos Santos et al., 2012). Because of its O2
sensitivity and instability, and since it is unlikely that NifB or
NifB-co can be replaced by components of plant origin, plant cell
NifB-co accumulation is likely to be one of the main barriers in
the generation of an active plant nitrogenase (Curatti and Rubio,
2014; Vicente and Dean, 2017).

In this work, two naturally occurring NifB proteins, from
the model-diazotroph Azotobacter vinelandii and from the
thermophilic methanogen Methanocaldococcus infernus (see
accompanying paper by Arragain et al., submitted manuscript),
were expressed in S. cerevisiae and targeted to mitochondria.
Mitochondria was chosen due to the high rate of O2
consumption, and the plentiful ATP and reducing power
generated by respiration (Curatti and Rubio, 2014), in addition
to the bacterial-like [Fe–S] cluster assembly machinery available
(Lill and Muhlenhoff, 2008). NifB proteins were co-expressed
with NifU, NifS, and FdxN proteins, involved in NifB [Fe–S]
cluster formation and activity (Yuvaniyama et al., 2000; Johnson
et al., 2005; Zhao et al., 2007; Jiménez-Vicente et al., 2014).
Surprisingly, only NifB from the thermophile was found to
accumulate in a soluble form, while NifB from A. vinelandii
appeared to form aggregates. The soluble M. infernus NifB was
purified and proven functional in the in vitro FeMo-co synthesis
assay. A. vinelandii and M. infernus NifB were also targeted to
the mitochondria in leaf cells of N. benthamiana (tobacco). As
in yeast, the synthetic version of NifB from M. infernus was
better expressed and accumulated as a soluble protein while the
A. vinelandii NifB was mainly associated with the non-soluble
cell fraction. These results underline the importance of screening
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for functionality each one of the Nif proteins required to mature
nitrogenase.

RESULTS

Generation of Yeast Platform Strains for
NifB Expression
Synthetic versions of A. vinelandii nifB (nifBAv) and M. infernus
nifB (nifBMi) were codon-optimized for S. cerevisiae and cloned
into expression vectors under the control of the galactose
inducible promoters (Supplementary Figures S1, S2). As NifU,
NifS, and FdxN participate in NifB maturation and activity (Zhao
et al., 2007; Jiménez-Vicente et al., 2014), synthetic versions of
the A. vinelandii nifU, nifS, and fdxN genes, codon-optimized
for S. cerevisiae, were additionally cloned into expression vectors
under the control of the galactose inducible promoters. To
ensure mitochondria targeting of the expressed proteins, SU9
leader sequences, previously shown to deliver yeast expressed Nif
proteins to the mitochondria (Burén et al., 2017) were added in-
frame and upstream of each gene. To facilitate NifB purification
by affinity chromatography, the coding sequence for 10 histidines
were added 3′ of each nifB gene. Expression vectors were co-
introduced into S. cerevisiae strain W303-1a, generating yeast
strains SB09Y and SB10Y for the expression of mitochondria
targeted NifU, NifS, and FdxN, together with NifBAv-His10 or
NifBMi-His10 (hereafter called yNifBAv and yNifBMi), respectively
(Table 1).

NifB Expression, Mitochondria Targeting,
and Solubility
Western blot analysis of yeast cell-free extracts using antibodies
specifically recognizing NifU, NifS, and histidine-tag (for yNifBAv
or yNifBMi) confirmed expression of all these proteins in
SB09Y and SB10Y strains grown aerobically with galactose as
inducer. Protein migrations in SDS-PAGE were consistent with
efficient mitochondria leader sequence processing (Table 1 and
Figure 1A). Detection of FdxN in SB09Y and SB10Y was difficult,
presumably due to the small size of FdxN (10 kDa) and/or to weak
binding of FdxN antibodies generated for this study. To confirm
that FdxN was successfully expressed from the GAL10 promoter,
presence of fdxN transcripts were verified in SB09Y and SB10Y
strains (Supplementary Figure S3). In addition, an epitope-tagged
version of the protein where a C-terminal HA-tag was added to
the SU9-FdxN construct was generated and expressed in strain
SB12Y (Figure 1B).

Further analysis of the soluble fractions prepared from
yeast cells lysed in absence of detergents indicated that
most yNifBMi and nearly all yNifBAv were of poor solubility
(Figure 2). This suggested that the proteins were either forming
insoluble aggregates upon strong expression or interacting with
membranes. A similar behavior was observed for NifBAv and
NifBKo (Klebsiella oxytoca NifB) overexpressed in Escherichia
coli (data not shown). Exchanging the C-terminal His-tag for
an N-terminal variant, and addition of detergents during lysis
(see Materials and Methods for details), did not improve

TABLE 1 | Yeast expression plasmids and yeast strains used in this work.

Strain Transformed
plasmids

Expressed
proteins

Full-length
(kDa)

Processed
(kDa)

SB09Y pN2GLT4 SU9-NifU 40.6 33.6

SU9-NifS 51.0 44.0

pN2SB22 SU9-FdxN 17.1 9.8

SU9-NifBAv-His10 63.6 56.3

SB10Y pN2GLT4 SU9-NifU 40.6 33.6

SU9-NifS 51.0 44.0

pN2SB24 SU9-FdxN 17.1 9.8

SU9-NifBMi-His10 43.8 36.4

SB03Y pN2SB15 SU9-FdxN 17.1 9.8

SU9-His10-NifBAv 63.6 56.3

SB12Y pN2GLT4 SU9-NifU 40.6 33.6

SU9-NifS 51.0 44.0

pN2SB39 SU9-FdxN-HA 18.2 10.9

SU9-NifBMi-His10 43.8 36.4

Nitrogenase-related proteins and their expected sizes when expressed in yeast
from expression vectors generated in this study. Processed forms refer to
sizes following predicted SU9 cleavage (RAY-SS, (Vögtle et al., 2009)). See
Supplementary Figures S1, S2 for details.

FIGURE 1 | Expression of NifB, NifU, NifS and FdxN proteins in S. cerevisiae.
(A) Western blot analysis of yNifBAv and yNifBMi , as well as NifU and NifS, in
total protein extracts from strains SB09Y and SB10Y. (B) Western blot
analysis of C-terminally HA-tagged FdxN in total protein extract from SB12Y
strain. Extracts in (A) and (B) were prepared from aerobically grown cells
following galactose induction, and proteins in the extract separated by
SDS-PAGE before transferred to membranes. Antibodies recognizing NifUAv,
NifSAv, His epitope, HA epitope, and tubulin were used. Tubulin immunoblot
signal intensity is used as loading control. See Table 1 for details about
recombinant yeast strains.

solubility (Supplementary Figure S4). As NifB from the
thermophile M. infernus previously showed heat-resistant
properties (Wilcoxen et al., 2016), several distinct extraction
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FIGURE 2 | Solubility of A. vinelandii and M. infernus NifB proteins expressed
in S. cerevisiae. (A,B) Western blot analysis of yNifBMi (A) and yNifBAv (B)
present in total protein extracts (TE) and the soluble fraction (S) of yeast
strains SB10Y and SB09Y. Conditions for strain growth, induction of protein
expression, total extract preparation, and separation by SDS-PAGE are as in
Figure 1. Antibodies recognizing the His epitope were used. Short (s.e.) and
long (l.e.) film exposures are shown. Coomassie stained SDS gels (below) of
the protein extracts are included as loading controls.

conditions were tested (including different temperatures) to
screen yNifBMi solubility and to find a protocol for extraction
and enrichment of yNifBMi. While increased concentration of
glycerol did not improve solubility, the pH of the extraction
buffer was important (Supplementary Figure S5). In addition,
exposing the total yeast lysate to elevated temperatures before
centrifugation not only reduced the amount of total yeast
proteins remaining in solution, but also increased the levels of
yNifBMi in the soluble fraction of the extract. Unfortunately,
no similar improvement could be obtained for yNifBAv
(Figures 3A,B and Supplementary Figure S6) impairing yNifBAv
purifications. Further optimization confirmed that maximum
solubility yNifBMi was obtained at pH 8 upon treatment at 60–
65◦C (Figure 3C). Therefore 65◦C was chosen for the following
yNifBMi extractions in order to minimize the complexity of the
yeast cell-free extracts used for affinity chromatography.

Yeast-Expressed NifBMi Is Active in the
In Vitro FeMo-co Synthesis Assay
Typical yeast NifBMi purification yielded about 4 mg/100 g
cell pellet (4.4 ± 1.1, mean and standard deviation from

four individual purifications), and yNifBMi was at near
purity as determined by SDS-PAGE analysis (Figure 4A). To
confirm mitochondria import and functionality of the SU9
leader sequence, purified yNifBMi was subjected to N-terminal
sequencing. Successful processing of the SU9 sequence was
verified, and cleavage appeared at the site predicted from
alignment of the SU9 peptide with a reported consensus sequence
for yeast mitochondria proteins (Vögtle et al., 2009) (Figure 4B).
While as isolated yNifBMi showed some color and UV-vis
absorbance spectrum characteristic of Fe–S protein (3.3 ± 0.8
Fe atoms per monomer from four individual purifications,
S not determined), in vitro reconstitution with Fe and S
increased color intensity and the 320 and 420 nm features of
the UV-vis spectrum indicative of [4Fe–4S] cluster formation
(Figures 4C,D). Treatment with dithionite (DTH) reduced
absorbance at 420 nm as expected for a redox responsive Fe–S
protein. Fe and S content of reconstituted yNifBMi was consistent
with the presence of, at minimum, two [Fe-S] clusters in addition
to the SAM-binding [4Fe-4S] cluster (12.5± 2.8 Fe and 10.6± 3.1
S atoms per monomer; average ± standard deviation from four
individual purifications). All these features are typical of NifB
proteins (Curatti et al., 2006; Wilcoxen et al., 2016).

NifB can be used for in vitro FeMo-co synthesis and
nitrogenase reconstitution assays using cell-free extracts of1nifB
A. vinelandii, supplemented with ATP-regenerating mixture,
molybdenum (Mo), and homocitrate (Curatti et al., 2006).
When in vitro FeMo-co synthesis occurs, de novo-synthesized
FeMo-co is incorporated into apo-MoFe nitrogenase present
in the extract and activity of reconstituted nitrogenase can be
determined by the acetylene reduction assay. To test whether
reconstituted yNifBMi was functional, 5 µM protein was added
to UW140 extracts lacking NifB-co activity, but providing
the rest of the protein components required for FeMo-co
synthesis and activatable apo-MoFe nitrogenase. While extract
without yNifBMi only showed negligible acetylene reduction,
addition of yNifBMi resulted in 40-fold increase in ethylene
formation (Table 2). Importantly, yNifBMi showed similar
concentration-dependent activity as purified and reconstituted
NifB from A. vinelandii (Curatti et al., 2006) (Figure 4E).
The maximum activity appeared to occur at slightly higher
concentration (5 µM vs. 1 µM), which could result from
slight incompatibility between the yNifBMi and the other
Nif components in the UW140 A. vinelandii extract, as has
been shown for NifH (Emerich and Burris, 1976, 1978), or
from the suboptimal reaction temperature for the thermophile
M. infernus (optimal growth at 85◦C) NifB protein (Jeanthon
et al., 1998).

In summary, yNifBMi exhibits the spectroscopic and catalytic
properties of active NifB proteins. Further studies will aim to
determine whether the yNifBMi protein can support NifB-co
synthesis in vivo in mitochondria of yeast.

Expression and Mitochondria Targeting
of NifB in Plant Leaves
In a work by Allen et al. (2017), 16 HA-tagged nitrogenase
proteins from K. oxytoca were separately expressed in
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FIGURE 3 | Levels of soluble yNifBAv and yNifBMi in heat-treated yeast extracts. (A,B) Total NifB levels (A) and levels of soluble NifB upon 65◦C heat-treatment (B) of
protein extracts from yeast expressing yNifBAv (SB09Y) or yNifBMi (SB10Y). Antibodies recognizing the His epitope were used. Short (s.e.) and long (l.e.) film
exposures are shown. RT means room temperature. Tubulin and/or Coomassie stained SDS gels of the same protein extracts are included as loading controls.
(C) Western blot analysis of soluble yNifBMi in SB10Y protein extracts upon heat-treatment at increasing temperatures. Heat-induced precipitation of yeast proteins
in the extract at the different temperatures is shown using antibodies recognizing tubulin, as well as by Coomassie staining of proteins from the extract resolved by
SDS-PAGE.

Agrobacterium tumefaciens infiltrated N. benthamiana leaves,
and targeted to the mitochondria. K. oxytoca NifB was one of
the Nif proteins that resulted in highest protein expression level
(Allen et al., 2017). However, as leaf proteins were extracted
in SDS buffer upon heating, the level of soluble NifB protein
is difficult to estimate. In order to test whether differences in
solubility of plant expressed and mitochondria targeted NifB
proteins could be observed, as in yeast, NifBAv and NifBMi were
cloned into plant expression vectors under the control of the
constitutive 35S promoter (Supplementary Figures S7, S8). As
yeast and tobacco codon usage is similar, no further sequence
optimization and gene synthesis was performed.

As SU9 is a mitochondria leader sequence from fungi
without obvious plant homolog, the C-terminal His-tag of SU9-
NifBAv and SU9-NifBMi was replaced with GFP to track SU9
functionality in N. benthamiana cells. Confocal microscopy
analysis showed that SU9 successfully targeted the two NifB
variants to the mitochondria of N. benthamiana, as seen from co-
localization with a red fluorescent mitochondria marker (Candat
et al., 2014) (Figures 5A–D). Specific and individual detection of
the fluorescent signals was verified from adjacent cells expressing
only each one of the constructs (Figure 5E). Confocal microscopy

indicated that the expression level of SU9-NifBAv-GFP was lower
than SU9-NifBMi-GFP, which was confirmed by Western blot
analysis (Figure 6A). Importantly, SU9-NifBMi-GFP was only
detected in the soluble fraction of the extract, in contrast to
SU9-NifBAv-GFP that could also be seen in the pellet fraction
(data not shown). Migration of the expressed fusion proteins
was consistent with correct SU9 leader sequence processing in
N. benthamiana cells (Figure 6A and Table 3).

Migration of the plant expressed C-terminally His-tagged
versions of the SU9-NifBAv and SU9-NifBMi proteins appeared
identical to the corresponding proteins expressed in yeast,
supporting that the SU9 leader sequence was processed correctly
also in the plant mitochondria (Figures 6B,C and Supplementary
Figure S9).

To enable simultaneous and comparative detection of the
two N. benthamiana expressed NifB variants, and to exclude
that solubility was affected by the C-terminal GFP moiety, new
constructs were generated were the His-tag was exchanged for
an N-terminal 28 amino acid Twin-Strep-tag (Schmidt et al.,
2013) (Supplementary Figures S8, S10). The Twin-Strep-tag
is an improved version of the eight amino acid Strep-tag II
that was shown superior to His-tag for use with plant tissue
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FIGURE 4 | Purification and biochemical properties of yNifBMi . (A) SDS-PAGE and Western blot analysis of yNifBMi purification. CFE, 65◦C heated SB10Y cell-free
extract; FT, affinity chromatography flow through; W1-W4 and E1-E2, affinity chromatography wash and elution fractions containing increasing concentrations of
imidazole (see Materials and Methods for details). Grey arrow in the Coomassie stained panel points to the position of yNifBMi in the gel. (B) SU9 processing site
(black arrow) of yNifBMi . Underlined sequence indicates the N-terminal amino acids of yNifBMi identified by Edman degradation. (C) UV-visible spectra of as isolated,
reconstituted, and dithionite (DTH)-reduced reconstituted yNifBMi . (D) Typical color of as isolated and reconstituted yNifBMi purified preparations. (E) Titration of
FeMo-co synthesis and nitrogenase reconstitution assay with yNifBMi . The indicated concentrations of yNifBMi monomer were used. NifB activity was determined by
acetylene reduction assay of reconstituted NifDK from 1nifB A. vinelandii UW140 cell-free extracts. Data represent mean ± standard deviation (n = 2) at each
yNifBMi concentration.

TABLE 2 | yNifBMi-dependent in vitro FeMo-co synthesis and nitrogenase
reconstitution assays.

UW140 nmol C2H4 (min−1 · assay−1)

− NifB-co 0.04

+ NifB-co 15.54 ± 0.23

+ yNifBMi (1) 1.33 ± 0.22

+ yNifBMi (2) 0.97 ± 0.02

+ yNifBMi (3) 1.92 ± 0.04

+ yNifBMi (4) 1.41 ± 0.06

Acetylene reduction assays of nitrogenase reconstituted in 1nifB A. vinelandii
extracts. UW140 extracts, or UW140 extracts supplemented with NifB-co,
were used as negative and positive controls, respectively. Data represent
mean ± standard deviation (n = 2) from four individual yNifBMi purifications (at
5 µM yNifBMi).

extracts (Witte et al., 2004). In addition, the SU9 signal was
replaced by the first 29 amino acids of the yeast cytochrome c
oxidase IV (COX4) protein, which has been shown to successfully
target proteins to the mitochondria in tobacco and Arabidopsis
thaliana (Köhler et al., 1997; Nelson et al., 2007; Pan et al.,
2014). As cleavage of COX4 in yeast has been shown to occur
between amino acids 25 and 26 (Vögtle et al., 2009), similar
processing in N. benthamiana would leave only four amino acids
in addition to the Twin-Strep-tag. To verify functionality of
the COX4 peptide, and to confirm that the Twin-Strep-tag was
not interfering with targeting or solubility, a COX4-twin-Strep-
GFP construct was generated (Supplementary Figures S8, S10).
As expected, COX4 efficiently targeted twin-Strep-GFP to
mitochondria in N. benthamiana cells (Figures 7A–C). Specific

and individual detection of the fluorescent signals was verified
using adjacent cells expressing only one of the constructs
(Figure 7C).

Both COX4-twin-Strep-NifBAv and COX4-twin-Strep-NifBMi
were readily detected in total protein extracts of A. tumefaciens
infiltrated N. benthamiana leaves (Figure 8A). To test the
solubility of the expressed NifB proteins, total protein extracts
were separated in soluble fractions and pellet associated fractions.
COX4-twin-Strep-NifBMi was detected exclusively in the soluble
fraction, even upon prolonged exposure (Figure 8B). On the
contrary, COX4-twin-Strep-NifBAv was more difficult to detect
using the Strep-tag II antibody, and appeared to be in the non-
soluble fraction. To verify the identity of the NifBAv protein
detected by the Strep-tag II antibody we used NifBAv specific
antibody, which confirmed that COX4-twin-Strep-NifBAv was
mainly present in the pellet associated fraction (Figure 8C).

In summary, we show that mitochondria targeting using SU9
and COX4 resulted in expression of both NifBAv and NifBMi
in leaves of N. benthamiana. Leader sequence processing of all
proteins appeared efficient and correct, as only one band of the
expected size was detected. Similar to yeast, the NifBMi protein
was more soluble than the corresponding NifBAv variant in
N. benthamiana.

DISCUSSION

Expression of functional NifB is absolutely required to engineer
nitrogenase in eukaryotic organisms (e.g., plants). NifB catalyzes
the formation of NifB-co, a unique [Fe–S] cluster intermediate
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FIGURE 5 | Expression of mitochondria targeted (SU9) NifBAv and NifBMi GFP fusions in N. benthamiana leaves. (A,B) Mesophyll cells expressing SU9-NifBAv-GFP
(A) or SU9-NifBMi-GFP (B). GFP (green) and chlorophyll autofluorescence (red) of chloroplasts is shown. (C–E) Epidermal cells expressing SU9-NifBAv-GFP (C) and
SU9-NifBMi-GFP (D,E), together with a fluorescent mitochondria marker (Mito-RFP). GFP (green), Mito-RFP (magenta) and chlorophyll autofluorescence (red) of
chloroplasts is shown. Co-localization of SU9-NifBAv-GFP or SU9-NifBMi-GFP constructs with Mito-RFP labeled structures is shown as white in the merged images,
and highlighted with yellow arrows. Adjacent cells expressing SU9-NifBMi-GFP or Mito-RFP are shown as control to verify the specificity of the signal recorded in
each channel (E). Scale bars show 30 µm. Confocal Microscopy conditions are specified in Materials and Methods.
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FIGURE 6 | Expression and solubility of mitochondria targeted (SU9) NifBAv and NifBMi in N. benthamiana leaves. (A) Western blot analysis of total protein extracts
(TE) prepared from infiltrated N. benthamiana leaves expressing GFP, SU9-NifBAv-GFP or SU9-NifBMi-GFP. Blue arrows indicate the polypeptide recognized both by
GFP and NifBAv specific antibodies. Short (s.e.) and long (l.e.) film exposures of the GFP antibody probed membrane are shown. (B) Migration of SU9-NifBAv-His10

when expressed in S. cerevisiae and N. benthamiana. Migration in SDS-PAGE was determined after Western blot analysis using NifBAv specific antibodies. Total
protein extracts (TE) from W303-1a S. cerevisiae cells (WT) or cells expressing SU9-NifBAv-His10 (SB09Y) were prepared. Soluble protein extracts (S) from
N. benthamiana leaf cells infiltrated with A. tumefaciens containing control vector (pGFPGUSPlus) or vector for expression of SU9-NifBAv-His10 (pN2XJ13). Dotted
line indicate different exposures of the right part of the membrane. See Supplementary Figure S9 for entire gel of the cropped exposure. (C) Migration of
SU9-NifBMi-His10 when expressed in S. cerevisiae and N. benthamiana. Migration in SDS-PAGE was determined after Western blot analysis using NifBMi specific
antibodies. Total protein extracts (TE) from W303-1a S. cerevisiae cells (WT) or cells expressing SU9-NifBMi-His10 (SB10Y) were prepared. Soluble protein extracts
(S) from N. benthamiana leaf cells infiltrated with A. tumefaciens containing control vector (pGFPGUSPlus) or vector for expression of SU9-NifBMi-His10 (pN2XJ14).
As control of N. benthamiana leaf infiltration, GFP expressed from the pGFPGUSPlus vector backbone was detected (B,C).

in the biosynthesis of FeMo-co of nitrogenase (Shah et al., 1994;
Curatti et al., 2006; Wiig et al., 2012; Guo et al., 2016). All
diazotrophs carry at least one nifB gene (Dos Santos et al., 2012),
and it is not likely that NifB-co can be produced by any other

enzyme of plant origin (Vicente and Dean, 2017). As NifB-co
also serves as precursor to the FeV-co of V-nitrogenase and the
FeFe-co of Fe-only nitrogenase, it is required for all biological
nitrogen fixation activity in nature (Bishop and Joerger, 1990;
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TABLE 3 | Tobacco expressed nitrogenase related proteins and their expected
sizes.

Plasmid Expressed protein Full-length (kDa) Processed (kDa)

pN2XJ13 SU9-NifBAv-His10 64.0 56.7

pN2XJ14 SU9-NifBMi-His10 44.3 37

pN2XJ15 SU9-NifBAv-GFP 90.0 82.7

pN2XJ16 SU9-NifBMi-GFP 70.3 63

pN2XJ19 COX4-twinStrep-GFP 33.3 30.3

pN2XJ20 COX4-twinStrep- NifBAv 61.1 58.1

pN2XJ21 COX4-twinStrep- NifBMi 41.3 38.3

Plant expression vectors generated in order to express nitrogenase related
proteins. Expressed proteins and their expected sizes are indicated. Processed
forms refer to sizes following SU9 (RAY-SSM, Figure 4) or COX4 (YLL-QQK, (Vögtle
et al., 2009)) cleavage as in yeast. See Supplementary Figures S7, S8, S10 for
details.

Curatti et al., 2007). Therefore, finding NifB proteins able to
function in eukaryotic cells is of utmost importance.

In this work, we investigated eukaryotic expression and
functionality of NifB proteins from two evolutionary distant
organisms, the γ-proteobacterium A. vinelandii and the
methanogen M. infernus. These NifB proteins differ in domain
composition, quaternary structure, optimum temperature and
stability, but both contain the same complement of [Fe–S]
clusters, catalyze the SAM-radical dependent formation of
NifB-co (Curatti et al., 2006; Wilcoxen et al., 2016), and have
been shown to support FeMo-co biosynthesis in vivo (Arragain
et al., submitted manuscript).

As most Nif proteins, NifB is extremely O2-labile. Expressed
NifB variants were therefore targeted to mitochondria
for respiratory protection (Lopez-Torrejon et al., 2016).
Mitochondria targeting in yeast was achieved using the SU9
leader sequence, which had proved efficient for Nif protein
targeting and processing in a previous study (Burén et al., 2017).
Expression of the NifB variants in S. cerevisiae was coordinated
with expression of A. vinelandii NifU, NifS and FdxN, as these
proteins are important for the assembly of NifB [Fe–S] clusters
and for NifB functionality (Jiménez-Vicente et al., 2014; Zhao
et al., 2007). Both NifB variants appeared mostly insoluble and
the major protein pools were pelleting together with the cellular
debris of the broken cells. The accumulation insoluble NifB
might be a result of overexpression or NifB hydrophobicity. It
is intriguing to note that overexpression of NifB proteins often
result in insoluble aggregates and that purification of NifB from
different organisms, as well as purification of NifB-co itself,
requires detergents (Curatti et al., 2006; Echavarri-Erasun et al.,
2014; Shah et al., 1994).

The two NifB variants were also expressed and targeted
to mitochondria of N. benthamiana leaf cells. Although the
extraction methods and buffers used to prepare protein extracts
were slightly different in yeast and tobacco, the results obtained
from both systems were similar, i.e. expression levels were
slightly higher and solubility was significantly better for the
M. infernus NifB. Intriguingly, solubility overall appeared better
in tobacco than in yeast, perhaps due to lower expression levels
from the 35S promoter compared to the very strong GAL

promoters. Mitochondria targeting was achieved both with SU9
and COX4 leader sequences, expanding the synthetic toolbox for
Nif expression in plants. The identical migration in SDS-PAGE
of each set of yeast- and tobacco-expressed NifB variants suggests
that all of them underwent correct processing, which in the case
of yeast SU9-NifBMi was demonstrated to occur at the predicted
peptide bond between tyrosine and serine residues.

Taking advantage of the heat-resistant properties of
M. infernus NifB, a protocol to enrich levels of the protein
in the soluble fraction of yeast cell-free extracts was developed
permitting further purification and biochemical analysis. Pure
yNifBMi preparations exhibited properties characteristic of
bacteria-purified NifB proteins (Curatti et al., 2006; Wilcoxen
et al., 2016), including color, Fe and S content, and UV-vis
spectra changes upon [Fe–S] cluster reconstitution and
reduction. Importantly, yNifBMi showed activities similar to the
NifBAv protein (purified from A. vinelandii cells) when used to
complement 1nifB A. vinelandii extracts in FeMo-co synthesis
assays.

Whether or not NifB proteins were functional in vivo in
S. cerevisiae is not known, as we have not yet been able to
establish an in vivo assay for NifB activity. In this regard, we
tested whether yNifBMi in the heat-treated extract was functional
without reconstitution, but failed to detect activity, indicating
that yNifBMi has low or no activity prior to [Fe–S] cluster
reconstitution, or that some of its [Fe–S] clusters are lost during
yeast cell lysis and/or heat-treatment. Importantly, addition of
NifB-co to UW140 extract, in the presence or absence of yeast
cell-free extract, resulted in identical activity, suggesting that the
heat-treated cell-free extract did not inhibit the A. vinelandii
nitrogenase activity and that lack of detectable yNifBMi activity
was not due to inhibition of the yeast extract per se (data not
shown).

We recently used a synthetic biology approach to assemble a
yeast library for the expression of nine A. vinelandii nif genes
(nifHDKUSMBEN), where the gene products were targeted to the
yeast mitochondria using distinct mitochondria leader sequences
(Burén et al., 2017). That work highlighted that expression
levels (using distinct promoter/terminator combinations) and
mitochondria signals in many cases need to be empirically tested
for each gene. We also learned that two isoforms of the NifD
polypeptide accumulated in the yeast mitochondria, one of which
was the result of N-terminal degradation of the full-length NifD.
A similar result could be observed when NifD was expressed
in leaf cells of tobacco (Allen et al., 2017), where their NifD
degradation isoform showed a SDS-PAGE migration very similar
to ours. A plausible explanation to this NifD degradation could be
instability of NifDK precursors, as stability of the NifDK tetramer
is improved with protein maturation and nitrogenase co-factor
(FeMo-co) insertion. In this regard, expression of functional NifB
will stabilize NifDK and help increase its levels.

In summary, we have purified NifB protein expressed in a
eukaryotic cell background. Following NifH and NifU (Lopez-
Torrejon et al., 2016), to our knowledge this is the third Nif
protein that has been purified with specific in vitro activity. Using
both yeast and tobacco as expression hosts, we observed that
the monomeric NifBMi (Wilcoxen et al., 2016) was expressed at
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FIGURE 7 | Functionality of COX4 leader sequence for mitochondria targeting of GFP in N. benthamiana leaves. (A) Mesophyll cells expressing
COX4-twinStrep-GFP. GFP (green) and chlorophyll autofluorescence (red) of chloroplasts is shown. (B,C) Epidermal cells expressing COX4-twinStrep-GFP together
with a fluorescent mitochondria marker (Mito-RFP). GFP (green), Mito-RFP (magenta) and chlorophyll autofluorescence (red) of chloroplasts is shown. Co-localization
of COX4-twinStrep-GFP with Mito-RFP labeled structures (B) is shown as white in the merged image, and highlighted with yellow arrows. Adjacent cells expressing
COX4-twinStrep-GFP or Mito-RFP (C) are shown as control to verify the specificity of the signal recorded in each channel. Scale bars show 30 µm. Confocal
Microscopy conditions are specified in Materials and Methods.

higher levels, and to a higher extent accumulated as a soluble
protein, than the dimeric NifBAv. This study emphasizes that
simpler and more robust Nif protein variants could provide
advantages in the ambitious goal of obtaining a functional plant
expressed nitrogenase. Importantly, this study confirms that
yeast synthetic biology provides a valuable tool in the initial
designing and screening process for Nif protein expression and
functionality, prior to performing more complex and time-
consuming plant-based experiments.

MATERIALS AND METHODS

Generation of Plasmids for
Galactose-Induced Yeast Expression
Escherichia coli DH5α was used for storage and amplification
of yeast expression vectors. E.coli was grown at 37◦C in

Luria-Bertani (LB) medium supplemented with appropriate
antibiotics. Yeast optimized coding sequences for nifU, nifS,
nifB (A. vinelandii and M. infernus) and fdxN with in-frame
su9 leader sequences (Westermann and Neupert, 2000) were
generated by GenScript, or by overlapping PCR reactions
as specified below, and cloned into pESC vectors (Agilent
Technologies) using standard techniques. su9-nifU and su9-
nifS were cloned into pESC-URA using BamHI/HindIII and
EcoRI/BglII, respectively, generating pN2GLT4. su9-fdxN and
su9-His10-nifBAv were cloned into pESC-TRP using NotI/ClaI
and BamHI/SalI, respectively, generating pN2GLT18. su9-nifBAv-
His10 and su9-nifBMi-His10 were created using overlapping PCR,
to add su9 and His10 at the 5′- and 3′-termini of nifBAv and
nifBMi. Primers used for generating su9-nifBAv-His10 were
5′-ATTTTCGGTTTGTATTACTTC-3′ and 5′-CATGGAAGA
GTAGGCGC-3′ (using pN2GLT18 as template), 5′-GCGCCT
ACTCTTCCATGGAATTGTCTGTTTTGGGT-3′ and 5′-ATG
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FIGURE 8 | Expression and solubility of mitochondria targeted (COX4) NifBAv and NifBMi in N. benthamiana leaves. (A) Western blot analysis of total protein extracts
(TE) prepared from infiltrated N. benthamiana leaves expressing COX4-twinStrep-GFP (GFP), COX4-twinStrep-NifBAv (NifBAv ) or COX4-twinStrep-NifBMi (NifBMi ) and
separated by SDS-PAGE. The COX4-twinStrep-GFP (green arrow), COX4-twinStrep-NifBAv (blue arrow), COX4-twinStrep-NifBMi (red arrow) proteins are highlighted.
A pronounced non-specific polypeptide detected using the Strep-tag antibodies (white star) co-migrated with the large subunit of Rubisco. The membrane probed
with antibodies against Rubisco was also stained with Ponceau and is included as loading control. (B,C) Western blot analysis of the soluble (S) and non-soluble
pellet (P) fractions of N. benthamiana leaf total extracts used in (A), using Strep-tag antibodies (B) or NifBAv antibodies (C). The COX4-twinStrep-GFP (green arrow),
COX4-twinStrep-NifBAv (blue arrow), COX4-twinStrep-NifBMi (red arrow) proteins are highlighted. Non-specific bands detected using the Strep-tag antibodies (white
stars) co-migrated with Rubisco (B). Non-specific bands detected with NifBAv antibodies (black stars) are also indicated (C). Short (s.e.) and long (l.e.) film exposures
of the Strep-tag antibody probed membrane are shown (B). Ponceau staining of the NifBAv antibody probed membrane is shown as loading control (C).

ATGGTGGTGGTGATGATGATGAGCCTTAGCTTGCAAC-3′
(using pN2GLT18 as template), 5′-ATCACCACCACCATCAT
CACCATTAAGTCGACATGGAACA-3′ and 5′-GTACACGCGT
CTGTACAGAA-3′ (using pN2GLT18 as template), to amplify
su9, nifBAv and His10, respectively. 5′-ATTTTCGGTTTGTA
TTACTTC-3′ and 5′-GTACACGCGTCTGTACAGAA-3′ were
used for the overlapping PCR reaction. Primers used for
generating su9-nifBMi-His10 were 5′-ATTTTCGGTTTGTATT
ACTTC-3′ and 5′-CATGGAAGAGTAGGCGC-3′ (using
pN2GLT18 as template), 5′-GCGCCTACTCTTCCATGGAGAA
AATGTCTAAATTT-3′ and 5′-ATGATGGTGGTGGTGATG
ATGATGGTGTGAGAAATGCTTC-3′ (using nifBMi as
template), 5′-ATCACCACCACCATCATCACCATTAAGTCG
ACATGGAACA-3′ and 5′-GTACACGCGTCTGTACAGAA-3′
(using pN2GLT18 as template), to amplify su9, nifBMi and His10,
respectively. 5′-ATTTTCGGTTTGTATTACTTC-3′ and 5′-GTA
CACGCGTCTGTACAGAA-3′ were used for the overlapping
PCR reaction. su9-nifBAv-His10 and su9-nifBMi-His10 were

cloned into pN2GLT18, replacing su9-His10-nifBAv using
BamHI/SalI, and generating pN2SB22 and pN2SB24,
respectively. su9-fdxN-HA was created using overlapping
PCR, to add HA at the 3′-terminus of su9-fdxN. Primers
used for generating su9-fdxN-HA were 5′-GGTGGTAATGCC
ATGTAATATG-3′ and 5′-GCATAATCTGGAACATCATATGGA
TACCTTGCCTGTATTT-3′ (using pN2SB22 as template),
5′-GATGTTCCAGATTATGCTTAAGAGCTCTTAATTAACAA
TT-3′ and 5′-AAAGTTTAAACCGCATCAGGAAATTGT
AA-3′ (using pN2SB22 as template), to amplify su9-fdxN and
HA, respectively. 5′-GGTGGTAATGCCATGTAATATG-3′ and
5′-AAAGTTTAAACCGCATCAGGAAATTGTAA-3′ were used
for the overlapping PCR reaction. su9-fdxN-HA was cloned
into pN2SB24, replacing su9-fdxN using NotI/PacI, generating
pN2SB39. To make pN2GLT18 (su9-fdxN and su9-His10-nifBAv)
compatible with transformation into prototrophic S. cerevisiae
CEN.PK113-7D clone DOE56, the LEU2 auxotrophic marker
was replaced with the hygromycin marker hphMX4 (Burén et al.,
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2017), generating pN2SB15. DNA and protein sequences of all
constructs are listed in Supplementary Figure S2.

Generation of Yeast Strains, Growth, and
Protein Expression
Saccharomyces cerevisiae W303-1a (MATa leu2-3,112 trp1-1
can1-100 ura3-1 ade2-1 his3-11,15) was the host strain for
expression vectors pN2GLT4 and pN2SB22 (to generate strain
SB09Y), pN2GLT4 and pN2SB24 (to generate strain SB10Y),
and pN2GLT4 and pN2SB39 (to generate strain SB12Y).
CEN.PK113-7D (MATa URA3 TRP1 LEU2 HIS3 MAL2-
8c SUC2) strain DOE56 (having constitutive expression of
mitochondria targeted NifU and NifS) (Burén et al., 2017)
was the host strain for expression vector pN2SB15 (to
generate strain SB03Y). Yeast transformations were carried out
according to the lithium acetate method (Gietz and Schiestl,
2007).

Saccharomyces cerevisiae were grown in flasks at 28◦C and
200 rpm in synthetic drop-out (SD) medium (1.9 g/l yeast
nitrogen base, 5 g/l ammonium sulfate, 20 g/l glucose, and
Kaiser drop-out mixture (Kaiser et al., 1994) (SC -His-Leu-
Trp-Ura, FORMEDIUM) supplemented with 20 mg/l adenine
and 40 mg/l tryptophan, 40 mg/l histidine, 20 mg/l uracil,
60 mg/l leucine, depending on auxotrophic requirements).
Plasmid for the inducible expression of SU9-FdxN and SU9-
His10-NifBAv in transformed DOE56 (SB03Y) was maintained
by supplementing the inoculum growth media with 300 µg/l
hygromycin. Galactose induction for small-scale protein
extracts was performed in the above-described SD medium
in which glucose was replaced by 20 g/l galactose, and
additionally supplemented with 0.1% yeast extract and 1%
peptone. Total yeast protein extracts to verify protein expression
were performed using mild alkali treatment (Kushnirov,
2000). Similar loading on SDS-PAGE experiments was
obtained by preparing samples according to optical density,
and was confirmed by using either Commassie staining of
polyacrylamide gels or Ponceau staining of nitrocellulose
membranes. Additionally, immunoblotting with antibodies
against tubulin was used as control of gel loading and sample
precipitation.

Cultures for yeast expressed NifB purifications were grown
following a previously reported procedures (Lopez-Torrejon
et al., 2016; Burén et al., 2017), in a 4-L fermenter (BIO-STAT).
Cultures were grown at 30◦C in selective SD-medium for 16 h,
followed by 8 h in rich medium (0.5% yeast extract, 0.5%
bactopeptone, 0.5% bactotryptone, 2.5% glucose), supplemented
with 25 mg/L ammonium iron(III) citrate, 1.25 mM magnesium
sulfate, 1.5 mM calcium chloride, and trace element and
vitamin solutions (Lopez-Torrejon et al., 2016). Finally, protein
expression was induced by addition of 2.5% galactose for 16 h.
The pH was automatically maintained around 5 using 0.8 M
ammonium hydroxide. Air flow was maintained at 0.75 liter
air/min per liter of culture, at 300 rpm. Dissolved oxygen dropped
to zero (as measured by oxygen sensor, Mettler Toledo) before
addition of galactose, and remained at zero during the rest of the
process.

Reverse Transcription and Quantitative
Real-time Polymerase Chain Reactions
Total yeast RNA was extracted from 25 ml cultures 6 h
following galactose induction. Briefly, the cells were harvested by
centrifugation (10 min at 3,000 x g), washed once in Milli-Q water
and then resuspended in 1 ml TRIzol reagent (ThermoFisher
Scientific). Cells were broken in 2 ml screw-cap tubes using
0.5 mm glass beads (BioSpec Products) in a mixer mill (Retsch
MM300) operating at 30 Hz, in 5 cycles of 1 min at 4◦C. Two
hundred µl chloroform was added to the lysate, vortexed for 15
sec and incubated 5 min at room temperature. Samples were then
centrifuged at full speed for 5 min at 4◦C. The supernatant was
transferred to new tube and re-extracted with 400 µl chloroform.
The supernatant containing RNA was precipitated with 1 volume
isopropanol at −20◦C for 20 minutes and then pelleted by
centrifugation at full speed for 5 min at 4◦C. The pellet was
washed twice in 1 ml 70% ethanol and finally resuspended
in nuclease free water. RNA concentration was measured in a
nanodrop apparatus and quality was analysed by agarose gel
electrophoresis. RNA was then treated with DNAse to remove
eventual DNA contamination (TURBO DNA-free Kit, AM1907,
Ambion). Absence of DNA was verified using polymerase chain
reaction (PCR) (KAPA2G Fast HotStart ReadyMix, B4KK5609,
KAPA2G). Four µg RNA was used for cDNA synthesis (High-
Capacity cDNA Reverse transcription Kit, 4374966, Applied
Biosystems). The presence of fdxN cDNA was verified by
reverse transcription PCR (RT-PCR) using 4 distinct fdxN
primer combinations (A, 5′-TGTGAACTGCTGGGCATGTG-
3′ and 5′-TCTCCATCACACTCGGTGCAT-3′; B, 5′-TGCACC
GAGTGTGATGGAGA-3′ and 5′-TGCCTCAGCCAATCTTTC
AGGT-3′; C, 5′-ACCGAGTGTGATGGAGACTAT-3′ and 5′-GT
AAGTGAACCAGGTGGGTTAG-3′; D, 5′-CCTTGGCAGGTC
CTCATTT-3′ and 5′-TAGCACCTTCAACTGGACAAATA-3′).
Primers targeting housekeeping genes (alg9, 5′-CACGGATAG
TGGCTTTGGTGAACAATTAC-3′ and 5′-TATGATTATCTGG
CAGCAGGAAAGAACTTGGG-3′; rdn18, 5′-AACTCACCAGG
TCCAGACACAATAAGG-3′ and 5′-AAGGTCTCGTTCGTTA
TCGCAATTAAGC-3′) were selected based on Teste and
colleagues (Teste et al., 2009). Quantitative real-time PCR (qPCR)
(KAPA SYBR FAST Universal qPCR Kit, KK4601, KAPA2G) was
performed using two fdxN primer combinations in addition to
primers targeting the housekeeping genes, using an Eco Real-
Time PCR System (Illumina) following user instructions.

Solubility of Yeast-Expressed NifB
Saccharomyces cerevisiae cells expressing yNifBAv and yNifBMi
were resuspended in 5 volumes of lysis buffer (100 mM Tris-HCl,
400 mM NaCl, 5 mM β-mercaptoethanol (β-ME), 1 mM phenyl-
methylsulfonyl fluoride (PMSF)), at pH 7 or 8 with 10% or 30%
glycerol. Cells were broken in 2 ml tubes using 0.5 mm glass beads
(BioSpec Products) in a mixer mill (Retsch MM300) operating
at 30 Hz in 3 cycles of 1 min at 4◦C. Lysates were incubated at
room temperature (RT), or heated at 5◦C temperature intervals
from 40◦C to 75◦C, for 30 min. The supernatant after 20 min
centrifugation at 20,000 x g and 4◦C containing soluble proteins
was analyzed by SDS-PAGE and immunoblot analysis.
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Preparation of Yeast Anaerobic Cell-Free
Extracts and NifB Purifications
Saccharomyces cerevisiae cells expressing yNifBAv and yNifBMi
were resuspended in anaerobic lysis buffer (100 mM Tris-HCl
pH 8.0, 400 mM NaCl, 10% glycerol) supplemented with 2 mM
dithionite (DTH), 5 mM β-ME, 1 mM PMSF, 1 µg/ml leupeptin
and 5 µg/ml DNAse I. The cells were lysed in an Emulsiflex-C5
homogenizer (Avestin Inc.) at 25,000 lb per square inch. Cell-
free extracts (CFE) were obtained after heat-treatment in a water
bath (yNifBMi only, 65◦C for 30 min), removal of cell debris and
precipitated yeast proteins by centrifugation (50,000 x g for 1 h
at 4◦C) and filtration through a 0.2 µM pore size filter (Nalgene
Rapid-Flow, Thermo Scientific). All procedures were performed
under anaerobic conditions.

Saccharomyces cerevisiae cells expressing SU9-His10-NifBAv
were lysed as described above, in buffer with detergents (50 mM
Tris-HCl pH 8, 200 mM KCl, 10% glycerol, 5 mM β-ME, 0.05%
n-dodecyl-β-D-maltopyranoside, 0.1% triton X-100 and 0.1%
Tween 20) as previously described for purification of NifBMi from
E. coli (Wilcoxen et al., 2016).

His-tagged yNifBMi was purified by Co2+ affinity
chromatography under anaerobic conditions (<0.1 ppm of
O2) using an AKTA Prime FPLC system (GE Healthcare) inside a
glovebox (MBraun). All buffers were previously made anaerobic
by sparging with N2. Before loading the affinity column, the
cell-free extract was diluted to reach 50 mM Tris-HCl, while
maintaining other buffer components. Typically, anaerobic
cell-free extract from 100 g of cell paste was loaded at 2 ml/min
onto a column filled with 5 ml of IMAC resin (GE Healthcare)
equilibrated with buffer A (50 mM Tris-HCl pH 8, 400 mM
NaCl, 10% glycerol, 2 mM DTH, 5 mM β-ME) and washed
with four successive washes of buffer A supplemented with
0, 10, 40 and 100 mM imidazole (10-15 column volumes per
wash), respectively. Bound protein was eluted in two steps, with
buffer A containing 200 and 500 mM imidazole, respectively.
Eluted fractions showing the desired purity were pooled and
concentrated using a 100 kDa cutoff pore centrifugal membrane
device (Amicon Ultra-15, Millipore), and then desalted in PD10
columns (GE Healthcare) equilibrated with buffer A. Pure
yNifBMi was frozen and stored in liquid N2.

In Vitro Reconstitution of yNifBMi Fe-S
Clusters, UV-Visible Spectroscopy,
N-terminal Sequencing and Protein
Methods
In vitro reconstitution of purified yNifBMi was performed as
previously described with modifications (Curatti et al., 2006).
Pure yNifBMi stored in buffer A was buffer-exchanged to buffer
B (50 mM Tris-HCl pH 8, 400 mM NaCl, 10% glycerol, 5 mM
β-ME) by using a PD10 column to recover “as isolated” protein.
The desalted sample (20 µM NifB monomer) was incubated with
10 mM DTT at room temperature inside a glovebox (MBraun)
for 10 min. (NH4)2Fe(SO4)2 and Na2S were then added at
20-fold molar excess ratio and incubated at 35◦C overnight.
yNifBMi was again desalted in buffer B to recover “reconstituted”

protein. As isolated and reconstituted proteins were used for
colorimetric Fe (Fish, 1988) and S (Beinert, 1983) determination,
in vitro FeMo-co synthesis and nitrogenase activity assays, and
UV-visible spectroscopy. UV-visible absorption spectra were
recorded under anaerobic conditions in septum-sealed cuvettes
using a Shimadzu UV-2600 spectrophotometer. When indicated,
5 mM DTH was added to reconstituted yNifBMi. UV-visible
absorption spectra were recorded against buffer B as baseline.
Absorbance at 800 nm was subtracted and spectra were then
normalized to 279 nm. The N-terminal amino acid sequence
of purified yNifBMi was determined by Edman degradation
(Proteome Factory AG). Protein concentrations were measured
using the BCA protein assay (PIERCE). NifB samples were pre-
treated with iodoacetamide before performing the BCA assay to
eliminate the interfering effect of DTH (Hill and Straka, 1988).

In Vitro Synthesis of FeMo-co and
Nitrogenase Reconstitution Assay
In vitro yNifBMi dependent FeMo-co synthesis and nitrogenase
reconstitution reactions were performed in 9-ml serum vials
sealed with serum stoppers (Curatti et al., 2006). Complete
reactions contained 17.5 µM Na2MoO4, 175 µM homocitrate,
1.75 mM (NH4)2FeSO4, 1.75 mM Na2S, 880 µM SAM, 1.23 mM
ATP, 18 mM phosphocreatine, 2.2 mM MgCl2, 3 mM DTH,
40 µg/ml creatine phosphokinase, 2.2 µM NifH (dimer),
2.9 mg/ml UW140 (A. vinelandii 1nifB) proteins, 5 µM (or 0-
10 µM titration) reconstituted yNifBMi (monomer) in 22 mM
Tris-HCl (pH 7.5). The reactions (total volume of 500 µl) were
incubated at 30◦C for 35 min to allow for FeMo-co synthesis
and insertion reactions. NifB-co-dependent in vitro FeMo-co
synthesis assays were performed using 2 µM NifB-co isolated
from K. oxytoca (Shah et al., 1994). Following in vitro synthesis
of FeMo-co, activation of apo-MoFe nitrogenase present in
UW140 extract was analyzed following addition of excess NifH
and ATP-regenerating mixture (total volume 1 ml) by acetylene
reduction assay at 30◦C for 30 min following standard procedures
(Shah and Brill, 1973). Positive control reactions for acetylene
reduction were carried out with pure preparations ofA. vinelandii
Fe protein and MoFe protein incubated with ATP-regenerating
mixture at 30◦C during 30 min.

Generation of Plant Expression Vectors
and Protein Expression in Leaves of
N. benthamiana
Escherichia coli DH5α was used for storage and amplification of
plant expression vectors. E. coli was grown at 37◦C in LB medium
supplemented with appropriate antibiotics. su9-nifBAv-His10 and
su9-nifBMi-His10 were PCR amplified using primers 5′-AAAA
GGATCCAATGGCCTCCACTCGTGTCCTCG-3′ and 5′-TTTT
CACGTGTTAATGGTGATGATGGTGGTG-3′, with pN2SB22
and pN2SB24 as templates, respectively. su9-nifBAv-His10
and su9-nifBMi-His10 were digested with BamHI and PmlI,
and inserted into pGFPGUSPlus vector (Vickers et al.,
2007) (Addgene plasmid #64401) digested with BglII
and PmlI, replacing GUS and generating pN2XJ13 (su9-
nifBAv-His10) and pN2XJ14 (su9-nifBMi-His10), respectively.
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su9-nifBAv was PCR amplified using primers 5′-AAAAGCTA
GCATGGCCTCCACTCGTGTCCTCG-3′ and 5′-TTTTGCT
AGCGCCTTAGCTTGCAACAAAGC-3′, with pN2SB22 as
template. su9-nifBAv was digested with NheI and inserted
into pGFPGUSPlus vector digested with XbaI, generating
pN2XJ15 for expression of su9-nifBAv-gfp. su9-nifBMi was
PCR amplified using primers 5′-AAAAGCTAGCATGGCC
TCCACTCGTGTCCTCG-3′ and 5′-TTTTGCTAGCGCGT
GTGAGAAATGCTTCAAGTCG-3′, with pN2SB24 as
template. su9-nifBMi was digested with NheI and inserted
into pGFPGUSPlus vector digested with XbaI, generating
pN2XJ16 for expression of su9-nifBMi-gfp. DNA sequence
encoding the enhanced 35S promoter and an in-frame fusion
of the cox4 mitochondria leader sequence (Köhler et al., 1997)
with the 28 amino acid Twin-Strep-tag was generated by
ThermoFisher. The E35S-cox4-twinStrep DNA sequence was
flanked by HindIII and BglII, with a BamHI site additionally
added 5′ of the BglII site. E35S-cox4-twinStrep was digested
with HindIII and BglII, and inserted into pGFPGUSPlus vector
also digested with HindIII and BglII, to generate pN2SB41.
DNA sequence encoding egfp was PCR amplified using primers
5′-AAAAAGGATCCATGGTGAGCAAGGGCGA-3′ and 5′-
AAAAAGGTCACCTTACTTGTACAGCTCGTCCATG-3′, and
pGFPGUSPlus as template. egfp was digested with BamHI and
BstEII, and inserted into pN2SB41 also digested with BamHI
and BstEII, creating pN2XJ17. pN2XJ17 was digested with PstI
to remove the non-targeted EGFP, to generate pN2XJ19 (cox4-
twinStrep-gfp). DNA sequences encoding nifBAv and nifBMi,
flanked by BamHI and BstEII, were generated by ThermoFisher.
nifBAv and nifBMi were digested with BamHI and BstEII, and
inserted into pN2SB41 also digested with BamHI and BstEII,
to generate pN2XJ20 (cox4-twinStrep-nifBAv) and pN2XJ21
(cox4-twinStrep-nifBMi). DNA and protein sequences of all
constructs are listed in Supplementary Figure S8.

Agrobacterium tumefaciens strain GV3101(pMP90) was
transformed with plasmids pN2XJ13, pN2XJ14, pN2XJ15,
pN2XJ16, pN2XJ19, pN2XJ20, pN2XJ21 and the silencing
suppressor p19 (Huang et al., 2009). The pDCL-mito-mRFP1
mitochondria marker (Mito-RFP) in A. tumefaciens strain
C58 (Candat et al., 2014) was kindly provided by Prof.
Macherel and Prof. Logan at the Angers University (France).
A. tumefaciens mediated infiltration of N. benthamiana leaves
was essentially performed as described by Leuzinger and
colleagues (Leuzinger et al., 2013). Three to four days post
infiltration, plant tissue was used for protein extraction or
confocal microscopy.

Protein extracts were prepared from infiltrated
N. benthamiana leaf tissue in lysis buffer (100 mM Tris-
HCl pH 8, 150 mM NaCl, 10 mM MgCl2, 0.2% NP-40, 5%
glycerol, 5 mM β-ME and 5 mM ethylenediaminetetraacetic acid
(EDTA)). Two hours before use, 5% polyvinylpolypyrrolidone
(PVPP) was added to lysis buffer and, just before use, 1 mM
PMSF, 1 µg/ml leupeptin and 1x protease inhibitor cocktail
(P8215, Sigma) were added. Extraction was performed at a
2:1 ratio of buffer to tissue. Ten leaf discs of 5 mm diameter
each (approximate weight of 200 mg) were added to a 2-ml
Eppendorf tube containing a 7-mm diameter steel ball. Tubes

were kept in liquid N2 until use. Leaf tissue was broken using
mixer mill (Retsch MM300) operating at 30 Hz for 1 min at
4◦C. The dry tissue powder was supplemented with 400 µl
lysis buffer and mixed for another 1 min at 30 Hz and 4◦C.
The broken tissue in lysis buffer was further incubated on
an orbital shaker for 30 min at 4◦C. One hundred µl extract
were added to 100 µl 2x Laemmli buffer (2xLB) and heated
for 10 min at 95◦C to obtain the “total extract”. The rest of
the extract was centrifuged at 20,000 x g for 30 min at 4◦C
to separate pellet from supernatant. The supernatant “soluble
extract (S)” was mixed with 2xLB and heated for 10 min at
95◦C. The pellet (P) was resuspended in 1 ml lysis buffer (no
additional PVPP added) and centrifuged at 20,000 x g for
10 min at 4◦C. Finally, the pellet was resuspended in 800 µl
2xLB and heated for 10 min at 95◦C. Ten µl of each fraction
were used for SDS-PAGE and immunoblot analysis. Similar
sample loading on SDS-PAGE lanes was assessed either by
Commassie staining of polyacrylamide gels, by Ponceau staining
of transferred nitrocellulose membranes, or by immunoblotting
with antibodies against Rubisco.

Confocal Microscopy of N. benthamiana
Leaf Tissue
Subcellular localization of fluorescent protein tagged proteins was
examined in leaves of A. tumefaciens infiltrated N. benthamiana
using a Leica TCS SP8 laser scanning confocal microscope
with a 40x/1.10 water immersion objective equipped with
LAS X software (Leica). EGFP, RFP, and chlorophyll were
excited with 488-, 561-, or 638-nm laser lines, respectively,
with an emission band of 500 to 537 nm for EGFP
detection, 585 to 620 nm for RFP detection, and 652 to
727 nm for chlorophyll autofluorescence. EGFP and chlorophyll
was recorded simultaneously, while RFP was detected in
a separate scan. Laser intensity and gain was maintained
during each experiment. For each experiment, specificity of
the recorded signals was verified using single transformed
cells.

Antibodies
Antibodies used for immunoblotting in this study were
as follows: polyclonal antibodies detecting NifUAv, NifSAv,
NifBAv and NifBMi were raised against purified preparations
of the corresponding A. vinelandii or M. infernus proteins.
Rubisco specific antibodies were a kind gift from Prof. Göran
Samuelsson, Umeå University. His-tag (H-3, sc-8036, Santa
Cruz), HA-tag (3F10, 12013819001, Roche), GFP (B-2, sc-
9996, Santa Cruz), Strep-tag II (StrepMAB-Classic, 2-1507-
001, IBA Lifesciences) specific antibodies are commercially
available.
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Luis M. Rubio* and Carlos Echavarri-Erasun*

Centro de Biotecnología y Genómica de Plantas, Universidad Politécnica de Madrid (UPM), Instituto Nacional de
Investigación y Tecnología Agraria y Alimentaria (INIA), Madrid, Spain

One of the main hurdles to engineer nitrogenase in a non-diazotrophic host is achieving
NifB activity. NifB is an extremely unstable and oxygen sensitive protein that catalyzes
a low-potential SAM-radical dependent reaction. The product of NifB activity is called
NifB-co, a complex [8Fe-9S-C] cluster that serves as obligate intermediate in the
biosyntheses of the active-site cofactors of all known nitrogenases. Here we study the
diversity and phylogeny of naturally occurring NifB proteins, their protein architecture
and the functions of the distinct NifB domains in order to understand what defines a
catalytically active NifB. Focus is on NifB from the thermophile Chlorobium tepidum
(two-domain architecture), the hyperthermophile Methanocaldococcus infernus (single-
domain architecture) and the mesophile Klebsiella oxytoca (two-domain architecture),
showing in silico characterization of their nitrogen fixation (nif ) gene clusters, conserved
NifB motifs, and functionality. C. tepidum and M. infernus NifB were able to complement
an Azotobacter vinelandii (1nifB) mutant restoring the Nif+ phenotype and thus
demonstrating their functionality in vivo. In addition, purified C. tepidum NifB exhibited
activity in the in vitro NifB-dependent nitrogenase reconstitution assay. Intriguingly,
changing the two-domain K. oxytoca NifB to single-domain by removal of the C-terminal
NifX-like extension resulted in higher in vivo nitrogenase activity, demonstrating that this
domain is not required for nitrogen fixation in mesophiles.

Keywords: nitrogenase, iron-molybdenum cofactor, SAM-radical, nitrogen fixation, Azotobacter, methanogens

INTRODUCTION

Although nitrogen is abundant on Earth, most of it is in the form of dinitrogen (N≡N or N2). Due
to the strength of its triple bound, N2 shows very little reactivity and is therefore not easily available
to living organisms (Hoffman et al., 2014). N2 fixing organisms (diazotrophs) capable of converting
N2 into NH3, an accessible form of nitrogen, probably appeared in the primordial Earth when
the levels of combined nitrogen gradually depleted (Raymond et al., 2004; Canfield et al., 2010).
Although evolution and fine-tuning of biological nitrogen fixation (BNF) had an immense impact
on the Earth’s nitrogen cycle and allowed life to prosper, only a few bacteria and archaea are actually
capable of performing it (Boyd and Peters, 2013). The enzymes that catalyze N2 fixation are called
nitrogenases (Burris and Roberts, 1993). Nitrogenases are two-component protein complexes, with
a catalytic Component I and a Component II acting as obligate electron donor (Bulen and Lecomte,
1966). Three genetically and biochemically distinct classes of nitrogenases have been described
to date: the molybdenum nitrogenase, the vanadium nitrogenase, and the iron-only nitrogenase
(Bishop and Joerger, 1990). All diazotrophs carry the Mo-nitrogenase and may or may not carry
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the V or Fe-only ones, referred to as alternative nitrogenases
(Dos Santos et al., 2012; Mcglynn et al., 2013). In the case of the
Mo-nitrogenase, the Component I is called MoFe protein and is
a heterotetramer of the nifD and nifK gene products, whereas the
Component II is called Fe protein and is a homodimer of the
nifH gene product. A functional nitrogenase complex requires
three metal cofactors embedded in the polypeptide chains to
reduce N2 to NH3 (Peters et al., 2011). The NifH homodimer
carries a [4Fe–4S] cluster located between the two NifH subunits
(Georgiadis et al., 1992), while NifDK harbors an [8Fe–7S]
P-cluster at the interface of each NifD (α) and NifK (β) subunits,
and an iron-molybdenum cofactor (FeMo-co; [7Fe-9S-C-Mo-
homocitrate]) embedded 10 Å beneath the surface of each NifD
subunit (Einsle et al., 2002; Spatzal et al., 2011). Alternative
nitrogenases contain a third type of subunit in Component I,
encoded by vnfG (V-nitrogenase) or anfG (Fe-only nitrogenase),
and either FeV or FeFe cofactors at the active site. These cofactors
are proposed to be identical to FeMo-co except for containing V
or Fe in place of Mo (Eady, 1996).

NifB stands out as the only protein essential for the activity
all nitrogenases (in addition to homocitrate synthase) (Joerger
and Bishop, 1988; Dos Santos et al., 2012). NifB is an S-adenosyl
methionine (SAM)-radical protein that converts [4Fe-4S] clusters
into NifB-co, an [8Fe-9S-C] cluster that serves as precursor
to FeMo-co, FeV-co and FeFe-co, thus catalyzing the first
committed step in nitrogenase active-site cofactor biosynthesis
(Shah et al., 1994; Allen et al., 1995; Curatti et al., 2006; George
et al., 2008; Wiig et al., 2012) (Supplementary Figure 1). In
contrast to FeMo-co, NifB-co is a diamagnetic cluster containing
two spectroscopically distinct Fe sites (Guo et al., 2016).

NifB proteins were first purified from the model bacteria
Azotobacter vinelandii (Curatti et al., 2006) and Klebsiella oxytoca
(Zhao et al., 2007). The NifBAv and the NifBK o proteins contain
a C-terminal NifX-like extension that appears to result from
gene fusions during evolution of nifB (Boyd et al., 2011). The
NifX protein is known to bind and transfer NifB-co to the
NifEN scaffold protein for further processing into FeMo-co
(Hernandez et al., 2007), but the role of the NifX-domain of
NifB is not known. NifB from the archaea Methanocaldococcus
infernus, expressed and purified from recombinant Escherichia
coli cells, was stable and enabled biochemical characterization
(Echavarri-Erasun et al., 2014). Electron paramagnetic resonance
(EPR) studies identified three [4Fe–4S] clusters in NifBMi:
the SAM-binding [4Fe–4S] cluster and two auxiliary [4Fe–4S]
clusters thought to act as substrates for NifB-co synthesis
(Wilcoxen et al., 2016). Amino acid residues involved in the
coordination of two of these metal clusters were identified by
site-directed mutagenesis. NifBMi was found capable of FeMo-co
synthesis in vitro, and exhibited both SAM radical chemistry and
SAM demethylation reactions. Additionally, NifB proteins from
the archaea Methanosarcina acetivorans and Methanobacterium
thermoautotrophicum purified from recombinant E. coli cells
were found to catalyze carbide insertion into the FeMo-co
precursor (Fay et al., 2015). Importantly, none of the studied
archaeal NifB proteins contained the NifX-like extension,
showing its dispensability in the in vitro FeMo-co synthesis assays
for this particular NifB subfamily.

In this work, we have compared the diversity, phylogeny, and
domain architecture of 390 putative NifB proteins to understand
the minimal requirements for NifB activity. We further used
genetic complementation to investigate the in vivo functionality
of NifB from a hyperthermophilic anaerobic Euryarchaea,
a thermophilic anaerobic green sulfur bacterium, and a
mesophilic γ-proteobacterium, representing the three existing
NifB protein architectures. Finally, NifB from Chlorobium
tepidum was purified from a recombinant A. vinelandii strain and
characterized in vitro.

RESULTS

Generation of a Representative NifB
Database
The 390 putative NifB sequences found in the Structure and
Function Linkage Database (SFLD) (Akiva et al., 2014) are
shown in the Supplementary Table 1. Since SFLD “relates specific
sequence-structure features to specific chemical capabilities,” and
is therefore not immune to faulty annotations, we identified
specific NifB fingerprint motifs and applied them as filter
to curate the database. By aligning experimentally proven
NifB proteins from A. vinelandii (NifBAv) (Curatti et al.,
2006), K. oxytoca (NifBKo) (Zhao et al., 2007), Clostridium
acetobutylicum (NifBCa) (Chen et al., 2001; Wiig et al., 2011),
M. infernus (NifBMi) (Wilcoxen et al., 2016), Methanosarcina
acetivorans (NifBMa) (Fay et al., 2015), Methanobacterium
thermoautotrophicum (NifBMt) (Fay et al., 2015), and C. tepidum
(NifBCt , this work), a number of conserved motifs were identified
in the SAM-radical domain including an HPC motif, the AdoMet
motif (Cx3Cx2C) common to all SAM-radical proteins, an ExRP
motif, an AGPG motif, a TxTxN motif and a Cx2CRxDAxG
motif. Putative NifB proteins that did not present all these motifs
were eliminated from the dataset, which was then reduced by 28%
down to 289 sequences (Figure 1 and Supplementary Table 1).

Phylogenetic Distribution of Three
Distinct NifB Domain Architectures
The most widely occurring NifB domain architecture consists of
an N-terminal SAM-radical domain linked to a C-terminal NifX-
like domain (Figure 1A). This protein configuration accounted
for 73% of NifB sequences in the Bacteria domain of the
curated database (Figure 1B and Supplementary Table 2). This
configuration has been proposed to emerge after an ancestral
gene fusion event (Curatti et al., 2006; Boyd et al., 2011). The
functionality of this NifB subfamily has been demonstrated
in vivo in many bacteria, and in vitro for NifBAv and NifBKo
(Curatti et al., 2006; Zhao et al., 2007). A second NifB subfamily
that included an additional NifN-like domain was found in 6
NifB sequences in the Bacteria domain (corresponding to 2.4%
of the curated database). This NifB subfamily was first described
in Clostridia (Chen et al., 2001) and then proven functional
in vitro using purified preparations of an A. vinelandii engineered
NifN-B fusion that mimicked the Clostridium protein (Wiig et al.,
2011). However, in vivo complementation of an A. vinelandii
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FIGURE 1 | Occurrence NifB architectures in diazotrophs. (A) Scheme of the three different NifB architectures and representative species known to possess them.
The SAM-radical is shown in green, the NifX-like domain in red, and the NifN-like domain in blue. Color dots represent motifs strictly conserved in the SAM-radical
domain. The scale bar represents 100 amino acids. (B) Overall distribution and relative frequency of NifB architectures in putative diazotrophs. Green dot represents
the SAM-radical domain; red dot represents the NifX-like domain; blue dot represents the NifN-like domain. This panel was generated by overlapping data from
Supplementary Table 1 with a 3-domain taxonomic tree of life modified from Boyd and Peters (2013).

1nifB mutant was not shown. Finally, a stand-alone SAM-
radical domain was found in 104 NifB sequences, accounting
for 100% of the Euryarchaeota and 24% of the Bacteria NifB
proteins (Figure 1B). The functionality of this NifB subfamily
has been demonstrated exclusively in vitro for M. infernus
(NifBMi) (Wilcoxen et al., 2016), M. acetivorans (NifBMa) and
M. thermoautotrophicum (NifBMt) (Fay et al., 2015).

Importantly, the Clostridium genus of the Firmicutes phylum
is unique in that it contains all three NifB architectures. The
curated NifB database contains 45 Firmicutes species likely to be
diazotrophic organisms. Among these, 55% carry the stand-alone
SAM-radical domain, 33% carry the two-domain architecture,
and 13% carry the three-domain architecture (Figure 1B).

NifB Phylogeny Provides Information
about the Evolution of Diazotrophs
Using the curated NifB database, 28 organisms representing
the diversity of phylogenetic groups having diazotrophic
members (Boyd and Peters, 2013) were selected to construct
a circular phylogenetic tree (Figure 2A and Supplementary
Table 2) and used as a reference to further overlap NifB
phylogenetic trees. In this phylogenetic tree Archaea clade
together, as out-group to Bacteria, forming two different
subclades: the Methanococci (M. infernus and M. villosus)
and the Methanobacteria (Methanobrevibacter smithii
and Methanothermobacter thermautotrophicus). Bacteria
diazotrophic species were distributed as follows: Aquaficae
(Thermocrinis albus and Hydrogenobaculum sp.); Bacteroidetes
(Dysgonomonas gadei and Paludibacter propionigenes), which
clade with Chorobi (Chlorobium ferrooxidans, Chlorobium
parvum, and Chlorobaculum tepidum); Actinobacteria (Frankia
alni); Chloroflexi (Dehalococcoides mccartyi and Roseiflexus
castenholzii); Cyanobacteria (Anabaena sp. and Cyanothece sp.);
and Firmicutes (Clostridium kluyveri, C. acetobutylicum,
and C. pasteurianum), all found in the same clade. Finally,
α-proteobacteria (Rhodopseudomonas palustris, Bradyrhizobium
japonicum, Rhodospirillum rubrum, and Rhodobacter capsulatus),

β-proteobacteria (Azoarcus sp.), γ-proteobacteria (A. vinelandii,
K. oxytoca and Pseudomonas stutzeri), and δ-proteobacteria
(Arcobacter nitrofigilis) were all in the same clade.

Because of the existence of three different NifB architectures,
poorly aligned segments could potentially distort the
phylogenetic tree analyses. Therefore, these regions were
removed with Gblocks software (Talavera and Castresana, 2007)
leaving a 315 contiguous amino acid sequence that was used to
generate the SAM-radical domain tree (Figures 2B,C) and a 64
contiguous amino acid sequence used to generate two different
NifX-like domain trees (Figures 2D,E).

The SAM-radical domain tree was rooted in M. infernus and is
shown in Figure 2B. A derivative tree illustrating the distribution
of NifB domain architecture is presented in Figure 2C. The
Aquaficae, Actinobacteria, and Cyanobacteria did not clade
with Firmicutes, as expected according to Figure 2A, but with
Proteobacteria classes, leaving the Firmicutes as out-group to all
of them. Interestingly, the γ-proteobacteria NifBKo was found
as out-group to all proteobacteria in agreement with previous
analysis (Boyd et al., 2011). The Chlorobi and Bacteroidetes NifB
claded as expected. However, Chloroflexi NifB rooted deeper in
the Bacteria, being the closest relative to Archaea NifB. Previous
studies proposed that the entire nif operon might have been
laterally transferred to Chloroflexi from an ancestral methanogen
co-existing in a common ecological niche (Eisen et al., 2002). Our
data support this hypothesis.

The phylogenetic signal of the NifX-like domain of NifB was
also analyzed (Figures 2D,E). No Archaea NifB with a NifX-like
domain has to our knowledge been found. Chloroflexi also lack
this domain, suggesting acquisition from Archaea by a lateral
gene transfer event (LGT) as previously suggested (Eisen et al.,
2002; Boyd et al., 2011). Distinct NifX proteins encoded in the
genomes of some methanogens were then used to root the trees.
Two substantially different phylogenetic trees were obtained
depending on the NifX protein used as root. Since NifX was
not found in any Methanococci (i.e., M. infernus), Figure 2D
uses NifX from Methanobacteriales (M. thermautotrophicus) and
Figure 2E uses NifX from Methanosarcinales (M. acetivorans).
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FIGURE 2 | NifB phylogeny. (A) Phylogenetic tree of twenty-eight selected species representing all Bacteria and Archaea groups reported to carry nif genes.
(B) Phylogenetic tree of twenty-eight NifB proteins based on their SAM-radical domain. (C) Overlap of the phylogenetic tree shown in (B) and existing NifB
architectures. (D) Phylogenetic tree of twenty-two NifB proteins based on their NifX-like domain generated using M. thermautotrophicus NifX as root.
(E) Phylogenetic tree of twenty-two NifB proteins based on their NifX-like domain generated using M. acetivorans NifX as root. The inset provides color code for the
different Archaea and Bacteria groups with diazotroph members shown in the phylogenetic trees. It also details NifB protein domains and the strictly conserved
motifs within the SAM-radical domain (C).
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The pattern of the first tree is similar to that of the SAM-radical
domain tree, suggesting Chloroflexi as the bacterial ancestor
from which the lineage emerged. The second tree, however,
points to Firmicutes as the bacterial ancestor from which
nif genes proliferated in Bacteria. This remains an interesting
possibility given that Firmicutes present the three different NifB
architectures known to date.

Organization of nif Genes in the
Genomes of C. tepidum and M. infernus
In order to define essential and not essential domains for
NifB function in vivo in an aerobic mesophilic host, we
focused on NifB from the thermophile C. tepidum (two-
domain architecture), the hyperthermophile M. infernus (single-
domain architecture), and the mesophile K. oxytoca (two-domain
architecture). NifBKo and NifBMi have previously been purified
and characterized in vitro (Zhao et al., 2007; Wilcoxen et al., 2016)
but not NifBCt , which is reported in this study.

Chlorobium tepidum is a well-described diazotroph (Wahlund
and Madigan, 1993) with annotated genome (Eisen et al.,
2002). Most of its nif genes are located in a single 20-kb
cluster containing the Mo-nitrogenase structural genes (nifH,
nifD, and nifK), FeMo-co biosynthetic genes (nifB, nifE, nifN,
nifV, and fdxN), and regulatory genes (nifA, nifI1, and nifI2)
(Supplementary Figure 2). Genome blast with individual nif
genes from the model diazotroph K. oxytoca did not reveal
anomalies, supporting the current C. tepidum annotation.

While NifBMi expressed in E. coli was shown to support
FeMo-co synthesis in vitro (Wilcoxen et al., 2016), M. infernus
has not yet been proven to be diazotrophic. The nif genes in the
M. infernus genome consist of nifH, nifD, and nifK structural
genes, nifB and nifE cofactor biosynthetic genes, and nifI1 and
nifI2 regulatory genes. Intriguingly, a second nifH gene is located
17-kb apart from the nif cluster and nifB was found 470-kb apart
with no apparent nif genes in close proximity.

NifBCt and NifBMi are Functional in Vivo
When Expressed in the Aerobic
Mesophilic Host A. vinelandii
Genetic complementation analyses were performed by expressing
synthetic codon-optimized nifBCt and nifBMi genes in the
A. vinelandii UW140 (1nifB) strain under the control of the
nifH promoter (Figure 3A). A. vinelandii is a strict aerobe
with optimum growth temperature of 30◦C and is used here
to provide an initial screen of NifB functionality that will be
useful for further screening and implementation in Eukaryotic
hosts. Strains UW418 (1nifB, PnifH::nifBMi) and UW422 (1nifB,
PnifH::nifBCt) exhibited diazotrophic growth both in solid and
liquid culture media (Figures 3B,D), in contrast to the Nif−
phenotype of the parental strain UW140 (1nifB). Calculated
diazotrophic growth rates (ln2/td) were: 0.23 for the wild type,
<0.001 for UW140, 0.015 for UW418, and 0.13 for UW422. This
data shows that, although both NifBCt and NifBMi originate from
strict anaerobic and thermophilic microbes, the proteins were
functional and could complement the A. vinelandii 1nifB mutant
phenotype. However, whereas NifBCt supported similar growth

rate at 30◦C as the A. vinelandii wild type strain, the recombinant
NifBMi did not, possibly explained by the almost 40◦C difference
in optimal growth temperature between C. tepidum (48◦C,
Wahlund and Madigan, 1993) and M. infernus (85◦C, Jeanthon
et al., 1998). No difference in growth rate could be observed when
using NH4

+ as nitrogen source: 0.31 for the wild type, 0.29 for
UW140, 0.30 for UW418, and 0.30 for UW422 (Figure 3C).

In vivo nitrogenase activities determined by the acetylene
reduction assay showed significant activity in UW422 in the
8 h period following nitrogenase derepression (Figure 3E). No
activity was detected in UW418 within this period of time,
consistent with its significantly lower diazotrophic growth rate.

Purification and Biochemical
Characterization of NifBCt
NifBCt was expressed and purified from a recombinant
A. vinelandii strain (Figure 4A). The yield of pure NifBCt from
A. vinelandii cells was 0.3 µg NifBCt per gram of cell, 15-fold
higher than that of overexpressed NifBAv (Curatti et al., 2006).
Purity of the NifBCt preparations exceeded 95%, as determined
by Coomassie stained SDS-gels, and the identity of NifBCt was
confirmed by MALDI-TOF analysis with 60% sequence coverage
(Supplementary Table 3). NifBCt migrated as a monomer
of 46.5 kDa in anaerobic size exclusion chromatography
(Figure 4B), in good agreement with theoretical mass determined
by the amino acid sequence (46.8 kDa). As isolated NifBCt
contained 3.05 Fe atoms per monomer. In vitro reconstitution
of its [Fe–S] clusters under reducing conditions increased Fe
contents to 10.1 ± 0.07 Fe atoms (n = 3). Consistently, features
characteristic of [Fe–S] proteins (especially the broad shoulder at
400-420 nm) were more prominent in the reconstituted NifBCt
UV-vis spectrum (Figure 4C). Reconstituted NifBCt was active
in the in vitro FeMo-co synthesis and nitrogenase activation
assay: 5.2 ± 2.2 nmol ethylene formed·min−1

·assay−1 (n = 2)
compared to 8.2 ± 1.5 nmol ethylene formed·min−1

·assay−1

(n= 2) when using pure NifB-co.

The NifX-like Domain of NifBKo Is Not
Essential for Nitrogenase Activity or
Diazotrophic Growth
The capacity of nifBMi to complement the 1nifB strain strongly
suggests that the SAM-radical domain of NifB is the only
one required for the synthesis of the FeMo-co precursor,
but this could be a property specific to the stand-alone
SAM-radical domain subfamily. To determine whether the
NifX-like domain naturally present in the two-domain NifB
architecture is required for NifB-co synthesis, a truncated
NifBKo variant lacking the entire NifX-like domain (nifBKo-1C)
was generated, introduced in K. oxytoca UC9 (1nifB) and
expressed under the control of a tac promoter (Figure 5A
and Supplementary Figure 3). Additionally, as this truncated
version would mimic a mesophilic single-domain NifB, we could
test whether presence of the NifX-like domain is important
for growth under moderate, non-thermophilic, temperatures.
Diazotrophic growth and in vivo nitrogenase activity of UC28
(1nifB, Ptac::nifBKo-1C) were measured at 3 h intervals in a
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FIGURE 3 | Genetic complementation of A. vinelandii 1nifB with nifBCt and nifBMi genes. (A) Scheme showing the construction of A. vinelandii 1nifB derivative
strains carrying nifBMi (UW418) and nifBCt UW422 inserted in their chromosome under the control of a copy of the nifH promoter. (B) Petri dishes with solid Burk
media showing growth of A. vinelandii DJ (wild-type strain, WT), UW140 (1nifB), UW418 (1nifB, PnifH::nifBMi ) and UW422 (1nifB, PnifH::nifBCt ) in the presence (left
plate) or absence (right plate) of ammonium as nitrogen source. (C,D) Growth curves of DJ, UW140, UW418 and UW422 strains using ammonium (C) or N2 (D) as
source of nitrogen. (E) In vivo acetylene reduction activity of nif derepressed A. vinelandii strains shown as nmol ethylene formed·min−1

·ml−1 at a normalized
OD of 1. UW140 and UW422 strains did not exhibit detectable activities during the 8-h period following derepression. Data in (C–E) represent means ± SD (n ≥ 2).

24 h time course following derepression and compared to those
of UC16 (1nifB, Ptac::nifBKo), a control strain expressing full-
length NifBKo. Surprisingly, UC28 exhibited diazotrophic growth
similar to UC16 and in vivo nitrogenase activity higher than
UC16 (Figures 5B,C). The UC9 parental strain did not exhibit
nitrogenase activity or diazotrophic growth, confirming that the
functionality of the expressed NifBKo variants and suggesting
that the NifX-like extension of NifBKo is not required for NifB-
co synthesis, at least under the growth conditions tested in this
study, and that this could be a general rule for the two-domain
family of NifB proteins.

DISCUSSION

NifB Phylogeny and Architecture
To our knowledge, this work presents the largest compilation
of NifB proteins described to date. The NifB database was
stringently filtered to exclude faulty annotated proteins and the
curated dataset provides insights about NifB origin, taxonomy
and architecture that complement previous work (Soboh et al.,
2010; Boyd et al., 2011; Boyd and Peters, 2013). In this study we
demonstrate that the SAM-radical domain of NifB is sufficient

to support FeMo-co biosynthesis in vivo in the model organisms
A. vinelandii and K. oxytoca.

A strict filter, based on motifs exhibited by experimentally
confirmed NifB proteins, was applied to the initial database. As a
result, 28% NifB sequences were excluded from further analysis.
Although these criteria might be too strict, we reasoned that it
was better to miss some true-positives than to risk including
false-positives. Most excluded NifB proteins lacked the conserved
Cx3Cx2C motif required for SAM-radical catalysis. In contrast,
the NifX domain was identified in each one of them and we think
that these faulty annotated NifB proteins are instead NifX. This
confusion originates from the fact that the NifX domain is present
in NifB, NafY, NifY as well as NifX proteins.

Three distinct NifB protein architectures exist. The most
widespread in Bacteria consists of an N-terminal SAM-radical
domain followed by a C-terminal NifX-like domain. However,
this configuration is absent in Archaea, which present smaller
NifB proteins consisting of a stand-alone SAM-radical domain.
Boyd and collaborators investigated the lineage of the stand-alone
SAM-radical domain in Archaea NifB proteins and compared
it to the two-domain architecture favored in Bacteria (Boyd
et al., 2011). The authors traced an event that suggested
that a methanogen donated its nif cluster via LGT to a
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FIGURE 4 | Molecular mass and UV-vis spectra of purified NifBCt

preparations. (A) SDS-PAGE analysis of NifBCt purified from recombinant
A. vinelandii UW422. (B) NifBCt native molecular weight as determined by
size-exclusion chromatography against known protein weight markers.
(C) UV-vis spectra of the as isolated (red) and [Fe–S] cluster reconstituted
(blue) preparations of pure NifBCt. The inset pictures show the increase in
color intensity upon [Fe–S] cluster reconstitution.

Firmicutes ancestor that co-existed in the same ecological niche.
Then, a fusion event happened that resulted in the nifB-nifX
protein occurring in Firmicutes. It was later suggested that the
wide spread of the nifB-nifX fusion protein in Bacteria was
independent of the selective pressure associated with aerobic
diazotrophy (Boyd et al., 2015). An additional fusion event
between nifN and nifB-nifX also occurred in Firmicutes leading
to the three-domain NifB architecture. This last event was
confined to Firmicutes, which is the only phylum presenting all
three types of NifB architecture. It is surprising that the three-
domain NifB was not widespread in Bacteria. From knowledge
gained through in vitro FeMo-co synthesis studies (Curatti et al.,
2007), it could be assumed that a NifENB fusion protein would be
beneficial by protecting labile NifB-co and streamlining FeMo-co
synthesis. However, it is possible that a NifENB fusion might not
allow fine-tuning of precursor biosynthesis.

Based on the phylogeny of independent NifX proteins, another
early nifB LGT was detected between Methanosarcinales and
Chloroflexi. This event was also apparent in the SAM-radical
domain phylogenetic tree, with Chloroflexi rooting deeper than
any other group. The short distance between Methanosarcinales
and Chloroflexi NifB lineages was also observed by Boyd and
colleagues (Boyd et al., 2011).

Ancestral NifB Proteins from Strict
Anaerobic and Thermophilic Organisms
that Function in Vivo in an Aerobic
Mesophilic Host
Stand-alone SAM-radical domain NifB proteins catalyze
NifB-co synthesis in vitro (Fay et al., 2015; Wilcoxen et al.,
2016). However, they have not yet been proven capable of
sustaining diazotrophic growth of M. thermautotrophicus,
M. acetivorans, and M. infernus (which also are not yet
experimentally confirmed to be diazotrophs). It was also
not clear whether this NifB family would function in a
mesophilic and aerobic environment, which could prevent
their use for plant nitrogenase engineering. Therefore, the
Nif+ phenotype exhibited by the A. vinelandii 1nifB strain
complemented with nifBMi presented in this study is convincing
evidence of its in vivo functionality in a mesophilic and aerobic
bacterium.

As expected, stronger Nif+ phenotype was achieved by
complementation with NifBCt . C. tepidum is a mild thermophile
with optimum growth temperature of 48◦C and therefore much
closer to the 30◦C optimum of A. vinelandii. In addition,
NifBCt has a two-domain NifB architecture similar to NifBAv.
Interestingly, NifBCt was a monomer, similar to the archaeal
single-domain NifB proteins and different from the NifBAv and
NifBKo homodimers. Although constrained by the limited set
of available experimental data, it appears that NifB monomers
might be more stable and therefore favored in thermophilic
organisms regardless of protein architecture. Importantly,
both configurations are functional in vivo in a mesophilic
host. The strong diazotrophic growth of UW418 in plates
compared to liquid medium suggests that there are other factors
limiting NifBMi activity A. vinelanii in addition to operational
temperature. One possibility is that oxygen limitation during
growth in plate has a positive effect on NifBMi that is not observed
in liquid medium.

The NifX-like Domain of NifBKo May Have
a Role Regulating the Flux of NifB-co
during FeMo-Co Biosynthesis
It was suggested that the distinct NifBAv domain architecture
(the N-terminal SAM-radical domain and the C-terminal NifX-
like domain) could be required to coordinate [Fe–S] cluster
precursors prior to catalysis resulting in NifB-co synthesis
(Curatti et al., 2006). This possibility was put into question
when stand-alone SAM-radical domain archaeal NifB were
found active in vitro (Arragain et al., 2014; Fay et al., 2015;
Wilcoxen et al., 2016). Here, we demonstrate that the NifX-like
domain of NifBKo is not essential for catalytic activity in vivo.
A truncated NifBKo lacking the NifX-like domain supported
in vivo nitrogenase (ethylene production) rates even higher than
full-length NifB. It is thus reasonable to think that NifB catalysis
only requires the SAM-radical domain, and that other domains
may perform complementary functions that are beneficial but
not essential for FeMo-co biosynthesis. A critical role in cofactor
biosynthesis for alternative nitrogenases is not likely as this
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FIGURE 5 | (A) Scheme of full-length GST-NifBKo and GST-NifBKo-1C in expression plasmids carried by UC16 and UC28, respectively. (B,C) Diazotrophic growth
(B) and in vivo acetylene reduction activity (C) of K. oxytoca UC16 and UC28 expressing full-length and truncated NifB variants, respectively, compared to the UC9
(1nifB) strain. Data represent means ± SD (n = 3). Maximum ethylene production of K. oxytoca UN (wild-type) was 12.6 nmol·min−1

·ml−1 (n = 3).

domain is absent in NifB from M. acetivorans, which carries all
three types of nitrogenase (Galagan et al., 2002).

Prospects to Implement NifB Activity in
Eukaryotes
The successful purification of active NifH from yeast
mitochondria, when co-expressed with NifU, NifS and NifM,
represented a first advance toward implementing BNF in
eukaryotic systems (Lopez-Torrejon et al., 2016). However,
major steps are still required to engineer active nitrogenase
in a eukaryote. In this regard, expression of functional NifB
is expected to be a major barrier to overcome. This is not
only because NifB catalyzes a reaction unique and essential to
diazotrophs, but also because of the O2-labilility of its [Fe-S]
clusters, including NifB-co.

NifB from well-established model organisms, such as
A. vinelandii and K. oxytoca, might be difficult to use in the
harsh environment provided by a eukaryotic cell. There is
evidence that NifB catalysis makes it susceptible to proteolysis
(Martinez-Noel et al., 2011). Screening for simpler, but
more suitable variants from less “sophisticated” diazotrophs
may be a rewarding strategy. In this aspect, the use of less
labile, monomeric, and temperature-resistant NifB from
Archaea or Bacteria, such as the two examples shown in
this study, may help engineering FeMo-co biosynthesis in
Eukaryotic (plant) cells. The accompanying paper (Burén
et al., 2017) describes the first successful step in this
direction.

MATERIALS AND METHODS

Data Mining and Phylogenetic Analysis
The 390 annotated NifB sequences retrieved from the Structure
and Function Linkage Database (SFLD) (Akiva et al., 2014)
and UniProt1 are shown in Supplementary Table 1. To exclude
potentially faulty annotated sequences, the following filtering
procedure was applied to the dataset. First, amino acid sequences
of experimentally proven NifB proteins, including A. vinelandii
(NifBAv) (Curatti et al., 2006), K. oxytoca (NifBKo) (Zhao
et al., 2007), Clostridium pasteurianum (NifBCp) (Chen et al.,
2001; Wiig et al., 2011), M. infernus (NifBMi) (Wilcoxen et al.,
2016), Methanosarcina acetivorans (NifBMa) (Fay et al., 2015),
Methanobacterium thermoautotrophicum (NifBMt) (Fay et al.,
2015), and C. tepidum (this work) were aligned to determine
conserved motifs. These NifB fingerprint motifs localized in the
SAM-radical domain and included an HPC motif, the AdoMet
Cx3Cx2C motif, an ExRP motif, an AGPG motif, a TxTxN motif,
and a Cx2CRxDAxG motif (Figure 1). The full NifB dataset was
then analyzed for the presence of these fingerprints, reducing the
initial 390 sequences to 289 (Supplementary Table 1). Protein
domain architecture was analyzed using the PFAM database2

(Finn et al., 2016). The frequency of appearance of each one of the
different NifB domains in diazotrophic phyla shown in Figure 1
was represented by overlapping data from Supplementary Table 1

1http://uniprot.org
2http://pfam.xfam.org
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with a 3-domain taxonomic tree of life (modified from Boyd and
Peters, 2013).

Twenty-eight NifB proteins representing all phylogenetic
groups known to contain diazotrophs (Boyd and Peters, 2013)
(Supplementary Table 2) were selected from the reduced list and
used to investigate taxonomy versus architecture correlation. The
taxonomy of diazotrophic groups was resolved using PhyloT3,
an online tool that uses the full NCBI taxonomy to generate
phylogenetic trees (Figure 2A).

Clustal Omega4 was used to generate protein alignments
and neighbor joining (NJ) phylogenetic trees (Sievers et al.,
2011). Maximum likehood (ML) trees shown in Figures 2B–E
were produced using the IQ-Tree web server5 (Trifinopoulos
et al., 2016). Gblocks (Talavera and Castresana, 2007) was
used to remove non-conserved aligned segments leaving a 315
contiguous amino acid sequence that was used to generate the
SAM-radical domain tree (Figures 2B,C) and a 64 contiguous
amino acid sequence used to generate the NifX-like domain trees
(Figures 2D,E). Phylogenetic trees shown in Figures 2B–E were
resolved using the Interactive Tree of Life online tool6 (Letunic
and Bork, 2007) and FigTree.

Plasmids, Strains and Growth Conditions
The strains and plasmids used in this work are listed in
Supplementary Table 4. A. vinelandii strains DJ (wild-type) (D.R.
Dean, Virginia Tech) and UW140 (1nifB) (Hernandez et al.,
2007) have been described. K. oxytoca strains UC9 (1nifB) and
UC16 (1nifB, Ptac::gst-nifBKo) (Zhao et al., 2007) have been
described.

The M. infernus (nifBMi, accession number D5VRM1)
and C. tepidum (nifBCt , accession number. CT1540) nifB
sequences were codon-optimized and synthesized by GenScript
(Piscataway, NJ, United States) for expression in E. coli. Plasmids
pRHB557 and pRHB558 contained the nifBCt and nifBMi
genes, respectively, cloned into the NdeI and EcoRI sites of
pRHB258 for the expression of His9-tagged proteins under the
control of the nifH promoter (Curatti et al., 2007). Plasmids
pRHB557 and pRHB558 were inserted into the chromosome of
A. vinelandii UW140 (1nifB) by homologous recombination at
the D-sequence, a 1.1-kb DNA fragment from the chromosomal
region downstream of Avin02530 (Hernandez et al., 2008), to
generate strains UW422 and UW418, respectively (Figure 3A).
Transformants were selected in agar plates of NH4

+-free Burk’s
modified medium (Shah et al., 1972) containing 50 µg/ml
ampicillin.

For diazotrophic growth rate A. vinelandii strains were grown
at 30◦C on N-free Burk’s medium. When a fixed nitrogen
source was required, ammonium acetate was added to a final
concentration of 29 mM. Growth was estimated as OD600 using
an Ultrospec 3300 Pro spectrophotometer (Amersham). The
exponential growth rate constant corresponds to ln2/td, where td
represents the doubling time.

3http://phylot.biobyte.de/
4http://www.ebi.ac.uk/Tools/msa/clustalo/
5http://www.iqtree.org
6http://itol.embl.de

For A. vinelandii in vivo nitrogenase activity determinations
strains were grown at 30◦C on NH4

+ supplemented Burk’s
medium and then collected, washed and derepressed for
nitrogenase as previously described (Shah et al., 1972). Acetylene
reduction was determined as described in (Stewart et al., 1967).

Expression plasmid pRHB233 (Ptac::gst-nifBKo) is a derivative
of pGEX-4T-3 (GE Healthcare) that contains the entire nifBKo
gene (1404 nucleotides encoding a 468 amino-acid polypeptide;
UniProt accession number P10390) fused to a gst-encoding gene
(Zhao et al., 2007). Plasmid pRHB233 was used as template to
amplify a truncated nifBKo variant using oligonucleotides 5′-C
CCCATATGACTACTTCCTGCTCCTCTTTTTCTGGCGGC-3′
and 5′-GGGCTCGAGTCAATGATGATGATGATGATGAT
GATGATGCGCGGGTCGCAATGCTGGCGTGCAG-3′. The
resulting 1008 bp fragment, encoding a 336 amino acid NifBKo
polypeptide that lacked the C-terminal NifX-like domain
(NifBKo-1C), was cloned into the NdeI and XhoI sites of pGEX-
4T-3 to generate plasmid pRHB554. K. oxytoca UC9 (1nifB)
strain was transformed with pRHB554 to generate strain UC28
(1nifB, Ptac::gst-nifBKo−1C). Positive transformants were
selected in LC agar plates containing ampicillin (150 µg/ml) and
carbenicillin (800 µg/ml).

For diazotrophic growth rate and in vivo nitrogenase activity
determinations, K. oxytoca strains were grown overnight at 30◦C
in minimal medium supplemented with 28.5 µM ammonium
acetate (Shah et al., 1994). Cells were washed three times using
N-free medium and finally resuspended at a final OD600 value
of 0.15 in N-free medium supplemented with 0.1% serine,
150 µg/ml ampicillin, 800 µg/ml carbenicillin, and 5 µM IPTG
in dual-sealed 100-ml vials under O2-free conditions. At 3-h
intervals during a period of 24 h, culture growth was monitored
by OD600 using an Ultrospec 3300 Pro spectrophotometer
(Amersham), and the in vivo nitrogenase activity was determined
by ethylene production at 30◦C for 30 min in 1-ml culture
samples at a normalized OD600 value of 1, as previously described
(Stewart et al., 1967). The growth rate constant corresponds to
ln2/td, where td represents the doubling time.

Purification of NifBCt from A. vinelandii
Recombinant Cells
Azotobacter vinelandii UW422 cells overexpressing NifBCt under
the control of a nifH promoter were grown in 32-l batches
in a 300-l fermenter (Bioprocess Technology). Nitrogenase
derepression and cell collection were carried out as described in
(Echavarri-Erasun et al., 2014).

Purification of His-NifBCt from A. vinelandii cells was
as follows: 150 g of cells were resuspended in 450 ml
buffer A (50 µM Na2HPO4, pH 7.6, 4 M glycerol, 5 µM
2-mercaptoethanol and 2 µM Na2S2O4) supplemented with
protease inhibitors (200 µM PMSF and 1 µg/ml leupeptin)
and 5 µg/ml DNAse inside a Coy Labs glovebox for 30 min.
Cells were pelleted at 14,000 × g for 10 min at 4◦C and
then transferred back inside the glovebox. Pellets were lysed by
osmotic shock in 450 ml buffer B (50 µM Na2HPO4, pH 7.6,
0.05% n-dodecyl-β-D-maltoside, 5 µM 2-mercaptoethanol and
2 µM Na2S2O4). A cell-free extract was obtained by collecting
the supernatant after centrifugation at 70,000 × g for 1 h at
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4◦C. The cell-free extract was supplemented with NaCl to a
final concentration of 180 µM and loaded onto a 25-ml IMAC
column (GE Healthcare) previously charged with Co2+ and
equilibrated in buffer C (50 µM Na2HPO4, pH 7.6, 180 µM NaCl,
0.05% n-dodecyl-β-D-maltoside, 5 µM 2-mercaptoethanol, 10%
glycerol and 2 µM Na2S2O4) at 4◦C. Column was washed with
3 column volumes of buffer C, followed by 7 column volumes of
buffer C supplemented with 50 µM imidazole. NifBCt was eluted
using buffer C supplemented with 300 µM imidazole. Eluted
fractions were analyzed by SDS-PAGE and Coomassie staining.
Fractions containing pure NifBCt were pooled and desalted using
a HiPrep 26/10 desalting column (GE Healthcare) previously
equilibrated with buffer C. Purified NifBCt was stored in liquid
N2 as pellets.

Determination of NifBCt Native Molecular
Weight
NifBCt Native Molecular Weight was determined by size-
exclusion chromatography using a HiLoad 16/600 Superdex
200 column attached to an AKTA FPLC (GE Healthcare). The
column was equilibrated with 50 µM Na2HPO4, pH 7.6, 180 µM
NaCl, 10% glycerol, 5 µM 2-mercaptoethanol and 2 µM Na2S2O4
and the chromatography was run with the same buffer at a flow
rate of 1 ml/min. The column was calibrated for molecular mass
determination by using the molecular weight standard proteins
aldolase (158 kDa), conalbumin (75 kDa), ovalbumin (44 kDa),
and carbonic anhydrase (29 kDa) (GE Healthcare).

NifBCt [Fe–S] Cluster Reconstitution
As isolated NifBCt samples were diluted in 50 µM Tris-HCl
(pH 8) buffer containing 200 mM KCl and 10% glycerol to
a final concentration of 10 µM NifBCt . Samples were then
incubated during 2 h at 37◦C with a 12-fold molar excess of Fe2+

[(NH4)2Fe(SO4)2] and S2− (Na2S), in the presence of 10 µM
DTT. The Fe and S excess was removed from reconstituted
preparations by filtration in a HiPrep 26/10 desalting column
(GE Healthcare) equilibrated in dilution buffer. After desalting,
Fe content of reconstituted NifBCt samples was quantified as
described by Fish (1988).

NifBCt-Dependent in Vitro Synthesis of
FeMo-co
Azotobacter vinelandii UW140 (1nifB) cell-free extracts
were obtained as described above and used for biochemical

complementation assays. Purified NifBCt (0.16 µM) was
added to reaction mixtures containing 0.2 ml of UW140 cell-
free extract (4.4 µg protein/ml) in 22 µM Tris-HCl (pH
7.4), 17.5 µM Na2MoO4, 175 µM R-homocitrate, 400 µM
(NH4)2FeSO4, 400 µM Na2S, 880 µM SAM, 1.32 µM ATP,
18 µM phosphocreatine, 2.2 µM MgCl2, 3 µM Na2S2O4, 3.5%
glycerol, 40 µg creatine phosphokinase, and 2 µM NifH at a
final volume of 400 ml. Control reactions contained 1.4 µM pure
NifB-co instead of NifBCt . Reactions were incubated at 30◦C for
45 min inside an MBraun glovebox (O2 < 0.1 ppm) to allow
for FeMo-co synthesis and insertion into apo-NifDK present in
the UW140 extract. Acetylene reduction activity of reconstituted
NifDK protein was quantified after addition of 0.1 µg NifH,
changing the vial gas phase to 100% argon, and finally injecting
0.5 ml acetylene. Reaction mixtures were incubated in a water
bath at 30◦C for 15 min and 600 rpm shaking and then stopped
by addition of 0.1 ml of 8 M NaOH. Ethylene formation was
measured in a Shimadzu GC-2014 gas chromatograph equipped
with a Porapak N80/100 column.
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During the initial step of the symbiosis between legumes (Fabaceae) and nitrogen-fixing

bacteria (rhizobia), the bacterial signal molecule known as the Nod factor (nodulation

factor) is recognized by plant LysM motif-containing receptor-like kinases (LysM-RLKs).

The fifth chromosome of barrel medic (Medicago truncatula Gaertn.) contains a cluster

of paralogous LysM-RLK genes, one of which is known to participate in symbiosis. In the

syntenic region of the pea (Pisum sativum L.) genome, three genes have been identified:

PsK1 and PsSym37, two symbiosis-related LysM-RLK genes with known sequences,

and the unsequenced PsSym2 gene which presumably encodes a LysM-RLK and is

associated with increased selectivity to certain Nod factors. In this work, we identified

a new gene encoding a LysM-RLK, designated as PsLykX, within the Sym2 genomic

region. We sequenced the first exons (corresponding to the protein receptor domain)

of PsSym37, PsK1, and PsLykX from a large set of pea genotypes of diverse origin.

The nucleotide diversity of these fragments was estimated and groups of haplotypes for

each gene were revealed. Footprints of selection pressure were detected via comparative

analyses of SNP distribution across the first exons of these genes and their homologs

MtLYK2,MtLYK3, andMtLYK4 fromM. truncatula retrieved from the Medicago Hapmap

project. Despite the remarkable similarity among all the studied genes, they exhibited

contrasting selection signatures, possibly pointing to diversification of their functions.

Signatures of balancing selection were found in LysM1-encoding parts of PsSym37 and

PsK1, suggesting that the diversity of these parts may be important for pea LysM-RLKs.

The first exons of PsSym37 and PsK1 displayed signatures of purifying selection, as

well as MtLYK2 of M. truncatula. Evidence of positive selection affecting primarily LysM

domains was found in all three investigated M. truncatula genes, as well as in the pea

gene PsLykX. The data suggested that PsLykX is a promising candidate for PsSym2,

which has remained elusive for more than 30 years.

Keywords: pea (Pisum sativum L.), molecular evolution, legume–rhizobial symbiosis, LysM-containing

receptor-like kinases, Sym2, Nod factor perception, Medicago truncatula
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INTRODUCTION

One of the hallmark features of legumes (Fabaceae) is their
ability to form beneficial symbioses with nitrogen-fixing soil
bacteria collectively known as rhizobia. The establishment of
such symbioses is a very complex process that involves many
genes, as it requires proper recognition of the symbiotic partners,
with subsequent development of novel symbiotic organs and
partial integration of metabolic pathways in organisms belonging
to different domains (Oldroyd et al., 2011; Suzaki et al., 2015;
Zipfel and Oldroyd, 2017). The main function of these symbioses
is the fixation of atmospheric nitrogen, making it a significant
evolutionary advantage for legumes (Wheatley and Sprent, 2010;
Werner et al., 2015).

The establishment of the legume–rhizobial symbiosis begins
with mutual recognition of the partners. During this initial
step, a bacterial lipo-chitooligosaccharide signaling molecule
known as the Nod factor (nodulation factor; Denarie et al.,
1996) is recognized by plant receptors in the LysM-RLK protein
family (Limpens et al., 2003; Madsen et al., 2003; Broghammer
et al., 2012). LysM-RLKs are receptor-like kinases (RLKs) with
three lysin motifs (LysMs) in the ligand-binding extracellular
region (Nakagawa et al., 2011; Mesnage et al., 2014). Although
LysMs are widespread among prokaryotes and eukaryotes (with
the exception of the Archaea), they are only connected to a
kinase domain in plants (Ponting et al., 1999; Buist et al.,
2008). Various LysM-RLKs are required to recognize molecular
signals from rhizobia, arbuscular-mycorrhizal fungi (Buendía-
Clavería et al., 2003; Oldroyd, 2013; Gobbato, 2015; Kawaharada
et al., 2015; Buendia et al., 2016; Rasmussen et al., 2016), and
some pathogenic microorganisms (Zhang et al., 2015). Thus,
they occur also in non-legumes such as, Arabidopsis thaliana,
which is unable to form nitrogen-fixing nodules or mycorrhizal
associations (Veiga et al., 2013). Nonetheless, LysM-RLKs play
a crucial role in regulating the legume–rhizobial symbiosis,
providing plant selectivity toward microsymbiotic partners.
Consequently, LysM-RLKs contribute to the selection of themost
effective combinations of micro- and macrosymbionts (Provorov
and Vorobyov, 2013).

Many genes encoding LysM-RLKs have been described in

model legumes, such as, barrel medic (Medicago truncatula
Gaertn; Arrighi et al., 2006), and Lotus japonicus (Regel) K.
Larsen (Lohmann et al., 2010). Some are known to participate
in symbiosis, while others have non-symbiotic functions.
Interestingly, each legume species seems to have its own
nuances in the organization and function of symbiotic LysM-
RLKs; for example, mutations in the orthologous LysM-RLK
genes NFR1 (NOD FACTOR RECEPTOR 1) from L. japonicus
andMtLYK3 (LysM DOMAIN-CONTAINING RECEPTOR-LIKE
KINASE 3) from M. truncatula manifested differently, blocking
the penetration of rhizobia into plant cells at distinct stages of
symbiotic development (Smit et al., 2007).

Garden pea (Pisum sativum L.) is a valuable pulse crop (http://
www.fao.org/faostat). Studies on its symbiosis with rhizobia are
very important (Borisov et al., 2004, 2007; Smýkal et al., 2012;
Zhukov et al., 2016), since effective symbioses can increase the
yield and quality of pea crops. Because of the long history of pea

domestication and its wide distribution (Jing et al., 2010; Smýkal
et al., 2012), many research centers around the world have large
collections of pea genetic resources, making it possible to study
the natural variability of particular pea genes and corresponding
traits using sample sets close to genetic saturation (Jing et al.,
2010). The N. I. Vavilov Institute of Plant Genetic Resources
(VIR) in St. Petersburg, Russia, maintains a uniquely valuable
collection of crop germplasm that includes pea and other legumes
(Plekhanova et al., 2017). Studies on large ecotype collections
and the use of association genetics may help uncover valuable
alleles related to responses to environmental stresses (Gentzbittel
et al., 2015). Recent genome-wide association (GWA) studies of
the chickpea (Cicer arietinum L.) germplasm collection of the
VIR revealed potential candidate genes likely to affect traits of
agricultural importance (Plekhanova et al., 2017). Unfortunately,
many molecular genetic methods are unsuitable for analyses of
the pea genome because it is very large, congested with repetitive
elements (Macas et al., 2007), without even a draft assembly.
However, the high degree of synteny between the genomes of
pea and M. truncatula, a well-studied model legume, makes it
possible to investigate pea genes using theM. truncatula genome
as a reference (Young and Udvardi, 2009).

The first discovered symbiosis-related pea gene was PsSym2,
which determines increased selectivity toward rhizobia in the pea
cv. Afghanistan (Govorov, 1928; Razumovskaya, 1937; Lie, 1984).
Although the phenotype conferred by the allelic state of PsSym2
is clear, the molecular basis of its function is not. It is thought
to encode a LysM-RLK, because the selectivity inherent to cv.
Afghanistan is associated with the ability to distinguish among
the structural features of Nod factors produced by different
(effective, ineffective, or even pathogen-like) rhizobial strains.
Previously, PsSym2 was localized in the linkage group I (LG I)
of the pea genome (Kozik et al., 1996). Later, two paralogous
genes encoding LysM-RLKs (PsSym37 and PsK1) were found to
co-localize there (Zhukov et al., 2008). However, neither of them
was shown to play the same role as PsSym2, although both were
shown to participate in bacterial signal recognition (Zhukov et al.,
2008). InM. truncatula, the genomic region corresponding to the
pea PsSym2 location (LYK region) contains at least seven highly
similar RLK genes;MtLYK1–MtLYK7 (Limpens et al., 2003). One
of these genes, MtLYK3, was identified as a symbiotic gene that
controls bacterial penetration into the infection thread (Limpens
et al., 2003; Smit et al., 2007). Considering these facts, one could
expect to find more genes encoding RLKs in pea LG I, including
genes related to symbiosis.

The early domestication and subsequent global dissemination
of pea has led to significant and multifaceted selection pressure,
resulting from both natural and breeding selection (Smýkal et al.,
2012). Several loci associated with agronomically important traits
have been found to play crucial roles in the domestication
process (Weeden, 2007). However, the loci responsible for
symbiosis, such as, bacterial recognition genes, are unlikely to
be directly affected by breeding, although their influence on
plant productivity should result in some selective pressure. Thus,
the aim of this work was to estimate the genetic diversity of
the genes encoding LysM-RLKs in the Sym2 region of the
pea genome and corresponding genes from the LYK region in
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the M. truncatula genome, and to evaluate and compare the
selection pressures affecting different parts of the sequences.
To this end, we (i) examined the region containing PsSym37
and PsK1 in pea LG I to identify new LysM-RLK genes;
(ii) studied the polymorphism of the first exon sequences
(corresponding to the receptor domain of the encoded protein)
of three LysM-RLK genes (two known genes and one newly
identified gene) in a large set of pea genotypes; and (iii)
compared the selection signatures in pea genes with those in
their M. truncatula homologs. As a result, we found a new
gene, which we named PsLykX (for P. sativum LysM kinase
eXclusive), and detected signatures of positive, balancing, and
negative selection in the gene sequences. The polymorphism
levels and patterns of selective signatures were unique to each
of the three pea genes, but remarkably similar for the Medicago
genes MtLYK3 and MtLYK4. The results of the polymorphism
analyses indicate that PsLykX is a promising candidate for
PsSym2, the determinant of the unique symbiotic phenotype of
cv. Afghanistan.

MATERIALS AND METHODS

Screening of the Pea BAC Library
To find novel LysM-RLK genes in the Sym2 region, the
pea Psa-B-Cam BAC library screening was performed at the
INRA-CNRGV Plant Genomic Center (Toulouse, France). The
screening was carried out via quantitative PCR, using BAC DNA
pools amplified with Phi29 DNA polymerase and primer pairs for
PsSym37 and PsK1 genes (Table S1). Information about the BAC
library can be found online: (http://cnrgv.toulouse.inra.fr/).

The whole insertion in the identified BAC Psa-B-Cam 446P4
was sequenced using the 454 GS-Junior systemwith the Titanium
kit in CNRGV, yielding 11697 reads with a mean length of 500
bp. Reads were then quality-trimmed using AdapterRemoval
software (v. 2.1.7) (Lindgreen, 2012) and mapped onto the
Escherichia coli DH5α strain genome using hisat2 mapper
(Kim et al., 2015) to eliminate bacterial contamination. Then,
10,927 non-aligned reads were assembled using SPAdes (v 3.9.1)
assembler (Bankevich et al., 2012), resulting in three contigs,
which were uploaded to the NCBI database as a single entry
under the accession number MF185734. Three genes (PsSym37,
PsK1, and the novel gene PsLykX) were found via BLASTn
searches (e-value cutoff 10−6) using the sequence of PsK1 as
the query (Figure 1). Additional BLAST searches against the
NCBI non-redundant nucleotide database revealed fragmented
transposable elements (Figure 1), but no additional genes.

The 3′-and 5′-ends of PsLykX cDNA were obtained by rapid
amplification of cDNA ends (RACE) using total cDNA from
inoculated roots of cv. Cameor. The Mint kit was used for cDNA
synthesis and Mint kit primers were used for amplification of
cDNA ends (Evrogen, Moscow, Russia). To obtain RNA for
cDNA synthesis, five cv. Cameor plants were inoculated with
Rhizobium leguminosarum bv. viciae strain RCAM 1026 and then
grown in sterile sand for 10 days (Afonin et al., 2017). The specific
primers used for RACE PCR are listed in Table S1.

Plant Material
The pea genotypes were previously selected by Borisov et al.
(2002) from the collection of cultivated peas of the VIR (Saint
Petersburg, Russia). The criterion for selection was diversity
of places of origin. Preference was given to wild genotypes
or primitive varieties, the so-called landraces. This set of 99
genotypes has already been tested for the efficiency of symbiosis
with arbuscular-mycorrhizal (AM) fungi under the conditions
of rhizobia inoculation (Jacobi et al., 2000; Borisov et al.,
2002), and also for their responses to the toxic heavy metal
cadmium under symbiotic conditions (Belimov et al., 2015).
The originally obtained samples were propagated by selfing
for several generations at the All-Russia Research Institute for
Agricultural Microbiology (ARRIAM, Saint Petersburg, Russia).
The genotypes and their places of origin (when known) are
shown in Table S2.

Plant DNA Extraction
DNA was extracted from 3- to 4-day old seedlings of each pea
genotype. The seedlings were cultivated in Petri dishes filled
with sterile vermiculite at 28◦C. Three to five seedlings per
genotype were bulked and used for DNA extraction using the
slightly modified CTAB protocol described elsewhere (Rogers
and Bendich, 1985). Briefly, the steps were as follows: seedlings,
3–4 glass beads, and 700 µl 2 × CTAB buffer were placed
into flat-bottomed microcentrifuge tubes and ground with
the Fastprep-24 homogenizer (MP Biomedicals, Irvine, CA
USA; 2 × 60 s at maximum frequency), then incubated in
water bath for 2 h at 65◦C. Then, 700 µl chloroform/isoamyl
alcohol (24:1 v:v) was added to each tube, the mixture was
vortexed, and then centrifuged for 10min at 16,873 g. The upper
fraction was transferred to a fresh microcentrifuge tube, and the
previous step was repeated with 300–500 µl chloroform instead
of chloroform/isoamyl alcohol. The upper fraction was again
transferred to a fresh tube, and 1,000 µl 96% ethanol and 20 µl
5MNaCl were added. The tubes were gently inverted two to three

FIGURE 1 | The assembled insertion in the Psa-B-Cam BAC-446P4 containing three LysM-RLK genes. Three contigs (Contig 1–Contig 3) were assembled. Genes

PsSym37, PsK1, and PsLykX are represented by green rectangles. Transposable elements are represented by red rectangles. A, OGRE transposable element

fragments; B, Cyclops-2 transposable element fragments; C, Ty3-type retrotransposon gag-pol precursor pseudogene fragments.
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times to mix the contents, and then the mixture was centrifuged
(10min, 16,873 g). The supernatant was discarded, and 500 µl
70% ethanol was added to the pellet. The samples were vortexed,
incubated at room temperature for 30min, and then centrifuged
(10min, 16,873 g). The ethanol was discarded, and the tubes
were incubated at 37◦C for 20–30min. Finally, the samples were
dissolved in 20–30 µl TE buffer (pH 8.0). In total, DNA samples
from 93 separate genotypes were used in further analyses.

Sequencing of First Exon of Pea Genes
Encoding LysM-RLKs
To amplify the first exons of PsSym37, PsK1, and PsLykX, a
set of PCR primers was designed (Table S1). For different pea
lines, different pairs of primers were used to ensure successful
amplification. The quality of primers was verified by the
OligoCalc on-line service: http://biotools.nubic.northwestern.
edu/OligoCalc.html (Kibbe, 2007). The PCRs were performed
in 96-well plates on an iCycler (Bio-Rad, Hercules, CA, USA)
or Dyad (Bio-Rad, USA) instrument using the ScreenMix-HS
kit (Evrogen, Moscow, Russia). The PCR cycling conditions
were as follows: 95◦C (5min), 35 × [95◦C (30 s), Tm (varying
depending on primers) (30 s), 72◦C (1min)], 72◦C (5min). The
PCR fragments were sequenced using the ABI Prism3500xL
system (Applied Biosystems, Palo Alto, CA, USA) at the
“Genomic Technologies, Proteomics, and Cell Biology” Core
Center of the ARRIAM. The sequences of the first exons have
been deposited in the NCBI under the accession numbers
MF155289–MF155381 (PsK1), MF155382–MF155469 (PsLykX),
and MF155470–MF155549 (PsSym37).

Data Collection from M. truncatula

Hapmap Project
The Medicago Hapmap project, a long-term, community-
accessible GWA mapping resource, is based on re-sequencing
of 384 inbred lines spanning the range of Medicago diversity
using Illumina next-generation sequencing technology (Stanton-
Geddes et al., 2013). To study the polymorphisms of genes
encoding LysM-RLKs, sequences of the first exons of MtLYK2
(Medtr5g086310), MtLYK3 (Medtr5g086130), and MtLYK4
(Medtr5g086120) were retrieved from the Medicago Hapmap
project website, assembly Mt4.0 (http://www.medicagohapmap.
org/). Single nucleotide variants at particular sites were
considered different from the reference M. truncatula genome if
they were detected in more than 50% of corresponding Illumina
reads. In total, 116 sequences for MtLYK2, 220 for MtLYK3, and
196 forMtLYK4 were included in subsequent analyses.

Pairwise Comparison of LysM-RLKs
Pairwise comparison of all LysM receptor kinases was performed
using the Needleman–Wunsch global alignment algorithm
from the EMBOSS suite v.6.3.1 (Rice et al., 2000), using
standard parameters. Comparisons of the three pea and three
M. truncatula LysM-RLKs were performed separately for whole
sequences, the kinase part, and the receptor part. The results from
each comparison were combined using a custom python script.
The results for full genes are shown in Table 1, and the results for
the separate regions are shown in Tables S3, S4.

Pairwise comparison of the known pea Sym2 region and
the M. truncatula LYK region was performed using BLAST
and visualized using ACT software (release 13.0.0; Carver
et al., 2005). The sequence of the Sym2 region was obtained
from the BAC Psa-B-Cam 446P4 clone (see Results). The
M. truncatula LYK region sequence (g5:37100000–g5:537450000)
was retrieved from the Phytozome website (www.phytozome.
net/). The minimal identity cut-off was set to 70%. The
exon/intron structure of genes in these regions was modeled by
the Exonerate package (http://www.ebi.ac.uk/about/vertebrate-
genomics/software/exonerate) with the -est2genome option
enabled to search for gene mRNAs in the respective genomes.

Polymorphism Analysis and Detection of
Selection Pressures
Neighbor-joining (NJ) trees were constructed used MEGA
v.6.60 software (Tamura et al., 2013) with the assumption that
substitutions followed the Jukes–Cantor model and had uniform
rates among sites. Bootstrap tests of NJ trees were performed
with 500 bootstrap replications. The branches were cut off at 70%
bootstrap support. Trees were visualized using FigTree (http://
tree.bio.ed.ac.uk/software/figtree/).

We used DnaSP v5.10.01 (Librado and Rozas, 2009) to
assess expected haplotype heterozygosity (HHe), and nucleotide
diversity (π), including that for synonymous (πs) and non-
synonymous (πa) sites, and to conduct the following neutrality
tests: Tajima’s D test (Tajima, 1989), Fu’s Fs test (Fu, 1997), Fu and
Li’s D and H tests, Fay and Wu’s H test (Fay and Wu, 2000), and
McDonald-Kreitman MK test (McDonald and Kreitman, 1991).
When needed, an outgroup sequence was chosen as follows:
PsSym37 (cv. Cameor) for barrel medic genes and MtLYK3 (cv.
Jemalong) for pea genes. DnaSP v5.10.01 was also used for sliding
window analyses (100-bp window size, 25-bp step size), and to
determine the significance of departure from the neutralitymodel
by coalescent simulations with 1,000 replicates. Other neutrality
tests, namely normalized Fay and Wu’s H (nH) test (Zeng et al.,
2006) and Ewens–Watterson (EW) test (Zeng et al., 2007), were
carried out using DH software (http://zeng-lab.group.shef.ac.uk).

The codon-based Z-test considering the average rate of
synonymous (dS) and nonsynonymous (dN) substitutions per
site was performed in MEGA v.6.60 using the modified Nei–
Gojobori method (Nei and Gojobori, 1986), with Jukes–Cantor
correction (Jukes and Cantor, 1969) for multiple substitutions.
Standard errors were estimated from 1,000 bootstrap replicates.

In all cases, separate estimates were made for the whole
sequences of the coding part of the first exons and for sequences
corresponding to LysM modules and intermediate parts. The
borders of LysM modules were drawn as described previously
(Zhukov et al., 2008).

Inoculation Experiment
An inoculation experiment was performed to determine the
symbiotic phenotype of the pea line K-6883 (84). Seeds of K-
6883 and cv. Cameor used as the inoculum control were planted
in 2-L pots with sterile sand and inoculated with either strain
RCAM1026 or A1 (Chetkova and Tikhonovich, 1986) of R.
leguminosarum bv. viciae. Each pot contained five seeds, and the
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TABLE 1 | Identity and similarity of M. truncatula MtLYK1-7, P. sativum PsSym37, PsK1 and PsLykX, Lotus japonicus LjNFR1 and Arabidopsis thaliana AtCERK1 whole

putative proteins calculated by pairwise comparison.

AtCERK1 LjNFR1 MtLYK1 MtLYK2 MtLYK3 MtLYK4 MtLYK5 MtLYK6 MtLYK7 PsK1 PsLykX PsSym37

IDENTITY

AtCERK1 100 55.1 47.6 54.2 54.8 46.7 48.8 53.7 55.7 54.6 48.6 54.8

LjNFR1 55.1 100 52 78.2 77.8 58.1 54.9 54.3 57.4 78.8 60.5 78.2

MtLYK1 47.6 52 100 51.9 50.6 64.5 72.1 57.7 56.5 51.7 61.6 51.6

MtLYK2 54.2 78.2 51.9 100 81 59.9 51.9 54.2 56.2 80.9 64.4 81.2

MtLYK3 54.8 77.8 50.6 81 100 66 50.5 54 57.2 84.4 63.5 83.7

MtLYK4 46.7 58.1 64.5 59.9 66 100 71.5 50.5 52.6 61.2 70 61.1

MtLYK5 48.8 54.5 72.1 51.9 50.5 71.5 100 55.3 58 53.3 64.5 53.2

MtLYK6 53.7 54.3 57.7 54.2 54 50.5 55.3 100 63.8 54.2 51.5 53.5

MtLYK7 55.7 57.4 56.5 56.2 57.2 52.6 58 63.8 100 57.6 52.7 57.7

PsK1 54.6 78.8 51.7 80.9 84.4 61.2 53.3 54.2 57.6 100 65 86.3

PsLykX 48.6 60.5 61.6 64.4 63.5 70 64.5 51.5 52.7 65 100 64.9

PsSym37 54.8 78.2 51.6 81.2 83.7 61.1 53.2 53.5 57.7 86.3 64.9 100

SIMILARITY

AtCERK1 100 71.2 63 69 70.3 61.8 64.8 68.9 71.5 69.1 63.1 68.1

LjNFR1 71.2 100 65 86.8 86.3 71.1 66.8 68.5 71.9 87.1 72.2 86.6

MtLYK1 63 65 100 65.3 63.4 73.7 81.6 71 69.8 64.6 71.6 63.8

MtLYK2 69 86.8 65.3 100 89.5 73.6 67.1 69.7 71.7 90.2 76.2 88.7

MtLYK3 70.3 86.3 63.4 89.5 100 75.6 64.5 68.1 71.2 91.3 75.3 89.8

MtLYK4 61.8 71.1 73.7 73.6 75.6 100 80.9 65.6 65.9 73.1 79.9 74.1

MtLYK5 64.8 66.7 81.6 67.1 64.5 80.9 100 70.3 71.2 66.8 74.4 67.1

MtLYK6 68.9 68.5 71 69.7 68.1 65.6 70.3 100 75.6 69.1 65.9 66.4

MtLYK7 71.5 71.9 69.8 71.7 71.2 65.9 71.2 75.6 100 72.2 67.3 71.3

PsK1 69.1 87.1 64.6 90.2 91.3 73.1 66.8 69.1 72.2 100 76.3 92.4

PsLykX 63.1 72.2 71.6 76.2 75.3 79.9 74.4 65.9 67.3 76.3 100 76.2

PsSym37 68.1 86.6 63.8 88.7 89.8 74.1 67.1 66.4 71.3 92.4 76.2 100

The “heat map” coloring indicates the degree of identity and similarity.

experiment was carried out with two technical replicates. After 28
days, the plants were removed from the pots and the phenotype
of the root system was examined. The average number of nodules
was calculated in SigmaPlot 12.0 (Systat Software, Inc., San Jose,
CA, USA).

RESULTS

Discovery of a New LysM-RLK Gene in the
Sym2 Region Using Pea BAC Library
To detect novel genes encoding LysM-RLKs in the Sym2 region
of pea LG I, the pea Psa-B-Cam BAC library was screened at the
INRA-CNRGV Plant Genomic Center using quantitative PCR
with primer pairs for PsSym37 and PsK1 (see section Materials
andMethods). In the BAC clone Psa-B-Cam 446P4, we identified
the two previously known LysM-RLK genes PsSym37 and PsK1
(used as probes), and a new LysM-RLK gene that we named
PsLykX (for LysM kinase eXclusive; see Figure 1). No other BAC
clones were detected during further screening with a part of
PsLykX as the probe. This may indicate a lack of saturation of
the Psa-B-Cam library in this genomic region.

PsLykX was located close to PsK1; the stop codon of PsK1 and
the start codon of PsLykX were separated by 531 bp (Figure 1,

also see MF185734 at GenBank). Despite this, PsLykX appeared
to be a fully functional gene, because sequences perfectly
matching its cDNA were found in pea transcriptome assemblies
generated from nitrogen-fixing nodules (Alves-Carvalho et al.,
2015; Sudheesh et al., 2015; Zhukov et al., 2015). The PsLykX
complete open reading frame was successfully amplified from
cDNA generated from RNA extracted from pea roots inoculated
with nodule bacteria, and the sequences of PsLykX cDNA ends
were verified using 3′- and 5′-RACE. Alignment of the genomic
sequence and the cDNA of PsLykX revealed a gene structure
similar to that of PsSym37, with 12 exons and 11 introns (Zhukov
et al., 2008), which is typical of symbiotic LysM-RLK genes
(Figure 2A). The sequence of PsLykX has been deposited in
GenBank under the accession number MF135533.

The putative PsLykX protein contained three LysM modules

encoded by the first exon and forming the receptor domain, along

with transmembrane and kinase domains (Figure 2B). Multiple
alignment between PsLykX and known LYKs from the syntenic
LYK region of the M. truncatula genome and LysM-RLKs from
other organisms revealed that PsLykX was closest to MtLYK4,
MtLYK1 and MtLYK5 (Figure 3). In the neighbor-joining
phylogenetic tree, PsLykX and MtLYK4 were grouped apart
from PsSym37 and PsK1 which formed a distinctive clade with
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FIGURE 2 | The exon-intron structure of the PsLykX gene (A) with domain structure of the corresponding LysM-RLK protein (B). (A) Exons are designated by

rectangles, introns—by horizontal lines. Numbers indicate the size of exons and introns. Colors match the colors of protein domains in (B) encoded by marked exons.

(B) Colored blocks represent protein domains. SP, signal peptide; LysM1,2,3, LysM modules of receptor domain; RD, receptor domain; TMD, transmembrane

domain; KD, kinase domain.

MtLYK2 andMtLYK3 ofM. truncatula and symbiotic LysM-RLK
NFR1 of L. japonicus (Figure 3).

Polymorphism of First Exon Sequences of
LysM-RLK Genes in Sym2 Region
To assess the level of polymorphism in parts of pea LysM-
RLK genes encoding ligand binding structures, we sequenced the
first exons (corresponding to the receptor domain) of the three
identified LysM-RLK genes from the Sym2 region in a subset
of cultivated pea accessions (Table S2). To fully characterize
the extent of polymorphism, previously obtained sequences of
PsSym37 and PsK1 (Zhukov et al., 2008) available from online
databases were included in the analysis. Overall, 101 sequences
were analyzed for PsK1, 90 sequences for PsLykX, and 89
sequences for PsSym37 (Table S2).

The nucleotide sequences of the first exons were aligned
using the codon-based ClustalW algorithm, and phylogenetic
trees based on LysM-RLKs variability were constructed
(Figures 4–6 for PsSym37, PsK1, and PsLykX, respectively).
The clades of the resulting trees were considered to represent
distinct haplotypes. Comparison of amino acid sequences
confirmed the haplotype distribution pattern (Table 2). PsSym37
and PsK1 sequences formed two main groups, each with
several subgroups (Figures 4, 5), while PsLykX sequences
appeared to be more diverse and formed six distinct groups
(Figure 6).

The amino acid alignment analyses showed that PsLykX was
the most variable among the three genes, with 16 amino acid
polymorphisms in the putative protein sequence. According
to these, the whole sample was divided into 13 groups,
seven of which were represented by single unique genotypes
with additional polymorphic sites. PsK1 had 17 amino acid

polymorphisms in the putative protein sequence, dividing sample
into 12 groups (with six single-genotype groups). Interestingly,
although group B of PsK1 split into two subgroups, B1 and
B2, according to nucleotide-based phylogeny, the haplotypes in
these subgroups were identical at the amino acid level. PsSym37
appeared to be more uniform, with only six groups based on 10
amino acid polymorphisms (with one group being represented
by a sole genotype).

In all three genes, the most polymorphic region was the
sequence corresponding to the first LysM domain (LysM1);
it contained the majority of non-synonymous substitutions
(Table 2). In PsK1 and PsLykX, several non-synonymous
variations were detected in the part corresponding to the
signal peptide (SP) as well, although these changes were
unlikely to affect protein localization. Further research is
required to explore the possible functional significance of these
changes.

We identified PsLykX as a new gene from the Sym2 region
encoding an LysM-RLK. This gene is a promising candidate for
the PsSym2 gene, which is responsible for increased selectivity
toward rhizobia in several genotypes of pea originating from
Afghanistan and neighboring areas (Lie, 1984; Kozik et al., 1995).
Plants carrying the so-called “Afghan” allele of PsSym2 (Sym2A)
form nodules only with strains producing a double-acetylated
Nod factor, while plants with themost common “European” allele
(Sym2E) are able to perceive the mono-acetylated Nod factor as
well (Davis et al., 1988). Bearing this in mind, we sequenced
the first exon of PsLykX of cv. Afghanistan (NGB2150), and
found that it contained a unique haplotype of PsLykX, which was
shared with only one other line, K-6883 (84). We investigated
the symbiotic phenotype of K-6883 in an experiment with two
strains of R. leguminosarum bv. viciae: RCAM1026 (Afonin et al.,
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FIGURE 3 | Phylogenetic tree showing the comparison of the whole amino acid sequences of LysM-RLKs from Sym2 region of pea genome, LysM-RLKs from

syntenic LYK region of Medicago truncatula genome, and homologous LysM-RLKs from Lotus japonicus and Arabidopsis thaliana. Branches are colored as follows:

pea (Ps)—green, M. truncatula (Mt)—red, Lotus japonicus (Lj)—blue, Arabidopsis thaliana (At)—olive. Tree was built using the Neighbor-Joining method with the

assumption that substitutions followed the Jukes–Cantor model and had uniform rates among sites. Bootstrap test of NJ tree was performed with 500 bootstrap

replications.

2017), which produces a mono-acetylated Nod factor, and A1,
which produces a double-acetylated Nod factor (Chetkova and
Tikhonovich, 1986; Ovtsyna et al., 1999). K-6883 failed to form
nodules with RCAM1026 but formed 105.0 ± 22.3 nodules with
A1, while cv. Cameor (control belonging to another PsLykX
haplotype) formed 151.6 ± 14.1 nodules with RCAM1026 and
105.2 ± 11.7 nodules with A1. Thus, K-6883 showed “Afghan”
selectivity toward rhizobia, providing further evidence that
PsLykX may actually be PsSym2.

Identification of Selection Signatures
Investigation into the Correspondence between Pea

and M. truncatula LysM-RLK Genes
Polymorphism analyses can provide insights into the
evolutionary pathways leading to the contemporary state of
genes in related species. The fact that pea and barrel medic

LysM-RLK genes are paralogs located close to each other made
it difficult to estimate selection signatures in their sequences.
The Sym2 region of pea LG I is syntenic to the M. truncatula
LYK region on chromosome 5 (Gualtieri et al., 2002), where
seven LysM-RLK genes are located (Limpens et al., 2003),
while only three genes are known to be present in the Sym2
region of the pea genome. Thus, to compare the diversity of
the pea LysM-RLK genes with that of the M. truncatula ones,
we first determined the relationship between PsSym37, PsK1,
and PsLykX and the M. truncatula LYK genes. To this end,
we compared the whole sequences of LysM-RLK putative
proteins (three from pea, seven from Medicago), as well as
their receptor and kinase domains separately (Table 1, Tables
S3, S4). We included LjNFR1 as an ortholog of PsSym37 and
MtLYK3 (Zhukov et al., 2008), and AtCERK1 as non-symbiotic
LysM-RLK of a distant species in these comparisons. The
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FIGURE 4 | Phylogenetic tree representing the variability of PsSym37 gene. Groups of haplotypes are labeled in accordance with the Table 2. Unique haplotypes are

additionally marked with gray rhombuses. The M. truncatula cv. Jemalong gene MtLYK3 was chosen as the outgroup.

identity (strict matching of amino acids in corresponding
positions) and similarity (functional analogy of different amino
acids in corresponding positions) percentages were taken into
account.

In addition, the whole BAC clone Psa-B-Cam 446P4 insertion
was compared to the LYK region of theM. truncatula genome ver.
4.0 (chr5:37,100,000–37,450,000) using BLAST. The beginning
of PsSym37 showed very strong similarity to MtLYK3, even in
the upstream region containing the putative promoter (Figure
S1A). Exon 2, exon 3, and exons 6–8 of PsSym37 were similar
to corresponding exons in both MtLYK2 and MtLYK3, while
exon 5 and exon 11 were similar only to exon 5 and exon 11
of MtLYK3, and exon 4 was similar only to exon 4 of MtLYK2.

This, together with phenotypic data obtained for mutants (Smit
et al., 2007), corroborates the idea that PsSym37 is the most
likely ortholog ofMtLYK3. For the remaining two pea genes, the
similarity patterns were more complicated. In PsK1, exons 6–8
and exon 10 were similar to the corresponding exons inMtLYK3
andMtLYK2, while exon 9 was similar only to exon 9 ofMtLYK2
(Figure S1B). Exons 6–9, 10, and 11 of PsLykX were similar to
the uncharacterized transcribed sequence (Mtr.51442.1.S1_at at
MtGEA v. 3.0; https://mtgea.noble.org/v3/ He et al., 2009) in the
LYK region ofM. truncatula (see Figure S1C), annotated inMt4.0
as Medtr5g086080. However, exons 6–8, exon 10, and exon 11
were also similar to respective exons in MtLYK4. It is important
to note that the first exon showed significant uniformity (at least
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FIGURE 5 | Phylogenetic tree representing the variability of PsK1 gene. Groups of haplotypes are labeled in accordance with the Table 2. Unique haplotypes are

additionally marked with gray rhombuses. The M. truncatula cv. Jemalong gene MtLYK3 was chosen as the outgroup.

80%) both among the genes in one species (pea orM. truncatula)
and between genes in different species (Table S3).

Our observations confirmed the previous finding that
PsSym37 is the most likely ortholog of MtLYK3 (Zhukov
et al., 2008). PsLykX was more similar to MtLYK4 than
to other LYK genes, whilst PsK1 showed high similarity to
both MtLYK3 and MtLYK2 (and also to PsSym37) at the
putative protein level (Table 1). Taking into consideration the
mosaic nature of genes in both the LYK and Sym2 regions,
the complex evolutionary history of these genes, and the
possibility of concerted evolution of paralogous genes, we are
cautious to postulate orthology between pea and M. truncatula

LysM-RLK genes, aside from PsSym37 and MtLYK3, which
have conserved their basic function of Nod factor recognition
and downstream signal transduction. Based on this, and since
the first exons of all analyzed genes were >80% identical,
we chose outgroups for polymorphism analyses as follows:
PsSym37 for all barrel medic genes, and MtLYK3 for all pea
genes.

The receptor parts of LysM-RLK contain three functionally
important modules (LysM domains). Therefore, we assessed
overall polymorphism in the first exon and polymorphism of
separate parts of the first exon encoding LysM domains, as well
as intermediate parts.
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FIGURE 6 | Phylogenetic tree representing the variability of PsLykX gene. Groups of haplotypes are labeled in accordance with the Table 2. Unique haplotypes are

additionally marked with gray rhombuses. The M. truncatula cv. Jemalong gene MtLYK3 was chosen as the outgroup.

Codon-Based Tests for Selection Signatures
The ratio between synonymous and non-synonymous
substitutions is often used to detect negative, or purifying,
selection (i.e., selection against non-synonymous changes). The
codon-based Z-test relies on a statistically significant difference
between the rate of synonymous substitutions per synonymous
site (dS) and the rate of non-synonymous substitutions per
non-synonymous site (dN). We applied this test to the full
sequences and to separate LysM module-encoding parts of the
first exon of three pea and threeM. truncatula genes. The results
are shown in Table 3.

The overall sequences of the first exons of PsK1 and
PsSym37 showed a clear departure from neutrality in favor

of purifying selection, while the first exon of PsLykX showed
a tendency toward purifying selection (Table 3). Analysis of
separate modules indicated that in both PsK1 and PsSym37, the
part encoding the LysM2 module (and, for PsSym37, also the
part preceding LysM1 module) has undergone strong purifying
selection. In PsK1, the intermediate part between LysM2 and
LysM2-encoding regions showed signs of positive selection.
There was also a tendency toward purifying selection in LysM3
and between LysM2 and LysM3 of PsSym37, which may indicate
the importance of this gene. Indeed, mutations in PsSym37
were shown to markedly decrease the number of nodules in
symbiotic conditions (Zhukov et al., 2008). In addition, the
site between LysM2 and LysM3 of PsK1 appeared to be under
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TABLE 2 | Haplotypes of pea LysM-RLKs.

K1

13 31 38 45 46 48 49 50 55 61 65 81 90 104 105 124 181

A1 F L V P T K N Y I D S F E T T S N

A2 F L I A T K N Y I D S F D T T T N

A3 F L V P T K N Y I D S F E T A T I

A4 F L V/I P T K N/S Y I N S F/S E I T S/T N

A5 F L V P T K N Y I D R F D T T S N

B1 L I V S N T T F L D R F E T T S N

B2 L I V S N T T F L D R F E T T S N

K1 005 F I I A T K S Y I D S F E T T T I

K1 019 F I V S N T T F I D R F E T T T K

K1 074 F L V P T K N Y I D S F E T T T N

K1 085 L I V S N T T F L D R F E T A S N

K1 1238 L I V S N T T F L D R F E T T T N 158Q:R 172S:F

K1 2150 F L V P T K N Y I D S S E T T T N

Sym37

43 45 56 60 83 131 141 181 184 205

A0 E S L S I F A S K I

A1 E L V S I F A S K I

A2 E S L S I F A S K I

B0 Q S V F V Y V/A R K V

B1 Q S V F V Y V R N V

Sym37 005 Q S V S I F A R K V 26V:L

LykX

9 13 16 18 23 42 44 45 75 76 82 86 111 134 142 184

A L L V F K L Q N R A F V T S A F

B F V V F K K Q N R A F I T S I S

C L L F S K K Q N R A S I S S I S

D L V F F K K Q N R A F I T G A S

E L L F S K K Q N R A S I S S A S

F L L V F K K R Y R D F V T S I S

LykX 039 L L V F K K Q N P A F I T S A S 128V:F

LykX 063 L L F S Q K Q N R A S I T S A S

LykX 074 L V F S K K Q N R A S I T S I S 135H:D

LykX 082 L L F S Q K Q N R A S I T G A S 191I:M

LykX 085 L L V F K K Q N P A F I T S I S

LykX 089 L L F S K K Q N R A S I S S I S

LykX 093 L L V F K L Q S R A F I T S A S 5F:L 183A:T

Numbers indicate the amino acid position in sequence of corresponding protein. Letters indicate groups of haplotypes, as shown in Figures 4–6. Colors indicate functional parts of

corresponding protein (blue—signal peptide, gray—interdomain region, red—LysM1, green—LysM2, violet—LysM3; also see Figure 2B).

positive selection, suggesting that the structure of LysM modules
is more important than that of intermediate regions in case of this
particular LysM-RLK.

In Medicago, MtLYK2 has undergone purifying selection,
which has strongly affected LysM2; this was also the case for PsK1
and PsSym37. It is important to note that the function ofMtLYK2
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TABLE 3 | Results of codon-based Z-test for examined regions of pea and

M. truncatula LysM-RLK genes.

Gene Part Z

PsK1 Overall −3.323** (Purifying)

Upstream LysM1 –1.315

LysM1 −1.392

Int. LysM1-2 1.131

LysM2 −2.028* (Purifying)

Int. LysM2-3 2.372* (Positive)

LysM3 –1.715

PsSym37 Overall −4.117*** (Purifying)

Upstream LysM1 −2.163* (Purifying)

LysM1 −0.691

Int. LysM1-2 –1.109

LysM2 −2.263* (Purifying)

Int. LysM2-3 –1.903

LysM3 –1.759

PsLykX Overall –1.827

Upstream LysM1 –0.141

LysM1 0.178

Int. LysM1-2 –0.973

LysM2 –1.083

Int. LysM2-3 –

LysM3 –1.619

MtLYK2 Overall −3.306** (Purifying)

Upstream LysM1 –1.183

LysM1 –1.487

Int. LysM1-2 –1.098

LysM2 −2.025* (Purifying)

Int. LysM2-3 –0.39

LysM3 –1.934

MtLYK3 Overall –0.389

Upstream LysM1 −0.912

LysM1 1.632

Int. LysM1-2 –

LysM2 –0.895

Int. LysM2-3 –0.049

LysM3 –0.239

MtLYK4 Overall 0.617

Upstream LysM1 1.312

LysM1 1.904

Int. LysM1-2 –

LysM2 –0.33

Int. LysM2-3 1.286

LysM3 –0.587

Values of Z-statistic showing the statistically significant difference from the neutral model

(meaning that dN 6= dS) are given in bold, with asterisks marking the significance level

according to P-value: *P < 0.05; **P < 0.01; ***P < 0.001. The direction of the selection

(purifying or positive) is given in brackets.

is unknown; however, its similarity toMtLYK3 and the results of
our analyses suggest that MtLYK2 may participate in the same
symbiotic signal cascade as MtLYK3. However, MtLYK3 clearly
demonstrates neutral evolution, even though it is essential for
Nod factor perception (Smit et al., 2007). A possible explanation
is that MtLYK3 has a low basic level of polymorphism (Table 4),
which results in a statistically insignificant difference between dN
and dS. MtLYK4 has undergone neutral evolution, like MtLYK3
and pea PsLykX. However, the neutral evolution signal may be a
result of interference of two oppositely directed signals implying
positive or purifying selection in different lineages in the
dataset.

We also used the McDonald–Kreitman test (MK-test) as a
statistical test of synonymous and non-synonymous changes.
This test compares genes in two related species. The MK test did
not detect departure from a neutral model, with the exception of
the LysM1 region for the gene pair PsLykX and MtLYK4 (P =

0.0492).

SNP-Based Tests
We used several molecular evolution tests to analyze the
distribution of SNP sites across the dataset, regardless of whether
they represented synonymous or non-synonymous changes.
These tests can identify either balancing selection (in favor
of two or more alleles) or positive selection (in favor of one
allele) and distinguish these types of selection from the neutral
evolution model. First, nucleotide diversity (Pi, or π) was
assessed in all sequences of the first exons and their separate
parts, considering changes in synonymous and non-synonymous
sites. In general, the rate of π was higher in pea genes than
in M. truncatula ones (Table 4), even though the M. truncatula
sequence dataset was larger than the pea dataset. In addition,
haplotype diversity was higher for M. truncatula genes than for
pea ones, possibly reflecting the prevalence of rare nucleotide
variants (singletons) in the Medicago sequence dataset. The
πa/πs ratios for LysM1 in MtLYK3 and MtLYK4 were very
high (4.1 and 8.7, respectively), indicating an excess of non-
synonymous substitutions. This result indicated that natural
selection has tended to support new variants of LysM1 in these
genes.

All the sequence sets were subjected to several neutrality tests
(see section Materials and Methods, Table 5). In addition to
analyses of the whole sequences and parts corresponding to LysM
modules, a sliding window approach was used to visualize the
obtained criteria values (Figures 7, 8).

In PsSym37, the value of Tajima’s D suggested a departure
from the neutral model for the LysM1 domain, its positive
value indicating balancing selection (in favor of several different
variants, namely haplotypes A and B; Table 2). No deviations
from neutral evolution were identified in other regions, except
for a weak signal of positive selection upstream of LysM1 (FW-H
criterion=−2.34, P = 0.046).

In PsK1, the Tajima’s D value indicated balancing selection
in LysM1, which appeared to be the most polymorphic part
of this gene, and the region responsible for the segregation of
two main haplotype groups A and B (Table 2). Interestingly,
for the region between LysM2 and LysM3, Tajima’s D value fell
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TABLE 4 | Nucleotide diversity in examined regions of pea and M. truncatula LysM-RLK genes.

Gene Part Length. bp Segr. sites HHe π
*103 π

*
s10

3
π
*
a10

3
πa/πs

PsK1 Overall 633 56 0.874 21.57 49.11 13.64 0.278

Upstream LysM1 105 11 0.748 19.20 46.52 11.39 0.245

LysM1 159 19 0.815 42.04 71.36 33.30 0.467

Int. LysM1-2 42 2 0.346 8.33 0.00 10.40 –

LysM2 141 11 0.830 22.71 68.46 9.16 0.134

Int. LysM2-3 54 4 0.058 1.45 0.00 1.87 –

LysM3 126 8 0.874 10.33 37.37 2.76 0.074

PsSym37 Overall 633 39 0.862 18.39 52.62 8.46 0.161

Upstream LysM1 105 6 0.788 11.14 53.13 0.27 0.005

LysM1 159 9 0.777 20.30 29.28 17.66 0.603

Int. LysM1-2 42 2 0.320 7.81 37.72 0.00 0.000

LysM2 141 10 0.675 19.39 59.87 6.72 0.112

Int. LysM2-3 54 4 0.455 26.30 104.13 3.96 0.038

LysM3 126 8 0.483 21.88 59.32 10.98 0.185

PsLykX Overall 636 42 0.841 15.60 29.52 11.65 0.395

Upstream LysM1 105 10 0.753 22.48 24.36 21.97 0.902

LysM1 165 12 0.709 14.94 13.02 15.50 1.190

Int. LysM1-2 42 1 0.313 7.44 37.51 0.00 0.000

LysM2 141 10 0.802 20.70 42.42 14.06 0.331

Int. LysM2-3 54 0 0.000 0.00 0.00 0.00 –

LysM3 126 9 0.780 15.32 52.02 5.11 0.098

MtLYK2 Overall 639 65 0.915 12.74 30.38 7.69 0.253

Upstream LysM1 105 9 0.439 14.25 28.52 10.46 0.367

LysM1 165 16 0.729 14.16 27.32 10.49 0.384

Int. LysM1-2 42 1 0.051 1.22 5.70 0.00 0.000

LysM2 141 21 0.329 12.80 27.97 8.24 0.295

Int. LysM2-3 54 3 0.163 4.24 5.99 3.77 0.629

LysM3 126 15 0.816 17.50 58.75 5.69 0.097

MtLYK3 Overall 636 63 0.976 11.46 13.41 10.89 0.812

Upstream LysM1 105 9 0.447 6.20 13.04 4.25 0.326

LysM1 162 28 0.899 17.73 5.17 21.45 4.149

Int. LysM1-2 42 0 0.000 0.00 0.00 0.00 –

LysM2 141 9 0.744 22.13 40.14 16.84 0.420

Int. LysM2-3 54 5 0.089 2.18 2.28 2.15 0.943

LysM3 126 11 0.281 3.55 4.15 3.38 0.814

MtLYK4 Overall 639 47 0.971 12.21 12.26 12.19 0.994

Upstream LysM1 105 5 0.391 5.71 2.57 6.61 2.572

LysM1 162 13 0.562 10.91 1.58 13.78 8.722

Int. LysM1-2 42 0 0.000 0.00 0.00 0.00 –

LysM2 141 12 0.712 22.40 35.32 18.60 0.527

Int. LysM2-3 54 3 0.564 12.23 0.00 15.57 –

LysM3 126 13 0.697 10.30 18.61 8.01 0.430

πa/πs ratio higher than 1 is indicated in bold.

below the critical value, suggesting rapid spreading of a particular
allelic state due to positive selection (selective sweep), or due
to a recent population expansion. The FW-H value did not
exceed the critical value, suggesting that population expansion

has shaped the DNA sequence in this region. Thus, the low
Tajima’s D value should be attributed to genetic drift rather than
to a selective advantage of a particular allelic state of PsK1. In
other regions, no departures from the neutral evolution model
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TABLE 5 | Results of the molecular evolution tests applied to the examined regions of pea and M. truncatula LysM-RLK genes.

Gene Part Tajima’s D Fu’s Fs FL-D FL-F FW-H nH EW

PsK1 Overall 0.649 1.664 −1.133 −0.577 −7.350 –1.904* 0.137

Upstream LysM1 −0.123 −2.087 −0.208 −0.309 –3.743* –2.619* 0.283

LysM1 1.902* 3.682 1.132 1.600* −4.186 –2.001* 0.209

Int. LysM1-2 −0.139 0.006 −1.091 −0.934 0.264 0.500 0.658

LysM2 1.334 −1.659 0.673 0.958 0.370 0.239 0.179

Int. LysM2-3 –1.775* −4.971 –3.959*** –3.836*** 0.078 0.096 0.942**

LysM3 −0.619 −1.815 –2.380* –2.046* 0.019 −0.235 0.422

PsSym37 Overall 1.384 5.805 0.439 1.002 −6.786 −1.676 0.153

Upstream LysM1 −0.030 −0.786 0.179 0.130 –2.342* –2.161* 0.221

LysM1 2.070* 3.403 0.474 1.196 −0.225 −0.169 0.237

Int. LysM1-2 −0.268 −0.185 0.496 0.583 0.226 0.626 0.720

LysM2 0.684 1.671 −0.557 −0.138 −0.769 −0.717 0.337

Int. LysM2-3 1.613 4.028 0.956 1.374 −0.796 −0.966 0.550

LysM3 1.398 3.516 0.474 0.860 −2.880 –2.905* 0.541

PsLykX Overall 0.533 2.817 −1.478 −0.828 −9.689 –1.865* 0.169

Upstream LysM1 0.146 0.234 −1.159 −0.752 0.909 0.650 0.270

LysM1 0.107 1.213 –2.161* −1.682 −2.954 −0.687 0.299

Int. LysM1-2 0.683 1.263 0.496 0.643 0.239 0.662 0.691

LysM2 1.241 0.595 0.474 0.741 –3.972* –2.981* 0.297

Int. LysM2-3 – – – – – – –

LysM3 0.217 −0.437 −0.930 −0.632 –3.912* –2.690* 0.229

MtLYK2 Overall −1.064 –45.063*** 0.119 −0.489 –20.660** –4.385** 0.097***

Upstream LysM1 −0.263 –10.208*** 0.543 0.304 –2.984* –2.452* 0.565***

LysM1 −0.613 –5.803* −1.354 −1.311 −0.491 −0.496 0.646**

Int. LysM1-2 −0.811 −1.169 0.481 0.107 −1.862 –5.283** 0.949

LysM2 −1.556 −2.436 −0.216 −0.929 –14.759*** –5.614*** 0.674***

Int. LysM2-3 −1.040 −0.762 0.815 0.264 0.211 0.317 0.839

LysM3 −0.593 –8.523** 0.911 0.526 −0.774 −0.415 0.197

MtLYK3 Overall −0.930 –155.381*** 0.641 −0.032 –26.204** 4.255** 0.046***

Upstream LysM1 −1.278 −4.046 −0.594 −1.092 0.405 0.563 0.685

LysM1 −1.080 –22.651*** 0.011 −0.436 –11.986** –4.468** 0.113

Int. LysM1-2 – – – – – – –

LysM2 2.401* −1.400 1.276 2.017* −3.713 –3.157* 0.284

Int. LysM2-3 −1.629 –7.577*** 0.976 0.108 –5.802*** –6.069*** 0.913**

LysM3 –1.788* –7.629** 0.430 0.430 –5.183*** −1.319 0.720*

MtLYK4 Overall −0.100 –145.577*** 0.656 0.522 –15.296* –3.300** 0.040***

Upstream LysM1 −0.576 −3.467 0.888 0.552 −1.050 −1.439 0.665*

LysM1 −0.508 –11.353** 0.827 0.385 –7.239** –3.520** 0.450***

Int. LysM1-2 – – – – – – –

LysM2 1.315 0.502 −0.090 0.630 −2.136 −1.391 0.302

Int. LysM2-3 0.462 −0.253 0.637 0.901 0.098 0.325 0.449

LysM3 −1.033 –6.292* −0.230 −0.562 –5.186** –3.271* 0.343

In case of statistically significant deviation from the neutral model, the values of criteria are given in bold and marked with asterisks accordingly to the P-value: *P < 0.05; **P < 0.01;

***P < 0.001.

were identified, except for a signal of positive selection upstream
of LysM1 (FW-H criterion = −3.74, P = 0.018), similar to
PsSym37.

PsLykX, likeM. truncatula MtLYK3 andMtLYK4, also showed
a πa/πs ratio >1 in the LysM1-encoding region (Table 4).
Remarkably, a clear signal of positive selection was found in
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FIGURE 7 | Sliding window analysis of nucleotide diversity and neutral evolution criteria in first exons of PsSym37, PsK1 and PsLykX genes. LysM-encoding parts are

highlighted. Statistically significant deviations from the neutral evolution model are marked with asterisks.

both the LysM2 and LysM3 domains (FW-H criterion below
critical values; Figure 7), possibly indicating the importance of
these parts for binding the Nod factor. Using a sliding window
approach, declining values of modified Fu and Li’s D and F
criteria were detected at the LysM1 domain. However, in the
absence of signals from powerful criteria (Fay and Wu’s H),
this was not considered as a footprint of positive selection.
Instead, it could be attributed to a population expansion
or a non-random selection of the samples in the sequence
dataset.

In Medicago, all three examined genes had significantly low
Fay and Wu’s H values, indicating strong positive selection
at the first exons (corresponding to the receptor parts of the
LysM-RLKs). The strongest pressure was at LysM2 of MtLYK2
and at LysM1 of MtLYK3. In contrast to the pea sequences,
the M. truncatula gene sequences showed significantly low
values of Fu’s Fs (Table 5), which is sensitive to population
expansion. This implied that recent demographic processes
have contributed to the molecular evolution of M. truncatula
LysM-RLK genes. Interestingly, the similar pattern of nucleotide
variant distribution in MtLYK3 and MtLYK4 genes led to
comparable Tajima’s D profiles in the sliding window analysis.

The remarkable increase in Tajima’s D at LysM2-encoding region
(Figure 8) implied that there has been balancing selection at
these sites. Meanwhile, the low value of Tajima’s D at LysM3
of MtLYK3 was indicative of recent positive selection pressure
at this domain. The FW-H and EW values also indicated that
all three examined M. truncatula genes have undergone positive
selection at the whole first exon, especially the LysM module-
encoding parts. Recently, De Mita et al. (2014) pinpointed
positive selection signatures at positions 43Q, 45R, and 77G in the
MtLYK3 protein sequence. These results are consistent with the
positive selection signatures found using other statistical models
of nucleotide sequence diversity in the present study (sliding
window midpoints 150 and 225; Figure 8).

DISCUSSION

Both natural and artificial selection tend to affect sequence
variability at selected genomic loci and at neutral loci linked
to them. These selection signatures are widely used to identify
loci subjected to selection, thereby giving researchers an insight
into the evolutionary process, as well as providing functional
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FIGURE 8 | Sliding window analysis of nucleotide diversity and neutral evolution criteria in first exons of MtLYK2, MtLYK3 and MtLYK4 genes. LysM-encoding parts

are highlighted. Statistically significant deviations from the neutral evolution model are marked with asterisks.

information about genes or genomic regions (Kreitman, 2000;
Nielsen, 2005).

The most crucial step in the symbiosis between legume
plants and nitrogen-fixing bacteria (rhizobia) is the initial mutual
recognition of the macro- and micro-symbionts. The importance
of this step should not be underestimated, as partnerships with
ineffective bacteria can be lethal for plants growing in harsh
environments. Thus, plants have developed multicomponent
receptor systems for the bacterial signal to identify the most
suitable and beneficial partner. As bacteria tend to evolve rapidly,
the genes involved in their recognition should be “hot spots”
under constant selective pressure. Therefore, one can expect
to find footprints of selection in the nucleotide sequences of
genes encoding legume symbiotic receptors. In this work, we
studied the polymorphism of the first exon of three LysM-
RLK genes in large set of pea genotypes, and compared them
with their homologs in M. truncatula. Although all these genes
appeared to be quite similar to each other, our data suggest that
they differ significantly in their evolutionary patterns, consistent
with the symbiotic partner recognition unique to each legume
species.

A single amino acid replacement in the receptor part of
the LysM-RLK can change its recognition of the Nod factor
(as shown for L. japonicus LysM-RLK NFR5, Radutoiu et al.,
2007). Therefore, we expected to find a relatively low level of
polymorphism in the first exon (corresponding to the receptor
domain) of the three LysM-RLK genes from the Sym2 region.
However, several “legal” haplotypes were detected for all three
pea genes, implying that the structure of receptors may be
variable. Such variability is possibly advantageous. Previously,
Li et al. studied the polymorphism of the LysM-RLK gene
PsSym37 in 10 pea genotypes, and detected two groups of
haplotypes (at the protein level) correlated with the ability of
the plant to perceive Nod factors containing a C18:1 rather
than a C18:4 (number of carbon atoms:number of unsaturated
bonds) acyl group at the non-reducing end of molecule (Li
et al., 2011). Despite our sample set being more than 10 times
larger, we were unable to identify any new PsSym37 haplotypes
in addition to those already discovered, which may indicate a
certain fundamental base of this division among pea genotypes.
However, it is hard to tell exactly how, where, and why these
two symbiotic groups may have arisen, as the history of pea
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domestication, spreading, and crossing is long and unclear.
Although our results indicate generally neutral evolution of
PsSym37, the overall positive Tajima’s D value indicates that the
sequence dataset may be not uniform. Independent analyses of
two lineages (haplotype groups A and B) may be required to
identify footprints of positive selection.

Interestingly, PsK1 shows a pattern of polymorphism similar
to that of PsSym37, with two basic groups of haplotypes.
However, the haplotypes do not correlate with any symbiotic
feature of pea known so far. The function of PsK1 is also
unclear, although preliminary data (MSc. Anna Kirienko, Dr.
Elena Dolgikh, personal communication) indicate that it may
function prior to PsSym37, as suggested by phenotypic analyses
of mutants. Since PsK1 is similar to the M. truncatula gene
MtLYK2, whose function is also unknown, it is possible that
these proteins participate in the initial capture and recognition
of the Nod factor, together with the “early” symbiotic LysM-
RLKs PsSym10 (in pea) and MtNFP (in barrel medic). These
kinases are characterized by an inactive kinase domain (lacking
the activation loop; Arrighi et al., 2006), while this domain
appears to be fully functional in PsK1 and MtLYK2. Therefore,
the observed variability of the receptor part of PsK1 may be
essential for recognition of diverse symbiotic bacteria.

The newly discovered pea LysM-RLK gene PsLykX is unique
in that it has six equivalent major haplotype groups (each
containing several genotypes) and about the same number of
unique haplotypes (corresponding to a single genotype). This
suggests that our sample of 90 PsLykX sequences does not cover
all the possible “legal” allelic variants of this gene. Another
important fact is the correlation of one of the identified PsLykX
haplotypes with the “Afghan” phenotype. This makes PsLykX a
promising candidate for PsSym2, and, among other things, may
indicate that other PsLykX haplotypes are also related to nuances
of perception of bacterial signals. The function of MtLYK4, the
closest homologous LYK gene of PsLykX, is unclear, despite its
significant similarity to MtLYK3 both in its sequence and in its
discernable selection signatures. In roots ofMtLYK4-knockdown
plants, infection thread morphology was affected but nodulation
occurred normally (Limpens et al., 2003). Furthermore, evidence
of positive selection in the LysM2 and LysM3 modules suggests
that MtLYK4 has recently acquired a new function, probably
associated with the expansion of the M. truncatula population.
Remarkably, the kinase domains of both putative PsLykX and
MtLYK4 proteins lack the YAQ motif, which is inherent to
symbiotic kinases in L. japonicus and is absent from non-
symbiotic ones (Nakagawa et al., 2011). On the other hand, the
receptor system in legumes with indeterminate nodules (e.g.,
pea and barrel medic) appears to be more complicated than
that of legumes with determinate nodules, such as, L. japonicus
(Ardourel et al., 1994). The presence of PsLykX transcripts in pea
nodules, together with the lyk4 RNA-interference phenotype in
M. truncatula (disruption of infection process; Limpens et al.,
2003), provide evidence for the participation of YAQ-lacking
LysM-RLKs in indeterminate nodule development.

For all three genes, the haplotype distribution was not uniform
among our samples, resulting in strictly correlating haplotype
groups: for instance, group E of PsLykX (see Figure 6, Table 2)
was found exclusively with group A2 of PsK1 and B0 of

PsSym37. However, considering that: (i) these genes are clustered
within approximately 20 kb; (ii) the genotype sampling was not
random; and (iii) the VIR collection does not represent a single
population of pea, this non-uniformity can be explained by
factors other than the evolutionary advantage of a particular
haplotype combination, e.g., genetic linkage or founder effect.
On the other hand, the fact that we observed so many haplotype
combinations despite the close proximity of these genes suggests
that there may be a selective advantage of symbiotic LysM-RLK
haplotype shuffling in pea.

Despite the fact that the LYK region of M. truncatula and
the Sym2 region of pea are clearly syntenic (Gualtieri et al.,
2002), it is nearly impossible to determine the orthologous
relationships between genes contained in those regions. As
shown in this work, LysM-RLK genes from these genomic
regions are characterized by mutual mosaic similarity, with
different parts of different genes being similar to each other both
within a species and between species. Since the LYK and Sym2
regions are represented primarily by gene clusters that apparently
originated via multiplication of ancestral LysM-RLK gene(s),
the genes in those regions have undergone concerted evolution
(Liao, 1999) implying genetic conversion. This has led to the
diversification of LysM-RLK gene clusters in different legume
species. In other words, each cluster represents an “evolution
crucible” unique to each species, where genes and gene parts
have been shuffled, combined, or broken apart. Thus, divergent
evolution may lead to the loss of earlier versions of genes in
one species, and the retention of genes and acquisition of unique
functions in another species through neofunctionalization. This
is a promising explanation for the unique PsSym2A phenotype
that is not observed in any other legume species.

CONCLUSION

As a complex multi-stage process, the symbiosis of legumes with
rhizobia is not yet fully understood. There is still much to learn
about the functions of many genes and the population genetics
of the symbiosis. In M. truncatula (De Mita et al., 2011; Ho-
Huu et al., 2012) and other legumes with well-studied genomes
like L. japonicus, chickpea (Cicer arietinum L.), and soybean
[Glycine max (L.) Merr.], surveys of large ecotype collections and
association genetics analyses have been widely used to identify
loci of interest (Kale et al., 2015; Li et al., 2017; Plekhanova et al.,
2017). However, knowledge about the diversity of certain genes,
especially those related to symbiosis, is still insufficient. The aim
of this study was to help to fill this knowledge gap. Accordingly,
we evaluated the genetic diversity of the pea LysM-RLK-encoding
genes from the Sym2 region and corresponding barrel medic
genes from the LYK region, detected the signatures of positive,
balancing and negative selection in the gene sequences, and
compared the patterns of selection pressure affecting particular
modules in the sequences.

The cultivated pea accessions analyzed in this work have
been previously characterized to determine their productivity
under symbiotic conditions (Borisov et al., 2002). Therefore,
information on symbiotic LysM-RLK gene polymorphisms may
be useful for studies on associations between gene variants
and the formation of highly effective symbioses with beneficial
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microorganisms. Considering the importance and economic
value of pea in modern agriculture, the value of such research
activities should not be underestimated.

Analyses of the polymorphism of crucial symbiotic genes
and the identification of selection signatures have allowed us
to formulate new hypotheses about their roles in symbiosis,
which will be tested experimentally in the near future. On the
basis of our results, we propose that the newly discovered pea
gene PsLykX could in fact be PsSym2, which is responsible
for increased selectivity toward a symbiotic partner in plants
with the characteristic phenotype of cv. Afghanistan. However,
more detailed analyses are required to confirm that PsLykX
is the elusive PsSym2 gene. To confirm our hypothesis, the
polymorphism of PsLykX should be studied in a larger sample
of genotypes with high selectivity toward microsymbionts. In
addition, it is important to analyze the phenotypes of lines
with mutations in the PsLykX gene. The pea TILLING mutants
collection (Dalmais et al., 2008) provides opportunities for such
analyses. Complementation of the PsLykX mutations by either
“European” or “Afghan” alleles resulting in nodulation or non-
nodulation phenotypes would confirm the characteristics of
particular groups of pea genotypes.
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Cytokinins are essential for legume plants to establish a nitrogen-fixing symbiosis
with rhizobia. Recently, the expression level of cytokinin biosynthesis IPTs
(ISOPENTENYLTRANSFERASES) genes was shown to be increased in response to
rhizobial inoculation in Lotus japonicus, Medicago truncatula and Pisum sativum. In
addition to its well-established positive role in nodule primordium initiation in root
cortex, cytokinin negatively regulates infection processes in the epidermis. Moreover,
it was reported that shoot-derived cytokinin inhibits the subsequent nodule formation
through AON (autoregulation of nodulation) pathway. In L. japonicus, LjIPT3 gene was
shown to be activated in the shoot phloem via the components of AON system,
negatively affecting nodulation. However, in M. truncatula, the detailed analysis of
MtIPTs expression, both in roots and shoots, in response to nodulation has not
been performed yet, and the link between IPTs and AON has not been studied so
far. In this study, we performed an extensive analysis of MtIPTs expression levels in
different organs, focusing on the possible role of MtIPTs in nodule development. MtIPTs
expression dynamics in inoculated roots suggest that besides its early established role
in the nodule primordia development, cytokinin may be also important for later stages of
nodulation. According to expression analysis, MtIPT3, MtIPT4, and MtIPT5 are activated
in the shoots in response to inoculation. Among these genes, MtIPT3 is the only one
the induction of which was not observed in leaves of the sunn-3 mutant defective in
CLV1-like kinase, the key component of AON, suggesting that MtIPT3 is activated in
the shoots in an AON-dependent manner. Taken together, our findings suggest that
MtIPTs are involved in the nodule development at different stages, both locally in
inoculated roots and systemically in shoots, where their expression can be activated
in an AON-dependent manner.
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INTRODUCTION

Cytokinins (CKs) are involved in different aspects of nodule
development, playing a dual role in nodulation, depending on
the time and place of their action. The exogenous application
of cytokinin to legume roots induces responses similar to
those of rhizobial Nod-factor (NF), including cortical cell
division and expression of early nodulin genes (Cooper and
Long, 1994; Heckmann et al., 2011). Moreover, the gain-of-
function mutation in Lotus histidine kinase1 (Lhk1) cytokinin
receptor gene causes the formation of spontaneous nodules in
Lotus japonicus (Tirichine et al., 2007). The loss-of-function
mutations in Lhk1 gene or RNAi-mediated downregulation of
its ortholog in M. truncatula leads to a dramatic reduction
in the nodule formation (Gonzalez-Rizzo et al., 2006; Murray
et al., 2007, respectively). All these data suggest that cytokinins
have a positive influence positively on the nodule development.
However, elevated cytokinin levels can also locally contribute
to the negative regulation of nodulation. ckx3 mutants that are
defective in cytokinin oxidase/dehydrogenase gene, involved in
cytokinin degradation, exhibit reduced nodulation and infection
thread formation together with elevated root levels of tZ (trans-
zeatin) and DHZ (dihydrozeatin) cytokinins (Reid et al., 2016).
In addition, the lhk1 mutant that is defective in a cytokinin
receptor gene in L. japonicus displays epidermal hyperinfection,
suggesting that CKs negatively regulate epidermal infection (Held
et al., 2014). However, in the lhk1-1 lhk1a-1 lhk3 triple mutant,
the infection thread is unable to enter the root cortex, which
indicates that CKs positively regulate the infection thread entry
and growth in the cortex (Miri et al., 2016). Moreover, the ectopic
expression of Arabidopsis AtCKX (pEPI:AtCKX3) gene in the
root epidermis of Medicago truncatula results in increased nodule
number, while the ectopic expression of AtCKX3 (pCO:AtCKX3)
in the root cortex is associated with decreased nodule number
(Jardinaud et al., 2016). Thus CKs act both positively and
negatively on the nodulation depending on the tissue: while
CKs are essential for the nodule primordium initiation and the
infection process in the root cortex, they negatively regulate the
infection in the epidermis (for review see Gamas et al., 2017).

CKs biosynthesis is a multistep process. The first and
rate-limiting step of CKs biosynthesis is catalyzed by the
adenosine phosphate isopentenyl transferase (IPT). Nine IPT
genes (AtIPT1–AtIPT9) have been identified in Arabidopsis
thaliana, exhibiting different expression patterns both in the
shoots and the roots (Takei et al., 2001; Miyawaki et al., 2004).
Among them, seven IPT genes (AtIPT1 and AtIPT3–AtIPT8)
encode ATP/ADP-isopentenyltransferases that have been shown
to isopentenylate ATP and ADP (Kakimoto, 2001). AtIPT2 and
AtIPT9 are tRNA-isopentenyltransferases which are supposed to
supply cis-zeatin-type cytokinins in A. thaliana (Miyawaki et al.,
2004). The production of trans-zeatin (tZ) nucleotide is catalyzed
by the cytochrome P450 monooxygenase (CYP735A family)
via an hydroxylation of the isopentenyl adenine nucleotide
(Takei et al., 2004). Eventually, the formation of active cytokinin
nucleobases from nucleotides is mediated by the product of
LONELY GUYs (LOGs) genes (Kurakawa et al., 2007). In
legumes, several cytokinin biosynthesis genes are activated in

response to rhizobium inoculation or NF treatment. For example,
in L. japonicus, the expression of IPT1/2/3/4 together with
CYP735A and LOG1/4 is increased in response to rhizobial
inoculation (Chen et al., 2014; Reid et al., 2017). Furthermore, the
overexpression of cytokinin biosynthesis pathway genes (IPT3,
LOG4, and CYP735A) is sufficient to induce spontaneous nodule
formation (Reid et al., 2017). In M. truncatula, the expression of
some cytokinin biosynthesis genes occurs as early as 3 h after NF
treatment (van Zeijl et al., 2015). Two LOG genes are activated in
response to bacterial inoculation (Mortier et al., 2014). Moreover,
RNA-seq analysis shows the expression of some LOG genes along
with that of CYP735A1 gene (Medtr6g017325) in the epidermis
of inoculated roots (Jardinaud et al., 2016). Activation of IPT
and LOG genes has also been demonstrated in nodules of Pisum
sativum (Azarakhsh et al., 2015; Dolgikh et al., 2017).

Furthermore, LjIPT3 is activated in the shoot phloem via the
components of the AON (autoregulation of nodulation) system
which negatively affects nodulation (Sasaki et al., 2014). AON
represents a systemic regulation controlling the number of root
nodules; it involves long distance signaling and communication
between the roots and the shoot (for review see Reid et al., 2011;
Mortier et al., 2012; Soyano et al., 2014). AON was shown to be
activated when the first nodule primordia are formed (Caetano-
Anolles and Gresshoff, 1991; Li et al., 2009). One of its key
components is the product of a CLV1-like (CLAVATA1-like)
receptor kinase gene [SUPER NUMERIC NODULES (SUNN) in
M. truncatula and HYPER NODULATION ABERRANT ROOT
FORMATION1 (HAR1) in L. japonicus], which acts in the shoot.
Mutations in the CLV1-like kinase gene lead to a shoot-controlled
supernodulating phenotype in different legume species (Krusell
et al., 2002; Nishimura et al., 2002; Searle et al., 2003; Schnabel
et al., 2005). According to the present model of AON (for review
see Soyano et al., 2014), CLE-peptides produced in nodules
are transported to the shoot, where they bind to the CLV
receptor complex including CLV1-like kinase; consequently, the
response to suppress excessive nodule formation on roots is
triggered. A set of studies suggests that the CLV receptor complex
may include several proteins. In M. truncatula, the proteins
CORYNE (CRN) and CLAVATA 2 (CLV2) interact with SUNN
(Crook et al., 2016), and a mutation in the CLV2 gene also
leads to a supernodulating phenotype in legume plants (Krusell
et al., 2011). In L. japonicus, the KLAVIER gene, the defect of
which is also characterized by a shoot-controlled supernodulating
phenotype, encodes a receptor-like kinase, structurally unrelated
to CLV1-like kinase, that was shown to interact with HAR1,
suggesting that these proteins may form a receptor complex
which would perceive CLE-peptides (Miyazawa et al., 2010).
Among the factors acting downstream of CLV1-like kinase in the
root, the product of theTOOMUCHLOVE (TML) gene, an F-box
protein, was revealed; its mutation results in a root-controlled
supernodulating phenotype (Takahara et al., 2013).

The exact molecular nature of the shoot-derived signal which
inhibits nodulation is still not well understood. It was shown that
the Mtsunn mutant had increased amount of auxin transported
from the shoot to the root. This indicates that the activation
of CLV1-like kinase in the shoot leads to a reduction of auxin
transport to developing nodules, thereby to a reduction in
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FIGURE 1 | Phylogenetic tree for Medicago truncatula, Arabidopsis thaliana, and Lotus japonicas IPT genes constructed based on their nucleotide sequences. Tree
was obtained using Maximum likelihood algorithm with 1000 bootstrap replicates. Medicago and Arabidopsis gene (locus) IDs and Lotus Genbank accession
numbers are indicated on the tree.
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FIGURE 2 | qRT-PCR expression analysis of MtIPTs in different organs. Samples are first leaf, second leaf, shoot apex, stem, root tip, and cotyledon. The first leaf
for each gene was used as reference sample. The results are means ± 95% confidence intervals of three biological repeats. Different letters indicate significant
differences in relative expression levels according to Kruskal and Wallis test (P < 0.05).

nodulation (van Noorden et al., 2006). The activation of LjIPT3
in the shoot phloem, downstream of CLV1-like kinase, suggests
that the shoot-to-root transport of both auxin and cytokinin is
targeted by CLV1-like kinase, so that in roots the auxin amount is
reduced and the cytokinin level is increased to restrict subsequent
nodule formation. Other hormones such as jasmonic acid (JA)
have also been implicated in the shoot-to-root communication
during AON (Kinkema and Gresshoff, 2008; Reid et al., 2012).

In our previous study we had showed that the orthologs
of LjIPT1 and LjIPT3 genes in M. truncatula, Medtr1g110590
(MtIPT1) and Medtr1g072540 (MtIPT3) respectively, were also
upregulated in developing nodules at 7–9 days after rhizobial
inoculation (Azarakhsh et al., 2015). However, the detailed
analysis of MtIPTs expression, both in the roots and the shoots,
in response to nodulation has not been performed and the link
between IPTs and AON has not been studied in M. truncatula
so far. In this study, we estimated, both in the shoots and the
roots, the expression levels of all MtIPTs identified in databases
at different time points after rhizobial inoculation. Moreover,
we analyzed the expression of MtIPTs in the sunn-3 mutant to
identify MtIPTs potentially involved in the systemic control of
nodulation in a SUNN-dependent manner.

MATERIALS AND METHODS

Plant Material, Bacterial Strains, and
Growth Conditions
Medicago truncatula Gaertn. Jemalong wild-type A17 and sunn-
3 mutant plants were grown in the growth chambers (16 h/8 h
day/night regime, 21◦C, and 75% relative humidity). The seeds
were surface-sterilized with concentrated sulphuric acid for
10 min and washed five to six times with sterile water. The seeds

were transferred on 1% agar and were kept at 4◦C for 24 h; they
were germinated at room temperature in darkness for 48 h. For
temporal expression analysis M. truncatula plants were grown
in vermiculite-containing pots moistened with nitrogen-free
Fahraeus medium (Fahraeus, 1957). Ten days after germination,
individual plants were inoculated with 1 ml of a Sinorhizobium
meliloti (strain Sm2011) culture (OD600-0.7). Infected sites of
the root with developing nodules as well as the shoot (the first
leaves, the second leaves) were harvested at different stages after
rhizobial inoculation. Non-inoculated plants grown in the same
conditions were used as control. In the temporal expression
analysis of MtIPTs performed at different stages of nodule
development [from 1 to 21 days after inoculation (dpi), see
Supplementary Figure S2 for microscopy images of the nodule
developmental stages], we used 3 control time points [non-
inoculated plants (NI) at 3, 5, and 7 days]. To avoid harvesting
lateral root primordia, only the segments between emerged lateral
roots were collected. Nodules were obtained at different stages
after inoculation from the infected sites of the roots. For the
expression analysis in different organs, plants were grown under
the same conditions as for the temporal expression analysis,
and the first leaf, the second leaf, shoot apex, stem, root tip
and cotyledons were harvested at 16 days after germination, i.e.,
6 days after inoculation.

Quantitative Reverse Transcription PCR
(qRT-PCR) Analysis
Total RNA was isolated from the plant tissues with an
RNeasy Plant Mini Kit (Qiagen, Germany) according to the
manufacturer’s instructions. DNase treatment was done using
Rapid Out DNA Removal Kit (Thermo Fisher Scientific,
United States). The quality of the samples was controlled and
quantified with a Nano Drop 2000c UV-Vis Spectrophotometer
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FIGURE 3 | qRT-PCR expression analysis of MtIPT2 (A), MtIPT5 (B), and
MtIPT9 (C) in non-inoculated roots (NI) and at different days post inoculation
(dpi) in wild type plants (A17). The relative expression was normalized against
constitutively expressed M. truncatula actin gene. Results are mean ± SEM of
three technical repeat of one biological repeat, representative for three
independent experiments.

(Thermo Fisher Scientific, United States). cDNA synthesis was
performed with equal amount of RNA for all the timepoints in
each experiment (varying between 400 ng up to 1 µg of RNA in
different experiments), using Revert Aid Reverse Transcriptase
kit (Thermo Fisher Scientific, United States). To check DNase
treatment efficacy, qRT-PCR analysis of control samples without
reverse transcriptase was performed. The qRT-PCR experiments
were done on a CFX-96 real-time PCR detection system with
a C1000 thermal cycler (Bio-Rad Laboratories, United States).
The detection was achieved using SYBR Green and Eva Green
intercalating dyes (Bio-Rad Laboratories, United States). All
qRT-PCR reactions were done in triplicate. Cycle threshold

(Ct) values were obtained using CFX96 manager software,
and the data were analyzed by the 2−11Ct method (Livak
and Schmittgen, 2001). The relative expression was normalized
against the constitutively expressed actin 11 gene in Medicago.
cDNA sequences were taken from the M. truncatula genome
database Mt4.0v1. All primers (Supplementary Table S1) were
designed using Vector NTI Advance 10 software (Thermo Fisher
Scientific, United States), and were synthesized by Evrogen
(Evrogen, Russia). The specificity of PCR amplification was
confirmed based on dissociation curve (55–95◦C). For each
experiment, at least three independent biological repeats were
performed. The materials for each biological repeat of the shoot
or the root/nodule were taken from 4 plants.

Computer Software and Statistical
Methods
Multiple alignment of nucleotide sequences was performed using
Clustal W algorithm (Thompson et al., 1994) in Vector NTI
Advance 10 software (Thermo Fisher Scientific, United States).
For phylogenetic analysis, nucleotide sequences were retrieved
from phytozome1 for M. truncatula and A. thaliana and from
Genbank NCBI database2 for L. japonicus. Sequences were
aligned with the MEGA6 program using Clustal W and the
phylogenetic tree was generated using Maximum Likelihood
method based on Tamura-Nei model (Tamura and Nei, 1993;
Hall, 2013) with 1000 bootstrap replicates.

One-way ANOVA, Kruskal and Wallis test, and Student’s t-test
were used to compare the gene expression levels of different
samples. The graphs indicate mean with 95% confidence interval.
At least three independent biological repeats were done for each
experiment. For each time point (inoculated or non-inoculated)
and in each biological repeat, four plants were used.

RESULTS

Identification of Medicago truncatula IPT
Genes
Medicago truncatula genomic data (Mt4.0v1) contain 23
sequences annotated as isopentenyl transferases (IPT), two pairs
of which are exactly the same sequences (Medtr6g045287/Medtr
6g045293 and Medtr3g020100/Medtr3g020155). Among the 21
non-repeated sequences, there are two sequences encoding
truncated peptides (Medtr7g007180 and Medtr7g007190 with
57 and 59 amino acids, respectively). A phylogenetic tree
was obtained using the nucleotide sequences of IPT genes
of M. truncatula, A. thaliana and L. japonicus (Figure 1).
According to the phylogenetic tree, IPT genes can be divided
into five groups, one of which is unique for M. truncatula.
This group contains 15 members that are highly similar in
sequences with 52.6% identity and 95.45% consensus positions
(Supplementary Figure S1). Other M. truncatula IPT genes
are clustered with A. thaliana and L. japonicus genes into
four groups. MtIPT1,3,4 (Medtr1g110590, Medtr1g072540, and

1https://phytozome.jgi.doe.gov/
2https://www.ncbi.nlm.nih.gov/
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FIGURE 4 | Relative expression of MtIPT3, MtIPT4, MtIPT5 (A), and MtIPT1, MtIPT2, MtIPT9 (B) genes in the first leaf at different days post inoculation (3, 5, 7, and
10 dpi) in comparison with non-inoculated plants (NI). Results are mean ± SEM of three technical repeat of one representative biological repeat out of three
biological repeats.

Medtr2g022140, respectively) have been identified previously
(Azarakhsh et al., 2015), and they were named according to
their nearest orthologs in L. japonicus. Similarly, here we refer to
the other M. truncatula genes according to their near orthologs
in L. japonicus and A. thaliana. Medtr4g117330 is referred to
as MtIPT2, Medtr4g055110 as MtIPT5 and Medtr2g078120 as
MtIPT9. Because the two latter genes are clustered with AtIPT2,
AtIPT9 and LjIPT5, LjIPT9 which are all known to be tRNA IPTs
(Kakimoto, 2001; Chen et al., 2014), MtIPT5 and MtIPT9 were
annotated as tRNA isopentenyl transferases.

Expression Pattern of MtIPT Genes
The expression levels of MtIPT genes were examined using qRT-
PCR in different organs (the first and the second leaves, shoot
apex, stem, root tips, and cotyledons) and the first leaf was used
as the reference tissue. MtIPT1 is expressed in all organs we
tested with a slightly higher expression in the second leaf. As for
MtIPT2, it is expressed in all analyzed organs at the comparable
levels. MtIPT3 exhibits a significantly lower expression in shoot
apex and root tip than in the first leaf and cotyledons, andMtIPT4
shows a higher expression in the stem. MtIPT5 is expressed in all
analyzed organs at the comparable levels, whereas MtIPT9 has
lower expression in the stem and in the root tip in comparison
with other organs. (Figure 2). Most genes from the M. truncatula
unique group show no expression in the different organs analyzed

(no signal at all or Ct values close to water controls) except
for Medtr6g045287, Medtr7g028880, and Medtr7g407170, which
exhibited low expression levels in all analyzed organs (data not
shown).

Expression of MtIPT Genes in Response
to Rhizobial Inoculation
To study the temporal expression of MtIPT genes during the
nodule development, relative transcript levels were estimated
at different timepoints after the rhizobial inoculation (days
post inoculation, dpi) and compared to transcript levels of
non-inoculated control roots (see Supplementary Figure S2 for
microscopy images of the nodule developmental stages).

Previously, we had analyzed the expression dynamic of three
MtIPTs (MtIPT1, MtIPT3, and MtIPT4) in response to the
rhizobium inoculation (See Figure 5 from Azarakhsh et al.,
2015). We had found that MtIPT1 gene expression dramatically
increased at 7 and 9 dpi, compared with non-inoculated control.
Moreover, the expression level of MtIPT3 was also increased
during the nodulation. Although van Zeijl et al. (2015) had found
activation of MtIPT4 3 h after NF treatment, we had not detected
a significant MtIPT4 expression upon nodule development (see
Figures 5A–C from Azarakhsh et al., 2015).

Here, we found that the expression level of MtIPT2 increased
at 7 dpi, reached a 10-fold increase at 9 dpi in comparison to
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non-inoculated control (NI-3d), and remained high until the late
stages of nodule development (up to 4-fold increase at 21 dpi).
MtIPT5 was slightly activated throughout nodule formation
with a maximum of 3-fold increase at 9 dpi in comparison to
non-inoculated control (NI-3d). Expression of MtIPT9 was also
increased up to 6–7 fold at 9–12 dpi (Figure 3). None of the genes
from M. truncatula unique group were activated during nodule
development (data not shown). According to the M. truncatula
LCM-RNA-seq data3, MtIPT1 and MtIPT4 were expressed mostly
in the nodule meristem, while MtIPT2 shows higher expression
in the meristem region, the distal and proximal infection zone
(Supplementary Figure S3).

To find MtIPT genes potentially involved in AON, we
estimated the expression of MtIPT genes in the shoot (the first
leaf and the second leaf) at different days post inoculation (3,
5, 7, and 10 dpi). The expression levels of MtIPT3 increased
in the leaves in response to the rhizobial inoculation at 7 dpi
(Figures 4, 5 and Supplementary Figure S4). However, among
different biological repeats, the increased MtIPT3 expression in
the leaves relative to non-inoculated controls was also observed
at other time points, in particular at 5 dpi (see Supplementary
Figure S5). Nevertheless, it was at the 7 dpi timepoint that
a statistically significant activation of MtIPT3 was observed
taking into account three biological repeats (Figure 5). Moreover,
there was also a slight but statistically significant activation of
MtIPT4 and MtIPT5 in the first leaves in response to inoculation,
while such activation was not observed for MtIPT1, MtIPT2,
and MtIPT9 (Figure 5). Activation of MtIPT4 and MtIPT5 was
confirmed in second leaves as well (Supplementary Figure S4).
Activation of MtIPT3, MtIPT4, and MtIPT5 expression in the
leaves in response to inoculation may indicate the involvement
of these genes in AON.

Expression of MtIPT Genes in sunn-3
Mutant
To address the question whether the activation of MtIPTs
expression can be regulated by the key component of AON, i.e.,
the CLV1-like receptor, we estimated the expression levels of
the MtIPT genes in both the shoots and the roots of the sunn-
3 supernodulating mutant. The expression levels of MtIPT3,
MtIPT4, and MtIPT5 genes that demonstrated activation in wild-
type shoots at 7 dpi were estimated in the first and the second
leaves of sunn-3 mutants. In contrast to wild-type, MtIPT3 did
not show any activation in the sunn-3 first and second leaves,
while MtIPT4 and MtIPT5 exhibited increased expression at
7 dpi both in the wild-type and sunn-3 leaves (Figure 6 and
Supplementary Figures S6, S7).

To find out if the activation of the MtIPT genes in the
inoculated roots can be also regulated by CLV1-like kinase,
we analyzed the expression level of MtIPT genes in the
inoculated roots of sunn-3 mutant at different stages after
inoculation. According to qRT-PCR analysis, expression of
MtIPT1-3, MtIPT5, and MtIPT9 is activated in sunn-3 mutant
as well (Supplementary Figure S8). We did not find any changes
in the general pattern of their expression in comparison with

3https://iant.toulouse.inra.fr/symbimics/

FIGURE 5 | Relative expression of MtIPT1-5 and MtIPT9 in the first leaf of
A17 plants at 7 dpi. The expression levels of MtIPT3, MtIPT4, and MtIPT5 are
increased (A), while the expression levels of MtIPT1, MtIPT2, and MtIPT9 do
not changed significantly (B) in comparison with non-inoculated plants (NI).
Asterisks indicate statistically significant differences compared with control
(NI): ∗∗∗P < 0.001, ∗∗P < 0.01, ∗P < 0.05. Error bars indicate the 95%
confidence interval of three biological repeats.

FIGURE 6 | Relative expression of MtIPT3, MtIPT4, and MtIPT5 in the first leaf
of sunn-3 mutant at 7 dpi in comparison with non-inoculated plants (NI).
Asterisks indicate statistically significant differences compared with control
(NI): ∗∗∗P < 0.001, ∗∗P < 0.01, ∗P < 0.05. Error bars indicate the 95%
confidence interval of three biological repeats.

wild-type plants (for comparison see Figure 3 of this article and
Figures 5A–C from Azarakhsh et al., 2015), which is consistent
with an analogous experiment in L. japonicus. This suggests that
MtIPT3 expression in the shoots in response to inoculation may
be regulated by CLV1-like kinase MtSUNN, while the activation
of MtIPT3 together with other MtIPT genes in the roots occurs
independently of CLV1-like kinase MtSUNN.
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FIGURE 7 | A scheme illustrating the role of IPTs and cytokinin in nodulation in M. truncatula. Cytokinin (CK) biosynthesis and response are activated both in root
epidermis and in root cortex in response to rhizobial inoculation. The induction of IPT genes in root epidermis contributes to the negative effect of CK on rhizobial
infection, while activation of IPT genes in root cortex is important for cortical cell divisions during nodule primordia development, where CK is known to be a positive
regulator. The expression of KNOX3, a possible activator of cytokinin biosynthesis genes, is induced both in root epidermis and in nodule primordia. CK activates the
expression of NIN in the root cortex, where NIN promotes CRE1 expression. The NIN expressed in root cortical cells negatively regulates rhizobial infection. CK are
important for nodule tissue differentiation and nodule meristem development, since CRE1 was shown to be important for the transition between meristematic and
cell differentiation/elongation zones in indeterminate nodules. Moreover, CK is also important for nitrogen fixation, since it was shown that CRE1 is necessary for this
process. The expression of IPTs that was observed at later stages of nodule development in the present study is in agreement with this role of CK in subsequent
nodule development and functioning. Being involved in AON, CK induces the CLE13 gene. In its turn, MtCLE13 signal peptide activates SUNN receptor kinase in the
shoot, triggering SDI that is transported to the roots where it inhibits subsequent nodulation. CK was shown to be the part of SDI, since in L. japonicus LjIPT3 is
activated in the shoot in HAR1-dependent manner, and shoot-derived cytokinin inhibits nodulation. IPT3 activation in SUNN-dependent manner in the shoot is in
agreement with these findings. In addition to CK, SDI involves the inhibition of auxin transport and the increase of JA level. SDI has multiple targets in the root, and
NIN was shown to be one of them. CK – cytokinin. SDI – shoot-derived inhibitor.

DISCUSSION

In the entire Medicago genome Mt4.0v1, 23 sequences were
annotated as isopentenyl transferases (IPT). Among them,
according to the phylogenetic analysis, 15 sequences were
clustered together as a separate group of sequences with a high
degree of similarity, and two pairs of sequences from this group
appeared to be exactly the same. This suggests that this group
of IPTs sequences may represent new genes which appeared
during evolution as a result of recent duplication events in the
Medicago genome. However, according to the expression analysis,
IPT genes from this group exhibited either no or very low level
of expression in the Medicago tissues tested. Thus, a functional
and more comprehensive phylogenetic analysis including IPT
sequences from other legumes is required to elucidate the
possible role of these evolutionary new IPT genes in legume
development.

Cytokinins have been previously shown to regulate different
aspects of nodulation, including rhizobial infection during
which CKs act as negative regulators and nodule primordia
development and nitrogen fixation for which CKs act as positive
regulators (Tirichine et al., 2007; Held et al., 2014; Boivin et al.,

2016; Jardinaud et al., 2016). In M. truncatula, accumulation of
cytokinins (iP: isopentenyladenine, iPR: isopentenyladenosine,
tZ: trans-zeatin) was first observed at 3 h after NF exposure
and this occurs in MtCCaMK-dependent manner. (van Zeijl
et al., 2015). In our work, we did not study IPTs expression
at very early stages nodule development, i.e., few hours after
rhizobial infection. However, van Zeijl et al. (2015) reported
that Medtr2g022140 (MtIPT4 according to our nomenclature)
induced at 3 h after Nod factor treatment, therefore this IPT
gene may contribute to cytokinin accumulation at early stages
after rhizobial inoculation. Moreover, according to LCM-RNA-
seq data, MtIPT2 is activated in root epidermis 24 h after NF
treatment (Jardinaud et al., 2016). Moreover, the expression of
the KNOX3 gene encoding homeodomain-containing TF that
activates IPT3 expression in developing nodules (Azarakhsh et al.,
2015) was also induced in root epidermis according to LCM-
RNA-seq data (Jardinaud et al., 2016). The early induction of
cytokinin biosynthesis in root epidermis may contribute to its
negative effect on rhizobial infection reported previously (Held
et al., 2014, see Figure 7).

In pea, a two-stage increase in the content of CKs during
nodule development was observed (Dolgikh et al., 2017). The
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accumulation of tZ and IP at 3 dpi can be associated with
cortical cell division where CKs are known to be positive
regulators, while the increase of tZ content at later stages
suggests that CK also plays a role in subsequent stages of the
nodule development and functioning (Dolgikh et al., 2017). The
temporal expression dynamics of MtIPTs we observed are in line
with this observation, suggesting that cytokinin biosynthesis also
occurs at later stages of nodule development. According to our
previously reported data, the expression of MtIPT1 and MtIPT3
increased in the inoculated roots reaching a maximum at 9 dpi
(Azarakhsh et al., 2015). Here, we found that the expression of
MtIPT2, MtIPT9, and MtIPT5 genes were also induced during
the nodule development, and the expression maximum of these
genes is observed at 9–12 dpi, when the nodule primordia are
completely developed.

The nodulation phenotype of the Mtcre1 mutant defective
in a cytokinin receptor suggested that besides having a
crucial role in the early steps of nodule initiation, CKs
regulate the subsequent stages of nodule development (Plet
et al., 2011). The rare nodules which formed on Mtcre1-
inoculated roots exhibit incomplete differentiation and have
frequently multiple lobes, suggesting that a functional MtCRE1
may regulate the transition between meristematic and cell
differentiation/elongation zones in the indeterminate nodules
(Plet et al., 2011). Taking into account this finding, we suggest
that IPTs expression that we observed after 7 dpi (at the stages
when nodule differentiation occurs and the nodule meristem
is being formed) may contribute to cytokinin involvement in
the nodule differentiation and the meristem formation (see
Figure 7).

Moreover, recently, it was shown that functional
cytokinin receptor in M. truncatula is required for nitrogen
fixation (Boivin et al., 2016). In cre1 mutant showing
reduced and delayed nodule formation, nitrogen fixation
was decreased. Notably, the AHK4/CRE1 gene from
Arabidopsis was able to complement nodule initiation,
but not nitrogen fixation in the cre1 mutant, indicating
that legume-specific determinants encoded by MtCRE1
are likely required for nitrogen fixation activity (Boivin
et al., 2016). This finding represents one more evidence
that CKs act at later stages of nodule development and
functioning.

In L. japonicus, it was shown that LjIPT3 gene is activated in
the shoot in response to rhizobial inoculation, and its activation is
dependent on the CLV1-like kinase LjHAR1 (Sasaki et al., 2014).
This increase in LjIPT3 expression was observed at 3–5 dpi, which
is consistent with the timing of AON induction determined
previously for this legume in a split-root system (Suzuki et al.,
2008). In our experiment we found that the expression of
MtIPT3, the ortholog of LjIPT3, was activated in shoots at
7 dpi. The activation of MtIPT3 in the leaves of inoculated
plants is consistent with the data from phytozome database4.
MtIPT4 and MtIPT5 were also slightly induced in shoots after
rhizobial inoculation. Interestingly, the shoot MtIPT3 activation
in response to inoculation was absent in the sunn-3 mutant

4https://phytozome.jgi.doe.gov/

defective in the CLV1-like kinase MtSUNN. These findings
indicate that the ortholog of LjIPT3 gene in M. truncatula is
also activated in shoots in response to inoculation in a CLV1-
like kinase-dependent manner, whereas the expression of MtIPT3
together with other MtIPT genes in roots occurs independently
of CLV1-like kinase. The activation of MtIPT4 and MtIPT5,
which was still observed in the sunn-3 mutant in response
to inoculation is unlikely to be regulated by MtSUNN, but
instead it must be controlled by other regulatory pathways.
The timing of AON induction in Medicago was determined
to be 3 days after inoculation (Kassaw et al., 2015). In our
experiments, the statistically significant activation of MtIPTs
in leaves was observed at 7 dpi, although in one of three
biological repeats the increased expression of MtIPTs in leaves
was found at 5 dpi after rhizobial inoculation (Supplementary
Figure S5). We suppose that temporal dynamics of nodule
development may vary depending on experimental plant growth
conditions, and the timing of AON activation may vary
accordingly. Moreover, the expression of MtCLE13, a CLE-
peptide that triggers AON, was shown to be activated as early
as 3 h after NF treatment at a time-point preceding nodule
primordium initiation (van Zeijl et al., 2015). According to
Mortier et al. (2010), MtCLE13 was significantly increased in
inoculated roots at 4 dpi, and its expression level remained
relatively high until 10 dpi, with a slightly pronounced maximum
at 8 dpi. These findings allow us to propose that AON may
comprise different levels of regulation, involving the perception
of different signals. The shoot-derived signal (SDI) in AON also
appeared to have a complex molecular nature. AON involves
different hormones such as auxins, JA and cytokinins (van
Noorden et al., 2006; Kinkema and Gresshoff, 2008; Sasaki
et al., 2014), that may also inhibit nodulation at different
levels via multiple targets. Among the later ones, the NIN
transcription factor was shown to be targeted by AON in
inoculated roots in a negative feed-back manner, where NIN
also directly induces CLEs expression to trigger AON (Soyano
et al., 2014). Together with CKs, NIN represents a crucial
regulator of different aspects of nodulation that plays both
positive and negative roles in nodulation. Along with the fact
that NIN transcription factor is important both for rhizobial
infection and nodule primodia development (Schauser et al.,
1999; Marsh et al., 2007), NIN expression in the cortex
was shown to inhibit rhizobial infection (Yoro et al., 2014).
Moreover, NIN expression in the root cortex is activated
by CK (Gonzalez-Rizzo et al., 2006; Plet et al., 2011), and
NIN can promote CRE1 expression (Vernié et al., 2015) (see
Figure 7).

A large body of evidence indicates that CKs play a
complex role in nodulation, mediating negative feedback
regulatory mechanisms (Mortier et al., 2014; Sasaki et al.,
2014). The exact molecular mechanisms underlying the
dual effects of CKs on nodulation are still far from
being understood. It is likely that CKs acting in a
tight crosstalk with other hormones, such as auxins,
may exert different effects on nodulation depending
on the auxin concentration that is known to fluctuate
through different stages of nodulation. Future studies
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should reveal the molecular pathways regulated by CKs and other
hormones to elucidate their complex action during nodulation.
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RNA intereferencing (RNAi) pathway regulates antiviral immunity and mediates plant
growth and development. Despite considerable research efforts, a few components
in RNAi pathway have been revealed, including ARGONAUTEs (AGOs), DICER-LIKEs
(DCLs), RNA-dependent RNA polymerase 1 and 6 (RDR1/6), and ALTERED MERISTEM
PROGRAM 1 (AMP1). In this study, we performed a forward genetic screening for
enhancers of rdr6 via inoculation of CMV2aT12b, a 2b-deficient Cucumber Mosaic
Virus that is unable to suppress RNAi-mediated antiviral immunity. We uncover that
the membrane-localized flippase Aminophospholipid ATPase 1 (ALA1) cooperates with
RDR6 and RDR1 to promote antiviral immunity and regulate fertility in Arabidopsis.
Moreover, we find that ALA2, a homolog of ALA1, also participates in antiviral immunity.
Our findings suggest that ALA1 and ALA2 act as novel components in the RNAi pathway
and function additively with RDR1 and RDR6 to mediate RNAi-based antiviral immunity
and plant development.

Keywords: ALA, Arabidopsis, 2b, CMV, RNA interference (RNAi), virus

INTRODUCTION

RNA interference (RNAi) mediates plant defense against virus infections (Ding et al., 2004;
Incarbone and Dunoyer, 2013; Martinez de Alba et al., 2013). DICER-LIKE ribonucleases (DCLs),
such as DCL4, generate viral short interferencing RNAs (siRNAs) (Blevins et al., 2006; Parent et al.,
2015), which direct the loading of viral RNAs into ARGONAUTE (AGO) proteins (e.g., AGO1) of
the RNA-induced silencing complex (RISC) for the cleavage of viral RNAs (Morel, 2002; Adenot
et al., 2006; Arribas-Hernandez et al., 2016), resulting in RNAi-mediated antiviral immunity. RNA-
dependent RNA polymerases (RDRs) (Xie et al., 2001; Talmor-Neiman et al., 2006; Cao et al., 2014),
including RDR1 and RDR6, promote synthesis of siRNAs by synthesizing long double-strand RNAs
(dsRNAs), contributing to the antiviral immunity (Qu et al., 2008; Garcia-Ruiz et al., 2010).

Viruses in turn evolve viral suppressor of RNAi (VSR) to suppress host antiviral immunity. For
example, Cucumber Mosaic Virus (CMV) utilizes the VSR protein 2b (Zhang et al., 2006; Diaz-
Pendon et al., 2007) to suppress host RNAi-based antiviral immunity and causes severe pathogenic
responses in wild-type Arabidopsis, while CMV2aT12b, a CMV mutant without expression of 2b
protein, is unable to cause any obvious viral symptoms in wild-type and the single mutants of RDR1
or RDR6, but is able to cause severe pathogenic responses in the RNAi-deficient double mutant rdr1
rdr6 (Wang et al., 2010).

Aminophospholipid transporting ATPases (ALAs) are membrane-localized flippases that are
responsible for transporting different lipids, which is essential for asymmetry of membrane lipid
bilayers (Lopez-Marques et al., 2010, 2012; Botella et al., 2016). There are 12 Arabidopsis thaliana
ALAs in the IV subfamily of ATPases that control plant development or tolerance to temperature
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stresses (Lopez-Marques et al., 2014). ALA1 is required for plant
tolerance to chilling (Gomes et al., 2000). ALA3 regulates pollen
germination and pollen tube growth, and adaptability to chilling
(Poulsen et al., 2008; McDowell et al., 2013). ALA6 and ALA7
control temperate-regulated pollen tube elongation (McDowell
et al., 2015). ALA10 affects lipid uptake to regulate root growth
and stomatal control (Botella et al., 2016).

In this study, we performed a forward genetic screening for
enhancers of rdr6 with CMV2aT12b infection on M2 population
of ethyl methanesulfonate (EMS)-mutagenized rdr6. We show
that ALA1 and ALA2 act additively with RDR1 and RDR6 to
mediate RNAi-mediated antiviral immunity and development.
Our findings discover novel roles of ALA1 and ALA2.

MATERIALS AND METHODS

Materials and Growth Conditions
The Arabidopsis thaliana mutants ala1-2 (Salk_056947), ala3
(GK-317H04), ala7 (Salk_125598) and ala10 (Salk_024877)
were obtained from Arabidopsis Biological Resource Center.
The Arabidopsis mutants rdr1-1 (SAIL_672_F11), rdr6-15
(SAIL_617H07), rdr1 rdr6, the L1 line transgenic for GUS, and
the 2b-deficient CMV mutant CMV2aT12b were described as
previously (Boutet et al., 2003; Wang et al., 2010). The ala1-2
rdr1, ala1-2 rdr6 and ala1-2 rdr1 rdr6 were generated via

genetic crossing. Nicotiana benthamiana was grown under a 16-h
(28◦C)/8-h (22◦C) light/dark condition.

For observation of growth defects in Figure 5C and fertility
and siliques development in Figure 3, Arabidopsis seeds were
sterilized with 20% bleach, plated on Murashige and Skoog
(MS) medium, chilled at 4◦C for 3 days, and transferred
to a growth room under a 16-h (23–25◦C)/8-h (18–20◦C)
light/dark photoperiod for 9 days. The 9-day-old seedlings were
transplanted into soil and grew in the same growth room for
another∼3 or∼6 weeks.

Viral Infection
For viral infection assays, Arabidopsis seedlings were sterilized,
plated on MS medium, chilled at 4◦C for 3 days, and transferred
to a growth room under a 16-h (23–25◦C)/8-h (18–20◦C)
light/dark photoperiod for 9 days. The 9-day-old seedlings
were transplanted into soil for growth of another 14 days
in a growth room under an 8-h (22–24◦C)/16-h (16–19◦C)
light/dark photoperiod. The 23-day-old plants were inoculated
with CMV2aT12b as described previously (Wang et al., 2010),
and the disease symptoms were recorded at 21 or 45 days after
infection.

EMS Mutagenesis
About 20,000 seeds (M1) of the Arabidopsis mutant rdr6-15
(SAIL_617H07) were soaked with 100 mM phosphate buffer

FIGURE 1 | ENOR1 encodes ALA1 and mediates antiviral immunity. (A) Schematic diagram of screening of enor (enhancer of rdr6) mutants and mapping of
ENOR loci. (B) Phenotypes of rdr6, enor1 rdr6 and the ala1 mutants generated by CRISPR/Cas9 in rdr6 (ala1-crispr1, ala1-crispr2, ala1-crispr3) at 21 days after
infection with mock or CMV2aT12b. (C) Phenotypes of Col-0, ala1-2 and the ala1-2 plant transgenic for the ALA1 gene driven by 35S promoter (ala1-2 35S::ALA1)
at 21 days after infection with mock or CMV2aT12b.
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FIGURE 2 | ALA1 acts through both RDR1/6-related and -unrelated pathways to mediate antiviral immunity. (A) Phenotypes of rdr1 rdr6, ala1-2 rdr6,
ala1-2 rdr1 and ala1-2 rdr1 rdr6 at 21 days after infection with mock or CMV2aT12b. (B) Phenotypes of Col-0, rdr1 rdr6, ala1-2 rdr6 and ala1-2 rdr1 rdr6 at
45 days after infection with mock or CMV2aT12b. (C) Immunoblotting analysis to detect the accumulations of CMV2aT12b from leaves of Col-0, rdr6, rdr1, ala1-2,
ala1-2 rdr6, ala1-2 rdr1, ala1-2 rdr1 rdr6 and rdr1 rdr6 at 21 days after infection with mock or CMV2aT12b. The coat protein (CP) of CMV2aT12b was detected by
anti-CP (α-CP) antibody. The large subunit of ribulose-1,5-bisphosphate was used as the loading control.

(pH 7.5) overnight at 4◦C, washed with sterilized water for five
times, and mutagenized with 0.6% ethyl methanesulfonate (EMS)
dissolved in phosphate buffer for 8 h at room temperature. The
mutagenized seeds were washed with sterilized water for 20 times,
and were grown in soil for collection of M2 seeds.

Generation of Mutants and Transgenic
Plants
Mutations at 698th (−), 1120th (+) and 2216th (+) bp of
coding sequence (CDS) of ALA1 (Supplementary Figure 1B),
and at the 951th (+) bp of CDS of ALA2 (Supplementary
Figure 5B) were introduced into the rdr6 mutant through
CRISPR/Cas9 method (Mao et al., 2013). The guide RNA of the
CRISPR target was driven by U6 promoter, and Cas9 was under
control of a CaMV35S promoter in a modified pCAMBIA1300
vector (Mao et al., 2013). Primers used for construction of
vectors are listed in Supplementary Table 1. The constructs were
introduced into rdr6 mutants through agrobacterium-mediated
flower dip method. The transgenic seeds were selected on MS
containing 20 mg/L hygromycin, T2 plants were inoculated with
CMV2aT12b. Mutations of ALA1 or ALA2 were confirmed by
sequencing.

The CDS of ALA1 was cloned into the pCAMBIA1300 vector
through SmaI and XbaI sites for fusion with three FLAG tags
under the control of CaMV35S promoter, and introduced into
the ala1-2 using agrobacterium-mediated flower dip method.

Whole-Genome Sequencing and Gene
Cloning of ENOR Loci
The F2 population generated by crossing enor1 rdr6 or
enor2 rdr6 with rdr6 were inoculated with CMV2aT12b. One
hundred susceptible plants from F2 population were harvested
at 21 days after inoculation to generate a bulked pool for DNA
extraction with DNeasy Plant Maxi Kit (QIAGEN, Cat. 68163)
and construction of DNA library. Whole genome sequencing
was performed with the illumina HiSeq2000 platform. The
softwares Skewer, Bowtie2 and SHOREmap were used to
analyze the data and isolate mutations (Schneeberger et al.,
2009; Sun and Schneeberger, 2015). The SNP-based Cleaved
Amplified Polymorphic Sequences (CAPSs) markers generated
from comparison of genome sequences of enor1 rdr6 or enor2
rdr6 with rdr6 were used to assist mapping and cloning of ENOR1
and ENOR2.

Immunoblotting Analysis
The total proteins were extracted from plants at 21 days after
inoculation with mock or CMV2aT12b. Fifty microgram of
total protein for each sample was quantified and loaded for
detection of coat protein (CP) of CMV2aT12b. The antibody
against coat protein (anti-CP) of CMV2aT12b was produced
by Abmart company (Abmart1) with the recombinant protein

1http://www.ab-mart.com.cn/
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FIGURE 3 | ALA1 acts additively with RDR1 and RDR6 to regulate plant
development. (A,B) Phenotypes (A) and statistical analysis of numbers of
siliques with seeds (B) of the main inflorescences from Col-0, rdr1 rdr6 and
ala1-2 rdr1 rdr6. Red arrows indicate sterile siliques. Errors represent ± SE.
Lowercase letters indicate significant differences by one-way ANOVA analysis
with SPSS software (P < 0.05). (C) Phenotypes of representative fertile
siliques from Col-0, rdr1 rdr6 and ala1-2 rdr1 rdr6. The bar represents 2 mm.

of the 1st to 154th AA of CP. The anti-CP was used as first
antibody (1:6000), and anti-rabbit immunoglobulin antibody was
used as the secondary antibody respectively (1:3000). All of the
experiments were repeated at least three biological times.

GUS Staining
The L1 line transgenic for the β-glucuronidase (GUS) gene driven
by 35S promoter (35S::GUS), in which the GUS activity is very low
in all the expanded rosette leaves due to the post transcriptional
gene silencing (Boutet et al., 2003), was crossed with ala1-
2 to generate ala1-2 with L1 transgene (35S::GUS), named
ala1-2 35S::GUS. Eighteen ala1-2 35S::GUS plants were used
for histochemical staining of GUS using the method described
previously (Shan et al., 2011).

Quantitative Real-Time PCR Analysis
For Figure 6A, the expression of ALA family members was
analyzed in Col-0 and ala1-2 at 21 days after inoculation
with mock or CMV2aT12b. For Supplementary Figure 4, the
accumulation of genomic RNA of CMV2aT12b was analyzed
in Col-0 and ala1-2 at 21 days after CMV2aT12b inoculation.
The primers used for RNA detection of CMV2aT12b were
designed based on the conserved sequences from genomic RNA1
to RNA3 in the 3 prime end. The materials were harvested
for RNA extraction using trizol (TRANSGENE, Cat.ET101-01),

FIGURE 4 | ALA1 is involved in gene silencing. The effect of ala1-2 on
post-transcriptional silencing of 35S::GUS transgene of the L1 line. The
35S::GUS transgene was post-transcriptionally silenced in the L1 line (Boutet
et al., 2003); the homozygous ala1-2 mutation prevents silencing of the GUS
transgene in all expanded rosette leaves of the L1 line (ala1 35S::GUS), which
was identified from F2 population of ala1-2 and L1.

and reverse transcription was performed according to the kit
(TRANSGENE, Cat. AT311-03). Quantitative real-time PCR
was performed with EvaGreen 2∗qPCR MasterMix-Low ROX
reagents (ABM, Cat. Mastermix-LR) using the ABI7500 real-time
PCR system. ACTIN8 was used as the internal control. All of
the experiments were repeated at least three biological times.
Primers used for quantitative real-time PCR analysis are listed in
Supplementary Table 1.

Phylogenetic Analysis
For the phylogenetic analysis shown in Supplementary Figure 6,
the evolutionary history was inferred using the Neighbor-Joining
method (Saitou and Nei, 1987). The optimal tree with the sum
of branch length (4.45679805) is shown. The percentage of
replicate trees in which the associated taxa clustered together
in the bootstrap test (500 replicates) are shown next to the
branches (Felsenstein, 1985). The evolutionary distances were
computed using the Poisson correction method (Zuckerkandl
and Pauling, 1965) and are in the units of the number of
amino acid substitutions per site. The analysis involved all 12
amino acid sequences of ALA family. All positions containing
gaps and missing data were eliminated. There were a total of
794 positions in the final dataset. Evolutionary analyses were
conducted in MEGA6 (Tamura et al., 2013). The transcripts,
including ALA1 (AT5G04930.1), ALA2 (AT5G44240.1), ALA3
(AT1G59820.1), ALA4 (AT1G17500.1), ALA5 (AT1G72700.1),
ALA6 (AT1G54280.1), ALA7 (AT3G13900.1), ALA8
(AT3G27870.1), ALA9 (AT1G68710.1), ALA10 (AT3G25610.1),
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ALA11 (AT1G13210.1), and ALA12 (AT1G26130.2), were used
for phylogenetic analysis.

Subcellular Localization
Coding sequence of ALA1 was cloned into the pJG054 vector
for fusion with YFP under control of CaMV35S promoter
(YFP-ALA1). The agrobacterium containing YFP-ALA1 or the
mCherry-ER-marker were resuspended in the infiltration buffer
(10 mM MgCl2, 10 mM MES, 0.2 mM acetosyringone) for 3-5 h,
and co-infiltrated into leaves of N. benthamiana. The fluorescence
signals were collected with a Zeiss microscope (LSM710) at∼50 h
after co-infiltration. All of the experiments were repeated at least
three biological times.

Accession Numbers
The Arabidopsis Genome Initiative numbers for genes mentioned
in this letter are as follows: ALA1 (AT5G04930), ALA2
(AT5G44240), ALA3 (AT1G59820), ALA4 (AT1G17500), ALA5
(AT1G72700), ALA6 (AT1G54280), ALA7 (AT3G13900), ALA8
(AT3G27870), ALA9 (AT1G68710), ALA10 (AT3G25610),
ALA11 (AT1G13210), ALA12 (AT1G26130), RDR1
(AT1G14790), RDR6 (AT3G49500), and ACTIN8 (AT1G49240).

RESULTS

Identification and Mapping of the enor1
Mutant
We generated M2 population of EMS-mutagenized rdr6, and
inoculated M2 with CMV2aT12b to identify mutants that
enhanced the susceptibility to CMV2aT12b in rdr6 (referred
to as enhancer of rdr6 [enor]), and utilized whole genome
sequencing to assist mapping and cloning of ENOR loci
(Figure 1A).

As shown in Figure 1B, the newly identified mutant enor1
in the rdr6 background, named enor1 rdr6, exhibited severely
stunted and clustered leaves after infection with CMV2aT12b.
One fourth of F2 population from the cross between enor1
rdr6 and rdr6 were susceptible to CMV2aT12b, demonstrating
that enor1 is a recessive mutation. In order to map the ENOR1
locus, we generated a bulked pool of susceptible plants from
the F2 population for whole-genome sequencing, screened
mutations by comparing the sequences with SHOREmap
methods (Schneeberger et al., 2009; Sun and Schneeberger, 2015),
and mapped the ENOR1 locus using CAPS markers (Figure 1A).
We finally found that only a C to T mutation at the 2965th bp of
CDS of AT5G04930, which causes a premature stop codon and
generates a HaeIII-based CAPS marker, co-segregated with enor1
(Supplementary Figures 1A,B).

ENOR1 Corresponds to ALA1 and Is
Essential for Antiviral Immunity
AT5G04930 encodes ALA1 (Lopez-Marques et al., 2014)
that co-localizes with the mCherry-ER-marker (Supplementary
Figure 2) (Lopez-Marques et al., 2012). To further genetically
verify whether AT5G04930 (ALA1) corresponds to ENOR1 and

FIGURE 5 | ALA2 acts additively with RDR6 and redundantly with ALA1
in antiviral immunity. (A) Phenotypes of enor2 rdr6, and the ala2-crispr1
mutant generated by CRISPR/Cas9 in rdr6 (ala2-crispr1 rdr6) at 21 days after
infection with mock or CMV2aT12b. (B) Immunoblotting analysis to detect
the accumulations of CMV2aT12b from leaves of enor1 rdr6 and enor2 rdr6
at 21 days after infection with mock or CMV2aT12b. The coat protein (CP) of
CMV2aT12b was detected by anti-CP (α-CP) antibody. The large subunit of
ribulose-1,5-bisphosphate was used as the loading control. (C) Phenotypes
of 30-day-old seedlings of rdr6, enor1 rdr6, enor2 rdr6, and enor1 enor2 rdr6.

mediates antiviral immunity, we generated ala1 mutants by the
CRISPR/Cas9 genome editing method (Feng et al., 2014; Jia et al.,
2016) in the rdr6 background, and examined whether these ala1-
crispr rdr6 double mutants exhibit the viral symptoms similar
to that of enor1 rdr6 when inoculated with CMV2aT12b. As
shown in Figure 1B, all the ala1-crispr rdr6 double mutants were
severely susceptible to CMV2aT12b, demonstrating that ALA1
corresponds to ENOR1 and is required for antiviral immunity.

We also obtained a T-DNA insertional mutant (Salk_056947,
named ala1-2) of ALA1 (Supplementary Figure 1B), and
found that the ala1-2 single mutant was mildly susceptible to
CMV2aT12b, less severe than ala1-crispr rdr6 (Figures 1B,C),
which also supports of the ALA1 function in antiviral immunity.
Moreover, we found that transgenic expression of ALA1 under
the control of CaMV 35S promoter fully restored the mutant
phenotypes of ala1-2 (Figure 1C).

ALA1 Acts Additively With RDR1 and
RDR6 to Regulate Antiviral Immunity
Further analyses of various double mutants and the triple mutant
ala1-2 rdr1 rdr6 showed that all the double mutants including
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FIGURE 6 | Analysis of ALA members in antiviral silencing. (A) Quantitative real-time PCR showed the relative expression levels of ALA family members in
Col-0 and ala1-2 after inoculation with mock or CMV2aT12b. The data are means (±SE) from three biological repeats. (B) Phenotypes of the ala3, ala7 and ala10
mutants at 21 days after infection with mock or CMV2aT12b.

ala1-2 rdr6, ala1-2 rdr1, enor1 rdr6, ala1-crispr rdr6 and rdr1 rdr6
exhibited similar symptoms after inoculation with CMV2aT12b,
which were much more severe than the single mutant ala1-
2, while the triple mutant ala1-2 rdr1 rdr6 showed the most
severe symptoms with over-stunted newly born leaves and yellow
old chlorotic leaves (Figures 1B,C, 2A,B and Supplementary
Figure 3). These results suggest that ALA1 functions additively
with RDR1 and RDR6 to mediate plant immunity.

The immunoblot analysis with antibody against the CP of
CMV2aT12b showed that CMV2aT12b accumulated much
more in ala1-2 than in wild-type, and that the double mutants
(ala1-2 rdr6, ala1-2 rdr1 and rdr1 rdr6) accumulated much
more CP than the corresponding single mutants (Figure 2C).
These results further demonstrate that ALA1 acts additively with
RDR1 and RDR6 to mediate RNAi-based antiviral immunity.
Interestingly, the triple mutant ala1-2 rdr1 rdr6 showed enhanced
susceptibility compared with the double mutant rdr1 rdr6 when
inoculated with CMV2aT12b, however, the accumulation of

CMV2aT12b was indistinguishable between the triple mutant
ala1-2 rdr1 rdr6 and the double mutant rdr1 rdr6, implying that
ALA1 mediates plant immunity through both a RDR1/6-related
RNAi pathway and RDR1/6–unrelated pathways.

Further phenotypic analysis showed that the ala1-2 rdr1 rdr6
triple mutant also displays developmental defects, including
shorter siliques and less fertile siliques (Figures 3A–C). These
results imply that ALA1 may function additively with RDR1
and RDR6 to mediate RNAi-regulated plant development,
consistent with the previous observations that RNAi, in addition
to the RNAi-mediated plant immunity, also mediates plant
developmental processes (Yoshikawa et al., 2005).

ALA1 Is Required for Gene Silencing
Having shown that ALA1 acts additively with RDR1 and RDR6
in RNAi-based antiviral immunity and development, we further
verified whether ALA1 affects gene silencing via genetic cross
of the ala1-2 mutant with the L1, a transgenic silencing marker
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line where the GUS transgene driven by the CaMV35S promoter
(35S::GUS) was silenced and expressed at low level (Boutet
et al., 2003). As shown in Figure 4, the GUS activity was
obviously increased in ala1-2 (named ala1-2 35S::GUS). These
data demonstrate that mutation in ALA1 abolished the gene
silencing on the GUS transgene driven by the 35S promoter,
suggesting that ALA1 is indeed required for gene silencing.
Consistently, our quantitative real-time PCR analysis showed that
the accumulation of CMV2aT12b RNA in ala1-2 was much
higher than that in Col-0, further supporting the essential roles
of ALA1 in gene silencing and antiviral defense.

ALA2 Also Participates in Antiviral
Immunity
During the screening, we isolated a second enhancer mutant
enor2 rdr6 (Figure 5A), in which CP accumulation was similar
with that in enor1 rdr6 (Figure 5B). We further found that
ENOR2 encodes ALA2 by performing the same mapping and
identification procedures as ENOR1 (Supplementary Figure 5A).
The ALA2 gene in enor2 rdr6 contained a G to A mutation at the
1995th bp, leading to a premature stop codon (Supplementary
Figure 5B), and mutation of ALA2 by CRISPR/Cas9 in rdr6
also resulted in severe susceptibility to CMV2aT12b (Figure 5A
and Supplementary Figure 5B), suggesting that ALA2 mediates
antiviral immunity. Moreover, we generated the enor1 enor2
rdr6 triple mutant, and found that enor1 enor2 rdr6 displayed
severe developmental defects, including stunted leaves, which is
similar with CMV2aT12b-infected enor1 rdr6 and enor2 rdr6
(Figure 5C). This results (Figure 5) indicate that both ALA1 and
ALA2 act additively with RDR6 to mediate antiviral immunity
and plant growth.

Analysis of Other ALAs in Antiviral
Immunity
Phylogenetic analysis of the ALA family proteins showed that
ALA1 and ALA2 are the closest members, and other members
are less related (Supplementary Figure 6). We observed that
CMV2aT12b infection dramatically induced the expression of
ALA7 and ALA10 in ala1-2, but could not obviously affect the
expression of other ALAs in wild-type and ala1-2 (Figure 6A).
We next investigated whether other ALA members play a role
in antiviral immunity. The T-DNA insertion mutants of ALA3
to ALA12 were inoculated with CMV2aT12b, and the results
showed that none of these mutants were susceptible (Figure 6B
and data not shown). It remains to be elucidated whether these
ALAs function redundantly to mediate RNAi-based antiviral
immunity and plant development.

DISCUSSION

It is well known that the RNAi pathway regulates plant
growth, development and immunity. Previous studies have
revealed that AGOs, DCLs, RDR1 and RDR6 are essential
components of RNAi pathway (Ding and Voinnet, 2007; Qu
et al., 2008; Wang et al., 2010; Cao et al., 2014). In this

study, we developed an effective forward genetic screening
using 2b-deficient CMV2aT12b, and defined ALA1 and ALA2,
membrane-localized proteins (Figures 1, 5 and Supplementary
Figure 2) (Lopez-Marques et al., 2010, 2012), as the new
components in the RNAi pathway. ALA1 plays an essential role in
gene silencing, and acts additively with RDR1/6 to mediate RNAi-
based antiviral immunity and plant development (Figures 2–4).
ALA2 also participates in antiviral defense and development, and
acts redundantly with ALA1 in regulation of plant development
in rdr6 background (Figure 5C).

A recent study showed that AMP1, a novel key component
in RNAi pathway, associates with AGO1 and mediates miRNA-
targeted translational inhibition of mRNA on ER membrane
(Li et al., 2013). miRNA-guided cleavage can also occur on ER
membrane-bound polysomes (Li et al., 2016). These studies take
ER into a central stage of small RNAs-mediated silencing (Ma
et al., 2013; Li et al., 2016). On the other hand, viruses recruit
ER membrane and manipulate lipid synthesis, transport and
metabolism to form a circumstance essential for viral replication
and morphogenesis (Fernández de Castro et al., 2016). Our
finding that the ER membrane-localized ALA1 and ALA2 are
essential players in silencing pathway and antiviral immunity
would help to study and understand both the small RNAs
machinery on ER membrane and the roles of lipid transport
in silencing and antiviral defense. It would be interesting to
investigate whether ALA1 and ALA2 associate with AMP1 and/or
AGO1 to mediate gene silencing and antiviral immunity.

AUTHOR CONTRIBUTIONS

DX designed the study; BZ, HG, DW, and TQ performed
experiments; DX, TQ, BZ, HG, GX, SS, HJ, and SZ analyzed the
data. BZ, HG, TQ, and DX wrote the manuscript.

FUNDING

This work was financially supported by the National Natural
Science Foundation of China (Grant NO. 31230008 and
31630085).

ACKNOWLEDGMENTS

We thank Dr. Shouwei Ding (University of California, Berkeley)
for sharing the rdr1, rdr6 and rdr1 rdr6 mutants, and Dr. Jiankang
Zhu (Center for Plant Stress Biology, Chinese Academy of
Science) for the CRISPR/Cas9 vector.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: http://journal.frontiersin.org/article/10.3389/fpls.2017.00422/
full#supplementary-material

Frontiers in Plant Science | www.frontiersin.org April 2017 | Volume 8 | Article 422153

http://journal.frontiersin.org/article/10.3389/fpls.2017.00422/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fpls.2017.00422/full#supplementary-material
http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-08-00422 April 5, 2017 Time: 17:11 # 8

Zhu et al. ALA1/2 Mediate RNAi-Based Antiviral Immunity

REFERENCES
Adenot, X., Elmayan, T., Lauressergues, D., Boutet, S., Bouche, N., Gasciolli, V.,

et al. (2006). DRB4-dependent TAS3 trans-acting siRNAs control leaf
morphology through AGO7. Curr. Biol. 16, 927–932. doi: 10.1016/j.cub.2006.
03.035

Arribas-Hernandez, L., Marchais, A., Poulsen, C., Haase, B., Hauptmann, J.,
Benes, V., et al. (2016). The slicer activity of ARGONAUTE1 is required
specifically for the phasing, not production, of trans-acting short interfering
RNAs in Arabidopsis. Plant Cell 28, 1563–1580. doi: 10.1105/tpc.16.00121

Blevins, T., Rajeswaran, R., Shivaprasad, P. V., Beknazariants, D., Si-Ammour, A.,
Park, H. S., et al. (2006). Four plant Dicers mediate viral small RNA
biogenesis and DNA virus induced silencing. Nucleic Acids Res. 34, 6233–6246.
doi: 10.1093/nar/gkl886

Botella, C., Sautron, E., Boudiere, L., Michaud, M., Dubots, E., Yamaryo-
Botte, Y., et al. (2016). ALA10, a phospholipid flippase, controls FAD2/FAD3
desaturation of phosphatidylcholine in the ER and affects chloroplast
lipid composition in Arabidopsis thaliana. Plant Physiol. 170, 1300–1314.
doi: 10.1104/pp.15.01557

Boutet, S., Vazquez, F., Liu, J., Béclin, C., Fagard, M., Gratias, A., et al. (2003).
Arabidopsis HEN1: a genetic link between endogenous miRNA controlling
development and siRNA controlling transgene silencing and virus resistance.
Curr. Biol. 13, 843–848. doi: 10.1016/S0960-9822(03)00293-8

Cao, M., Du, P., Wang, X., Yu, Y. Q., Qiu, Y. H., Li, W., et al. (2014). Virus infection
triggers widespread silencing of host genes by a distinct class of endogenous
siRNAs in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 111, 14613–14618.
doi: 10.1073/pnas.1407131111

Diaz-Pendon, J. A., Li, F., Li, W. X., and Ding, S. W. (2007). Suppression of antiviral
silencing by cucumber mosaic virus 2b protein in Arabidopsis is associated
with drastically reduced accumulation of three classes of viral small interfering
RNAs. Plant Cell 19, 2053–2063. doi: 10.1105/tpc.106.047449

Ding, S. W., Li, H., Lu, R., Li, F., and Li, W. X. (2004). RNA silencing: a conserved
antiviral immunity of plants and animals. Virus Res. 102, 109–115. doi: 10.1016/
j.virusres.2004.01.021

Ding, S. W., and Voinnet, O. (2007). Antiviral immunity directed by small RNAs.
Cell 130, 413–426. doi: 10.1016/j.cell.2007.07.039

Felsenstein, J. (1985). Confidence-limits on phylogenies - an approach using the
Bootstrap. Evolution 39, 783–791. doi: 10.2307/2408678

Feng, Z. Y., Mao, Y. F., Xu, N. F., Zhang, B. T., Wei, P. L., Yang, D. L., et al. (2014).
Multigeneration analysis reveals the inheritance, specificity, and patterns of
CRISPR/Cas-induced gene modifications in Arabidopsis. Proc. Natl. Acad. Sci.
U.S.A. 111, 4632–4637. doi: 10.1073/pnas.1400822111

Fernández de Castro, I., Tenorio, R., and Risco, C. (2016). Virus assembly factories
in a lipid world. Curr. Opin. Virol. 18, 20–26. doi: 10.1016/j.coviro.2016.02.009

Garcia-Ruiz, H., Takeda, A., Chapman, E. J., Sullivan, C. M., Fahlgren, N.,
Brempelis, K. J., et al. (2010). Arabidopsis RNA-dependent RNA polymerases
and dicer-like proteins in antiviral defense and small interfering RNA
biogenesis during Turnip Mosaic Virus infection. Plant Cell 22, 481–496.
doi: 10.1105/tpc.109.073056

Gomes, E., Jakobsen, M. K., Axelsen, K. B., Geisler, M., and Palmgren, M. G.
(2000). Chilling tolerance in arabidopsis involves ALA1, a member of a new
family of putative aminophospholipid translocases. Plant Cell 12, 2441–2453.
doi: 10.1105/tpc.12.12.2441

Incarbone, M., and Dunoyer, P. (2013). RNA silencing and its suppression: novel
insights from in planta analyses. Trends Plant Sci. 18, 382–392. doi: 10.1016/j.
tplants.2013.04.001

Jia, Y. X., Ding, Y. L., Shi, Y. T., Zhang, X. Y., Gong, Z. Z., and Yang, S. H.
(2016). The cbfs triple mutants reveal the essential functions of CBFs in cold
acclimation and allow the definition of CBF regulons in Arabidopsis. New
Phytol. 212, 345–353. doi: 10.1111/nph.14088

Li, S., Le, B., Ma, X., Li, S., You, C., Yu, Y., et al. (2016). Biogenesis of
phased siRNAs on membrane-bound polysomes in Arabidopsis. Elife 5:e22750.
doi: 10.7554/eLife.22750

Li, S., Liu, L., Zhuang, X., Yu, Y., Liu, X., Cui, X., et al. (2013). MicroRNAs inhibit
the translation of target mRNAs on the endoplasmic reticulum in Arabidopsis.
Cell 153, 562–574. doi: 10.1016/j.cell.2013.04.005

Lopez-Marques, R. L., Poulsen, L. R., Hanisch, S., Meffert, K., Buch-Pedersen, M. J.,
Jakobsen, M. K., et al. (2010). Intracellular targeting signals and lipid specificity

determinants of the ALA/ALIS P4-ATPase complex reside in the catalytic ALA
alpha-subunit. Mol. Biol. Cell 21, 791–801. doi: 10.1091/mbc.E09-08-0656

Lopez-Marques, R. L., Poulsen, L. R., and Palmgren, M. G. (2012). A putative
plant aminophospholipid flippase, the Arabidopsis P4 ATPase ALA1, localizes
to the plasma membrane following association with a beta-subunit. PLoS ONE
7:e33042. doi: 10.1371/journal.pone.0033042

Lopez-Marques, R. L., Theorin, L., Palmgren, M. G., and Pomorski, T. G. (2014).
P4-ATPases: lipid flippases in cell membranes. Pflugers. Arch. 466, 1227–1240.
doi: 10.1007/s00424-013-1363-4

Ma, X., Cao, X. F., Mo, B. X., and Chen, X. M. (2013). Trip to ER MicroRNA-
mediated translational repression in plants. RNA Biol. 10, 1586–1592.
doi: 10.4161/rna.26313

Mao, Y., Zhang, H., Xu, N., Zhang, B., Gou, F., and Zhu, J. K. (2013). Application of
the CRISPR-Cas system for efficient genome engineering in plants. Mol. Plant
6, 2008–2011. doi: 10.1093/mp/sst121

Martinez de Alba, A. E., Elvira-Matelot, E., and Vaucheret, H. (2013). Gene
silencing in plants: a diversity of pathways. Biochim. Biophys. Acta 1829,
1300–1308. doi: 10.1016/j.bbagrm.2013.10.005

McDowell, S. C., Lopez-Marques, R. L., Cohen, T., Brown, E., Rosenberg, A.,
Palmgren, M. G., et al. (2015). Loss of the Arabidopsis thaliana P4-ATPases
ALA6 and ALA7 impairs pollen fitness and alters the pollen tube plasma
membrane. Front. Plant Sci. 6:197. doi: 10.3389/fpls.2015.00197

McDowell, S. C., Lopez-Marques, R. L., Poulsen, L. R., Palmgren, M. G., and
Harper, J. F. (2013). Loss of the Arabidopsis thaliana P(4)-ATPase ALA3
reduces adaptability to temperature stresses and impairs vegetative, pollen,
and ovule development. PLoS ONE 8:e62577. doi: 10.1371/journal.pone.
0062577

Morel, J. B. (2002). Fertile hypomorphic ARGONAUTE (ago1) mutants impaired
in post-transcriptional gene silencing and virus resistance. Plant Cell Online 14,
629–639. doi: 10.1105/tpc.010358

Parent, J. S., Bouteiller, N., Elmayan, T., and Vaucheret, H. (2015). Respective
contributions of Arabidopsis DCL2 and DCL4 to RNA silencing. Plant J. 81,
223–232. doi: 10.1111/tpj.12720

Poulsen, L. R., Lopez-Marques, R. L., Mcdowell, S. C., Okkeri, J., Licht, D.,
Schulz, A., et al. (2008). The Arabidopsis P-4-ATPase ALA3 localizes to the
Golgi and requires a beta-subunit to function in lipid translocation and
secretory vesicle formation. Plant Cell 20, 658–676. doi: 10.1105/tpc.107.
054767

Qu, F., Ye, X., and Morris, T. J. (2008). Arabidopsis DRB4, AGO1, AGO7,
and RDR6 participate in a DCL4-initiated antiviral RNA silencing pathway
negatively regulated by DCL1. Proc. Natl. Acad. Sci. U.S.A. 105, 14732–14737.
doi: 10.1073/pnas.0805760105

Saitou, N., and Nei, M. (1987). The Neighbor-Joining Method - a new method for
reconstructing phylogenetic trees. Mol. Biol. Evol. 4, 406–425.

Schneeberger, K., Ossowski, S., Lanz, C., Juul, T., Petersen, A. H., Nielsen,
K. L., et al. (2009). SHOREmap: simultaneous mapping and mutation
identification by deep sequencing. Nat. Methods 6, 550–551. doi: 10.1038/nmeth
0809-550

Shan, X., Wang, J., Chua, L., Jiang, D., Peng, W., and Xie, D. (2011). The role
of Arabidopsis Rubisco activase in jasmonate-induced leaf senescence. Plant
Physiol. 155, 751–764. doi: 10.1104/pp.110.166595

Sun, H., and Schneeberger, K. (2015). SHOREmap v3.0: fast and accurate
identification of causal mutations from forward genetic screens. Methods Mol.
Biol. 1284, 381–395. doi: 10.1007/978-1-4939-2444-8_19

Talmor-Neiman, M., Stav, R., Klipcan, L., Buxdorf, K., Baulcombe, D. C., and
Arazi, T. (2006). Identification of trans-acting siRNAs in moss and an RNA-
dependent RNA polymerase required for their biogenesis. Plant J. 48, 511–521.
doi: 10.1111/j.1365-313X.2006.02895.x

Tamura, K., Stecher, G., Peterson, D., Filipski, A., and Kumar, S. (2013). MEGA6:
molecular evolutionary genetics analysis version 6.0. Mol. Biol. Evol. 30,
2725–2729. doi: 10.1093/molbev/mst197

Wang, X. B., Wu, Q., Ito, T., Cillo, F., Li, W. X., Chen, X., et al. (2010). RNAi-
mediated viral immunity requires amplification of virus-derived siRNAs in
Arabidopsis thaliana. Proc. Natl. Acad. Sci. U.S.A. 107, 484–489. doi: 10.1073/
pnas.0904086107

Xie, Z., Fan, B., Chen, C., and Chen, Z. (2001). An important role of an inducible
RNA-dependent RNA polymerase in plant antiviral defense. Proc. Natl. Acad.
Sci. U.S.A. 98, 6516–6521. doi: 10.1073/pnas.111440998

Frontiers in Plant Science | www.frontiersin.org April 2017 | Volume 8 | Article 422154

https://doi.org/10.1016/j.cub.2006.03.035
https://doi.org/10.1016/j.cub.2006.03.035
https://doi.org/10.1105/tpc.16.00121
https://doi.org/10.1093/nar/gkl886
https://doi.org/10.1104/pp.15.01557
https://doi.org/10.1016/S0960-9822(03)00293-8
https://doi.org/10.1073/pnas.1407131111
https://doi.org/10.1105/tpc.106.047449
https://doi.org/10.1016/j.virusres.2004.01.021
https://doi.org/10.1016/j.virusres.2004.01.021
https://doi.org/10.1016/j.cell.2007.07.039
https://doi.org/10.2307/2408678
https://doi.org/10.1073/pnas.1400822111
https://doi.org/10.1016/j.coviro.2016.02.009
https://doi.org/10.1105/tpc.109.073056
https://doi.org/10.1105/tpc.12.12.2441
https://doi.org/10.1016/j.tplants.2013.04.001
https://doi.org/10.1016/j.tplants.2013.04.001
https://doi.org/10.1111/nph.14088
https://doi.org/10.7554/eLife.22750
https://doi.org/10.1016/j.cell.2013.04.005
https://doi.org/10.1091/mbc.E09-08-0656
https://doi.org/10.1371/journal.pone.0033042
https://doi.org/10.1007/s00424-013-1363-4
https://doi.org/10.4161/rna.26313
https://doi.org/10.1093/mp/sst121
https://doi.org/10.1016/j.bbagrm.2013.10.005
https://doi.org/10.3389/fpls.2015.00197
https://doi.org/10.1371/journal.pone.0062577
https://doi.org/10.1371/journal.pone.0062577
https://doi.org/10.1105/tpc.010358
https://doi.org/10.1111/tpj.12720
https://doi.org/10.1105/tpc.107.054767
https://doi.org/10.1105/tpc.107.054767
https://doi.org/10.1073/pnas.0805760105
https://doi.org/10.1038/nmeth0809-550
https://doi.org/10.1038/nmeth0809-550
https://doi.org/10.1104/pp.110.166595
https://doi.org/10.1007/978-1-4939-2444-8_19
https://doi.org/10.1111/j.1365-313X.2006.02895.x
https://doi.org/10.1093/molbev/mst197
https://doi.org/10.1073/pnas.0904086107
https://doi.org/10.1073/pnas.0904086107
https://doi.org/10.1073/pnas.111440998
http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-08-00422 April 5, 2017 Time: 17:11 # 9

Zhu et al. ALA1/2 Mediate RNAi-Based Antiviral Immunity

Yoshikawa, M., Peragine, A., Park, M. Y., and Poethig, R. S.
(2005). A pathway for the biogenesis of trans-acting siRNAs
in Arabidopsis. Genes Dev. 19, 2164–2175. doi: 10.1101/gad.
1352605

Zhang, X., Yuan, Y. R., Pei, Y., Lin, S. S., Tuschl, T., Patel, D. J., et al.
(2006). Cucumber mosaic virus-encoded 2b suppressor inhibits Arabidopsis
Argonaute1 cleavage activity to counter plant defense. Genes Dev. 20,
3255–3268. doi: 10.1101/gad.1495506

Zuckerkandl, E., and Pauling, L. (1965). Molecules as documents of
evolutionary history. J. Theor. Biol. 8, 357–366. doi: 10.1016/0022-5193(65)
90083-4

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Zhu, Gao, Xu, Wu, Song, Jiang, Zhu, Qi and Xie. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Plant Science | www.frontiersin.org April 2017 | Volume 8 | Article 422155

https://doi.org/10.1101/gad.1352605
https://doi.org/10.1101/gad.1352605
https://doi.org/10.1101/gad.1495506
https://doi.org/10.1016/0022-5193(65)90083-4
https://doi.org/10.1016/0022-5193(65)90083-4
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-08-01687 September 29, 2017 Time: 12:27 # 1

REVIEW
published: 29 September 2017
doi: 10.3389/fpls.2017.01687

Edited by:
Tatiana Matveeva,

Saint Petersburg State University,
Russia

Reviewed by:
Jin-Long Qiu,

Institute of Microbiology (CAS), China
Pierre Pétriacq,

University of Sheffield,
United Kingdom

*Correspondence:
Nam-Soo Jwa

nsjwa@sejong.ac.kr

Specialty section:
This article was submitted to

Plant Microbe Interactions,
a section of the journal

Frontiers in Plant Science

Received: 19 June 2017
Accepted: 13 September 2017
Published: 29 September 2017

Citation:
Jwa N-S and Hwang BK (2017)

Convergent Evolution of Pathogen
Effectors toward Reactive Oxygen

Species Signaling Networks in Plants.
Front. Plant Sci. 8:1687.

doi: 10.3389/fpls.2017.01687

Convergent Evolution of Pathogen
Effectors toward Reactive Oxygen
Species Signaling Networks in Plants
Nam-Soo Jwa1* and Byung Kook Hwang2

1 Division of Integrative Bioscience and Biotechnology, College of Life Sciences, Sejong University, Seoul, South Korea,
2 Laboratory of Molecular Plant Pathology, College of Life Sciences and Biotechnology, Korea University, Seoul, South Korea

Microbial pathogens have evolved protein effectors to promote virulence and cause
disease in host plants. Pathogen effectors delivered into plant cells suppress plant
immune responses and modulate host metabolism to support the infection processes
of pathogens. Reactive oxygen species (ROS) act as cellular signaling molecules
to trigger plant immune responses, such as pathogen-associated molecular pattern
(PAMP)-triggered immunity (PTI) and effector-triggered immunity. In this review, we
discuss recent insights into the molecular functions of pathogen effectors that target
multiple steps in the ROS signaling pathway in plants. The perception of PAMPs
by pattern recognition receptors leads to the rapid and strong production of ROS
through activation of NADPH oxidase Respiratory Burst Oxidase Homologs (RBOHs)
as well as peroxidases. Specific pathogen effectors directly or indirectly interact
with plant nucleotide-binding leucine-rich repeat receptors to induce ROS production
and the hypersensitive response in plant cells. By contrast, virulent pathogens
possess effectors capable of suppressing plant ROS bursts in different ways during
infection. PAMP-triggered ROS bursts are suppressed by pathogen effectors that target
mitogen-activated protein kinase cascades. Moreover, pathogen effectors target vesicle
trafficking or metabolic priming, leading to the suppression of ROS production. Secreted
pathogen effectors block the metabolic coenzyme NADP-malic enzyme, inhibiting the
transfer of electrons to the NADPH oxidases (RBOHs) responsible for ROS generation.
Collectively, pathogen effectors may have evolved to converge on a common host
protein network to suppress the common plant immune system, including the ROS
burst and cell death response in plants.

Keywords: pathogen effector, reactive oxygen species, PAMP-triggered immunity, effector-triggered immunity,
respiratory burst oxidase homolog, mitogen-activated protein kinase

INTRODUCTION

Plants have evolved sophisticated defense mechanisms to resist potential attacks by microbial
pathogens (Grant and Loake, 2000). The first line of defense is triggered in plants by the
perception of microbe- or pathogen-associated molecular patterns (MAMPs or PAMPs) via
membrane-bound pattern recognition receptors (PRRs), leading to basal immunity, known as
PAMP-triggered immunity (PTI) (Gómez-Gómez and Boller, 2000; Jones and Dangl, 2006).
PAMPs include conserved cell surface structures including bacterial flagellin, lipopolysaccharides,
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and peptidoglycan, or fungal cell wall components such as glucan
or chitin (Zipfel et al., 2004; Torres, 2010). Plants may disrupt
numerous non-host or host pathogen attacks via PTI; however,
adapted pathogens can overcome the PTI-dependent defense
response to cause disease on their host plants (Collins et al., 2003;
He et al., 2006). PTI requires signal transduction from receptors
to downstream components via mitogen-activated protein kinase
(MAPK) cascade pathways (Pitzschke et al., 2009). Known
PAMPs activate MAP kinases in plant cells. In the second line
of defense, plants have acquired a cell-based surveillance system
using intracellular nucleotide-binding leucine-rich repeat (NLR)
receptors to recognize specific pathogen effectors, leading to
resistance (R) gene-mediated effector-triggered immunity (ETI)
(Jones and Dangl, 2006; Dangl et al., 2013). The two phases
of plant immunity may be spatiotemporally distinct but are
intimately related to the reactive oxygen species (ROS) burst
(Grant and Loake, 2000; Torres et al., 2006; Kadota et al., 2015).
Production of ROS in plant cells is a hallmark of successful
recognition of plant pathogens and activation of plant defenses
(Lamb and Dixon, 1997; Torres, 2010). Pathogen-induced
apoplastic ROS production was first demonstrated in potato
tuber tissues by Doke (1983) and indeed ROS play important
roles in plant immune responses as signaling molecules (Torres,
2010; Mittler et al., 2011; O’Brien et al., 2012a; Frederickson
Matika and Loake, 2014; Lehmann et al., 2015). In plant cells,
ROS also occur in response to many physiological stimuli (Mori
and Schroeder, 2004; Mittler et al., 2011; Baxter et al., 2014).

Reactive oxygen species are highly reactive reduced oxygen
molecules, such as superoxide (·O2

−), hydrogen peroxide
(H2O2), and hydroxyl radical (·OH) (Grant and Loake, 2000;
Mori and Schroeder, 2004; Sagi and Fluhr, 2006). There is
comprehensive evidence that ROS can act as cellular signaling
molecules, mediating various important responses of plant cells
to different physiological stimuli, including pathogen attack,
abiotic stress, hormone signaling, and polar growth (Mori
and Schroeder, 2004; Torres and Dangl, 2005). ROS are
formed intracellularly during certain redox reactions in the
cell membranes, cytoplasm, nuclei, mitochondria, chloroplasts,
peroxisomes, and endoplasmic reticulum (Ashtamker et al.,
2007; Liu et al., 2007; Torres, 2010; La and López-Huertas,
2016). The endomembrane and nuclear compartments are likely
targets or sources for ROS signaling (Ashtamker et al., 2007).
Pathogen-induced ROS generation in chloroplasts is known to
play a crucial role in the signaling for and/or execution of
hypersensitive response (HR) cell death in plants (Liu et al.,
2007). In addition, mitochondrial ROS associated with alteration
in respiration are likely to activate defense responses, but
could not be directly involved in plant cell death (Vidal et al.,
2007). The generation of extracellular ROS, including H2O2,
requires the extracellular activities of cell wall peroxidases and
plasma membrane NADPH oxidases in plant cells (Bienert and
Chaumont, 2014). NADPH oxidase-dependent ROS generation
with electron supply provided by NADP-malic enzyme (ME)
is presented in Figure 1. H2O2 is one of the most abundant
and stable ROS in plants, and ROS generated inside cells can
move apoplastically as H2O2 into neighboring cells (Allan and
Fluhr, 1997). ROS signal transduction activates Ca2+ channels

in the plasma membrane and may be a central step in many
ROS-mediated processes regulating the physiology of plant cells
(Mori and Schroeder, 2004). It has also been proposed that
biomembrane channels (aquaporins) mediate H2O2 transport
across biological membranes to control ROS signaling in plant
cells (Bienert and Chaumont, 2014; Tian et al., 2016). The
primary ROS bursts after perception of pathogens occur in the
apoplasts; however, ROS produced in different compartments
inside the plant cell may function in plant defenses to pathogen
invasion (Torres, 2010).

Reactive oxygen species are an effective weapon that can be
produced rapidly and utilized against pathogen infection (Levine
et al., 1994). H2O2 and O2

− are mainly produced at the site of
attempted pathogen invasion in plant cells (Apostol et al., 1989).
They are secreted from the cell within 3 min of recognition of
MAMPs or PAMPs (Chinchilla et al., 2007; Nühse et al., 2007;
Hedrich, 2012). The function of H2O2 in inhibiting pathogen
growth is fully understood (Chi et al., 2009; Huang et al., 2011;
Park et al., 2013). Plant-derived ROS act as a powerful weapon
against pathogen invasion. By contrast, pathogens have evolved
strategies to reduce plant ROS bursts in different ways during
infection. For example, pathogens may avoid the risk of the ROS
burst by using effectors. However, in the presence of effector-
aware and defensible plants, pathogens are often faced with
mutation pressure for virulence (Jones and Dangl, 2006). The
competition between pathogens and host plants, called ‘arms
races’ (Boller and He, 2009), may lead to the creation of numerous
types of effectors in microbial pathogens and also R- or defense-
related proteins in plants. Effectors from these evolutionarily
diverse pathogens are predicted to converge on common host
plant proteins, which are characterized by a high degree of
interaction in host plant protein networks (Weßling et al., 2014;
Rovenich et al., 2016). Here, we review and discuss recent
advances in understanding how microbial pathogen effectors
have evolved toward the suppression of plant apoplastic ROS
bursts during infection.

PAMP-MEDIATED ROS BURST THAT
TRIGGERS BASAL IMMUNE
RESPONSES

Perception of PAMPs by plants via PRRs triggers ROS production
through activation of NADPH oxidases as well as peroxidases,
leading to PTI-dependent basal defenses that inhibit invading
pathogens (Figure 2). The apoplastic ROS bursts generated in
elicited plant cells are sufficiently cytotoxic to kill invading
pathogens (Legendre et al., 1993; Chi et al., 2009; Park et al.,
2013). ROS also act as signaling molecules, triggering plant
immune and cell death responses (Tenhaken et al., 1995; Jabs,
1999; Torres, 2010). Thus, pathogens need to take steps to
avoid exposure to toxic ROS. NADPH oxidases, also known as
Respiratory Burst Oxidase Homologs (RBOHs), are responsible
for production of ROS in plants during pathogen infection
(Torres and Dangl, 2005; Torres, 2010). NADPH oxidase
(RBOHD) phosphorylation by the PRR-associated kinase BIK1
has been proposed to be essential for PAMP-triggered ROS
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FIGURE 1 | Proposed model for NADPH oxidase-dependent ROS generation
via NADP-malic enzyme (ME)-mediated electron supply. NADP-malic enzyme
(ME) serves as a source of NADPH and pyruvate in the cytosol of various plant
tissues. It catalyzes the oxidative decarboxylation of L-malate to yield
pyruvate, CO2, and NADPH in the presence of a bivalent cation, such as
Mg++. NADPH oxidase, known as the Respiratory Burst Oxidase Homolog
(RBOH), catalyzes the generation of superoxide (·O2

−) by the one-electron
reduction of molecular oxygen using NADPH as an electron donor.
Superoxide can spontaneously form hydrogen peroxide (H2O2) that will
undergo further reactions to generate reactive oxygen species (ROS).

production (Kadota et al., 2014). In addition, the apoplastic
peroxidase-dependent ROS burst plays an important role
in Arabidopsis PTI mediated by the recognition of PAMPs
(Daudi et al., 2012). Antisense expression of a heterologous
French bean (Phaseolus vulgaris) peroxidase (FBP1) cDNA in
Arabidopsis diminishes the expression of Arabidopsis peroxidases
PRX33 and PRX34, blocking the ROS burst in response to a
Fusarium oxysporum cell wall elicitor, and leading to enhanced
susceptibility to fungal and bacterial pathogens (Bindschedler
et al., 2006; Daudi et al., 2012; O’Brien et al., 2012b). Similarly,
pepper extracellular peroxidase CaPO2 generates ROS bursts,
activating local and systemic cell death and defense response
to bacterial pathogens (Choi et al., 2007). Recently, the plant
aquaporin AtPIP;4 has been demonstrated to trigger cytoplasmic
import of apoplastic H2O2 into plant cells, activating systemic
acquired resistance (SAR) and PTI pathways in response to
Pseudomonas syringae pv. tomato DC3000 and two typical

PAMPs (flagellin and chitin), respectively (Tian et al., 2016).
This suggests a pivotal role for aquaporins in apocytoplastic ROS
signal transduction in disease immunity pathways.

Plants defend themselves against invading pathogens through
cell wall reinforcement. Cell wall fortifications are facilitated by
an apoplastic H2O2 burst, cell wall cross-linking, and callose
deposition at the site of infection (Bradley et al., 1992; Deepak
et al., 2007; Luna et al., 2011; Ellinger et al., 2013). Effector
(Elicitor)-induced oxidative cross-linking of plant cell wall
structural proteins is essential for cell maturation and toughening
of cell walls in the initial stages of plant defense (Bradley
et al., 1992). Callose, a (1,3)-β-glucan, is a major component
of cell wall thickening at sites of fungal penetration in plants
(Ellinger et al., 2013). The Arabidopsis GTPase RabA4c physically
interacts with its effector PMR4 to enhance PMR4-dependent
callose biosynthesis, which ultimately results in complete
penetration resistance to powdery mildew (Golovinomyces
cichoracearum) (Ellinger et al., 2014). Hydroxyproline-rich
glycoproteins (HRGPs) are involved in cell wall strengthening
by formation of intra- and intermolecular cross-links (Deepak
et al., 2007). Exogenous application of H2O2 rescues the
callose deposition-deficient phenotype of peroxidase knockdown
Arabidopsis lines treated with the bacterial flagellin, Flg22 (Daudi
et al., 2012). This suggests that cell wall peroxidase-dependent
H2O2 production is required for PAMP-triggered immune
responses, such as callose deposition.

EFFECTOR-MEDIATED ROS BURST
THAT INDUCES HR AND CELL DEATH
RESPONSES

Reactive oxygen species bursts are monitored during infection
by avirulent pathogens (Grant and Loake, 2000). Pathogen
avirulence (Avr) effectors interact directly or indirectly with NLR
proteins, leading to a strong ROS burst and the HR cell death
response, both key components of ETI (Figure 2; Gabriel and
Rolfe, 1990; McHale et al., 2006; van der Hoorn and Kamoun,
2008; Spoel and Dong, 2012; Cesari et al., 2014; Han and Hwang,
2017). However, whether NLR-mediated ROS themselves activate
HR cell death and immune responses is not fully understood. Rice
resistance to incompatible rice blast fungus (Magnaporthe oryzae)
isolates is suppressed by inhibiting the accumulation of apoplastic
ROS, even in the presence of the R gene (Singh et al., 2016).
The resistant rice cultivar Hwayeonbyeo carrying Pib exhibits
a compatible response to M. oryzae INA168 carrying AvrPii
and AvrPib via the deletion of OsNADP-ME2. In the absence of
normal production of ROS, cell death and immune responses
are severely suppressed, although the Avr effector and cognate
NLR proteins are not impaired (Singh et al., 2016). Increased
ROS production during infection is essential for NLR-mediated
cell death and immunity as well as disease-associated cell death
(Greenberg and Yao, 2004; Choi et al., 2013). Perception of plant
NLR receptors by specific pathogen effectors triggers a strong
ROS burst through activation of RBOHs receiving an adequate
supply of NADPH via the activity of NADP-ME (Figure 1; Singh
et al., 2016).
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FIGURE 2 | Reactive oxygen species (ROS) production and signaling in plant-pathogen interactions. (A) Perception of microbe- or pathogen-associated molecular
patterns (MAMPs or PAMPs) or effectors by plants via membrane-bound pattern recognition receptors (PRRs) or intracellular nucleotide-binding leucine-rich repeat
(NLR) receptors, respectively, activates NADPH oxidases as well as peroxidases, triggering ROS production and the ROS burst. (B) Perception of MAMPs or PAMPs
by PRRs induces weak ROS bursts, leading to PAMP-triggered immunity (PTI)-dependent basal defense responses. Adapted pathogens secrete virulent effector
proteins into plant cells to suppress the ROS burst and PTI, resulting in effector-triggered susceptibility (ETS) to cause disease in their respective host plants.
Pathogen avirulence (Avr) effectors interact directly or indirectly with intracellular NLR proteins, leading to a strong ROS burst and HR cell death response, key
components of effector-triggered immunity (ETI). ETI is an accelerated and amplified PTI response, resulting in disease resistance and, usually, a resistance (R)
gene-mediated HR cell death response at the infection site in plants.

Host cysteine proteases targeted by the Ustilago maydis
effector Pit2 are likely to be crucial determinants in apoplastic
maize immune responses such as the ROS burst (Mueller
et al., 2013). The Cladosporium fulvum effector Avr2 binds
and inhibits Rcr3, a extracellular tomato cysteine protease,
which is required for Cf-2-dependent disease resistance (Rooney
et al., 2005). It has been proposed that the Rcr3-Avr2 complex
enables the Cf-2 protein to activate a HR, including the
ROS burst and cell death (Table 1). The defense-related
protease Rcr3 may act as a decoy for Avr2 perception in
tomato plants carrying the Cf-2 resistance gene (Shabab et al.,
2008).

The Xanthomonas campestris pv. vesicatoria effector AvrBsT
induces a H2O2 burst and HR cell death in pepper (Capsicum
annuum) (Kim et al., 2013). The AvrBsT-triggered HR cell
death response is similar to the resistance (R) gene-mediated
defense response in plants (Eitas and Dangl, 2010; Kim et al.,
2010). AvrBsT physically binds to pepper arginine decarboxylase
(CaADC1) (Kim et al., 2013), pepper aldehyde dehydrogenase
(CaALDH1) (Kim and Hwang, 2015a), pepper heat shock
protein 70a (CaHSP70a) (Kim and Hwang, 2015b), and pepper
suppressor of the G2 allele of skp1 (CaSGT1) (Kim et al., 2014)

in planta to promote the ROS burst, defense gene expression, cell
death, and defense responses (Han and Hwang, 2017). AvrBsT
and CaPIK1 directly bind to CaSGT1 in yeast and in planta.
AvrBsT is subsequently phosphorylated by CaPIK1 and forms the
active AvrBsT–SGT1–SGT1-PIK1 complex, which promotes the
ROS burst, HR cell death, and defense responses in plants (Kim
et al., 2014).

EFFECTOR-MEDIATED ROS
SUPPRESSION THAT CAUSES DISEASE
ON HOST PLANTS

Adapted microbial pathogens have evolved their effector
proteins as virulence factors to suppress the ROS burst and
PTI, causing disease on their respective host plants (Figure 2).
Secreted effector proteins are delivered into host cells to
protect pathogen cell walls against plant-derived hydrolytic
enzymes and suppress PAMP-triggered host immunity,
leading ultimately to the successful colonization of host plants
(de Jonge et al., 2010; Mentlak et al., 2012; Lee et al., 2014;
Sánchez-Vallet et al., 2014; Wawra et al., 2016). Various
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components of fungal cell walls such as glucans, chitin, and
proteins, acting as PAMPs to trigger basal immune responses,
are degraded by plant-derived hydrolytic enzymes, such
as β-1,3-glucanases, chitinases, and serine and cysteine
proteases (Jones and Dangl, 2006; van den Burg et al.,
2006).

The C. fulvum effector Avr4, a chitin-binding lectin, binds
to its own cell walls to protect chitin against hydrolysis
by plant chitinases during infection of tomato, suggesting
that Avr4 is a virulence factor (Table 1; van den Burg
et al., 2006). The LysM domain-containing effector protein
Ecp6 of C. fulvum mediates virulence through suppression of
chitin-triggered immunity in plants (de Jonge et al., 2010).
C. fulvum Ecp6 (CfEcp6) is secreted at high levels during plant
infection and binds chitin, thereby blocking chitin-triggered
immunity responses through sequestering chitin fragments and
preventing their recognition by plant chitin receptors. By
contrast to C. fulvum Ecp6, both Mg1LysM and Mg3LysM from
the fungus Mycosphaerella graminicola protect fungal hyphae
against plant-derived hydrolytic enzymes, such as chitinases
(Table 1; Marshall et al., 2011). As a virulence determinant
in the rice blast fungus M. oryzae, the secreted LysM effector
(Slp1) binds to chitin inside the fungal cell wall, suppressing
chitin-triggered plant immune responses, including the ROS
burst and plant defense gene expression (Mentlak et al.,
2012). The effector Slp1 inhibits the chitin-induced ROS burst
in rice suspension cells. The lectin FGB1 (Fungal Glucan
Binding 1), secreted from the root endophyte Piriformospora
indica, specifically interacts with β-1, 6-linked glucan, altering

cell wall composition and suppressing glucan-triggered ROS
production in plants (Wawra et al., 2016). The presence of
P. indica in the roots of barley inhibits laminarin-induced
ROS production. Laminarin-triggered ROS production is also
delayed when compared with that observed following chitin
elicitation.

Some pathogen effectors specifically bind to plant proteases
and may activate downstream signaling components (van der
Hoorn and Jones, 2004). Apoplast-localized plant proteases
can play an important role in defense responses to microbial
pathogens. The U. maydis effector Pit2 physically interacts with
and inhibits apoplastic maize cysteine proteases, suppressing
host immunity (Table 1; Mueller et al., 2013). The secreted
effector protein Pit2 is essential for maintenance of biotrophy
and induction of tumors in maize. The biotrophic interaction
of maize with U. maydis depends on inhibition of apoplastic
cysteine proteases by the effector Pit2 with a conserved
inhibitor domain. The U. maydis effector Pep1 (Protein
essential during penetration-1) interferes with maize apoplastic
peroxidases at the plant–pathogen interface to scavenge ROS
(Table 1; Hemetsberger et al., 2012). As an inhibitor of
plant peroxidases, Pep1 effectively inhibits the peroxidase-
triggered ROS burst, which thereby suppresses the early
immune response of maize leading to the establishment
of a biotrophic interaction. Pep1 localizes to the plant
apoplast, where it accumulates at sites of cell-to-cell passage
of biotrophic U. maydis hyphae (Doehlemann et al., 2009).
The obligate biotrophic fungal pathogen of barley, Blumeria
graminis f. sp. hordei, secretes an extracellular catalase B to

TABLE 1 | Effector targets associated with ROS signaling in plants.

Effector Pathogen Host Target Reference

Plant–pathogen interface

Pep1 Ustilago maydis Maize Apoplastic peroxidase Hemetsberger et al., 2012

Catalase B Blumeria graminis Barley Apoplastic H2O2 Zhang et al., 2004

Avr4 Cladosporium fulvum Tomato Fungal cell wall (Chitin) van den Burg et al., 2006

Mg3LysM Mycosphaerella graminicola Wheat Fungal cell wall (Chitin) Marshall et al., 2011

Pit2 U. maydis Maize Cysteine protease Mueller et al., 2013

Avr2 Cladosporium fulvum Tomato Cysteine protease Rcr3 Shabab et al., 2008

MAPK signaling pathway

AvrPtoB Pseudomonas syringae pv. tomato Arabidopsis LysM receptor kinase Gimenez-Ibanez et al., 2009

HopAO1 P. syringae pv. tomato Arabidopsis EF-TU RECEPTOR Macho et al., 2014

Avr Pto P. syringae pv. tomato Arabidopsis BAK1 Shan et al., 2008

HopF2 P. syringae pv. tomato Arabidopsis BAK1, MAPKs Wu et al., 2011; Zhou et al., 2014

HopF2 P. syringae pv. tomato Arabidopsis MKK5 Wang et al., 2010

HopAI1 P. syringae pv. tomato Arabidopsis MAPKs Zhang et al., 2007, 2012

PopP2 Ralstonia solanacearum Arabidopsis WRKY TFs Le Roux et al., 2015

AvrAC Xanthomonas campestris pv. campestris Arabidopsis BIK1 Feng et al., 2012

Vesicle trafficking

HopM1 P. syringae pv. tomato Arabidopsis AtMIN7 Nomura et al., 2006, 2011

Cryptogein Phytophthora cryptogea Tobacco RBOHD Noirot et al., 2014

Metabolic priming

AvrPii Magnaporthe oryzae Rice NADP-malic enzyme2 Singh et al., 2016

AvrBsT X. c. pv. vesicatoria Pepper Arginine decarboxylase Kim et al., 2013

AvrRxo1 X. oryzae pv. oryzicola Rice NAD Shidore et al., 2017
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scavenge H2O2 at sites of fungal germ tube invasion during
infection (Table 1; Zhang et al., 2004). A large number
of catB transcripts accumulate during the mature primary
germ tube and appressorium germ tube stages of fungal
development on the susceptible barley plant, suggesting the
upregulation of an extracellular catalase gene early during fungal
invasion.

EFFECTOR-MEDIATED ROS
SUPPRESSION THAT TARGETS MAPK
SIGNALING PATHWAYS

During pathogen infection, perception of PRRs by PAMPs
leads to PTI by causing a rapid ROS burst via receptor-like
cytoplasmic kinases (RLCKs) such as PBL1 and BIK1 (Feng
et al., 2012; Shi et al., 2013; Ranf et al., 2014) or through
MAPK cascades (Zhou et al., 2014). Pathogens overcome basal

immune responses through inactivation of PAMP-induced
signaling pathways that target MAPK cascade components
(Pitzschke et al., 2009; Bi and Zhou, 2017). MAPKs are
major targets for inactivation by pathogen effector proteins
(Figure 3). MAPK cascades are highly conserved modules
and are implicated in pathogen signaling during multiple
defense responses against pathogen invasion in plants (Yang
et al., 2001; Colcombet and Hirt, 2008; Tena et al., 2011;
Singh et al., 2012, 2014, 2016). In particular, the MAPK
cascade regulates transcriptional reprogramming via the WRKY
transcription factor in the early signaling events following
PAMP recognition in plants (Adachi et al., 2015). MAPK
signaling is involved in the expression of genes required
for apoplastic ROS production in plant defense responses.
For example, WRKY transcription factors phosphorylated
by MAPKs upregulate the RBOH, an NADPH oxidase,
inducing pathogen-responsive ROS bursts in Nicotiana
benthamiana (Adachi et al., 2015). However, because of

FIGURE 3 | Convergent effector targeting of ROS signaling networks in plant cells. Plant pathogens secrete effectors into the apoplastic area and cytoplasm of plant
cells. These apoplastic effectors interfere with PRR-mediated PAMP recognition, ultimately leading to the inactivation of plasma membrane-bound RBOHs.
Cytoplasmic effectors target the kinase domains of PRRs, the receptor-like cytoplasmic kinase (RLCK) BIK1, MAPK cascades, and WRKY transcription factors,
inhibiting the transcription of RBOHs and NADP-ME, both essential for robust ROS generation. A bacterial type III effector inhibits BIK1 downstream of the PRR
(BAK1), enhancing virulence. Some cytoplasmic effectors target vesicle trafficking, suppressing the transport of ROS-producing RBOH enzymes to the plasma
membrane during infection. Secreted pathogen effectors block the metabolic coenzyme NADP-ME, inhibiting the transfer of electrons to the NADPH oxidases
(RBOHs) responsible for ROS generation. The biomembrane channels, aquaporins, mediate H2O2 transport across biological membranes. However, when specific
pathogen effectors recognize intracellular NLR proteins, the effector no longer functions as a virulence factor; here, the effector-NLR complex leads to a strong
apoplastic ROS burst and HR cell death response. The PRR-associated kinase BIK1 directly phosphorylates the NADPH oxidase RBOHD to enhance
RBOHD-mediated ROS production. Rac1 directly interacts with both NLR and RBOH to activate RBOH. Apoplastic ROS are toxic to pathogens and also activate
MAPK cascades and RBOH enzymes in their role as immune signal molecules.
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the complicated nature of the downstream MAPK cascade,
how MAPK signaling promotes ROS generation is not fully
understood.

Pathogen effectors act on plant host target proteins, interfering
with PTI-mediated defense signaling cascades, such as ROS
and MAPK cascades, ultimately causing disease in host
cells (Jones and Dangl, 2006). For example, the P. syringae
effector HopAO1 targets the Arabidopsis receptor kinase EF-TU
RECEPTOR (EFR), reducing EFR phosphorylation, thereby
preventing subsequent early immune responses, such as the
ROS burst and MAPK activation (Table 1; Macho et al., 2014).
The P. syringae effector HopF2 interacts directly with the
plasma membrane-localized receptor-like kinase (RLK) BAK1
and suppresses early signaling events triggered by multiple
PAMPs, including BIK1 phosphorylation, MAPK activation,
and defense gene expression (Table 1; Wu et al., 2011; Zhou
et al., 2014). In fact, BAK1 can directly phosphorylate the
plasma membrane-localized RLCK BIK1 (Lu et al., 2010).
FLAGELLIN SENSING2 (FLS2)/BAK1-induced MAPK signaling
(Zhou et al., 2014) enhances gene expression for plant
immune responses via recognition of specific target genes
by WRKY transcription factors (Chi et al., 2013). Multiple
WRKYs bind to and activate the NADPH oxidase RBOHB
promoter, followed by enhanced RBOHB expression, which
subsequently leads to the RBOHB-dependent ROS burst
(Adachi et al., 2015). Type III effectors also target specific
host plant proteins, such as major MAPK and WRKY
modules (Feng and Zhou, 2012; Le Roux et al., 2015). The
P. syringae effector HopAI1, for example, inactivates MAPKs
by removing the phosphate group from phosphothreonine
through a unique phosphothreonine lyase activity (Table 1;
Zhang et al., 2007, 2012). Another type III effector, HopF2,
interacts with Arabidopsis MAP Kinase Kinase 5 (MKK5), and
likely other MAPKKs (MKK1, MKK3, MKK4, MKK6, and
MKK10), suppressing MAPKs and PAMP-triggered defenses
(Table 1; Wang et al., 2010). The Ralstonia solanacearum
acetyltransferase effector PopP2 localizes to the plant cell
nucleus and acetylates lysine residues of WRKY transcription
factors, blocking DNA binding (Table 1; Deslandes et al., 2003;
Le Roux et al., 2015). The X. campestris uridylyl transferase
effector AvrAC targets and inhibits BIK1 downstream of BAK1,
enhancing virulence (Table 1; Feng et al., 2012). In particular,
AvrAC acts upstream of MAPK cascades and ROS production
to suppress PTI signaling. The PRR-associated kinase BIK1
directly phosphorylates the NADPH oxidase RBOHD, enhancing
RBOHD-mediated ROS production (Figure 3; Kadota et al.,
2014; Li et al., 2014). The Phytophthora infestans RXLR effector
PexRD2 interacts with a specific host MAPKKK, suppressing
MAPKKK signaling-dependent cell death (King et al., 2014).
In addition, multiple RXLR effectors from Hyaloperonospora
arabidopsidis and P. infestans suppress the PAMP-elicited ROS
burst (Fabro et al., 2011; Zheng et al., 2014). Functionally
redundant effectors from different pathogen species may evolve
virulence strategies to target PTI signal transduction processes,
such as MAPK cascades, the ROS burst, and defense gene
activation (Figure 3; Kvitko et al., 2009; Win et al., 2012; Zheng
et al., 2014).

EFFECTOR-MEDIATED ROS
SUPPRESSION THAT TARGETS VESICLE
TRAFFICKING AND METABOLIC
PRIMING

Vesicle trafficking is an important cellular function in plants and
is required for the transport of immune receptors and associated
proteins, and for the extracellular secretion of immune-related
molecules and antimicrobial compounds upon pathogen attack
(Inada and Ueda, 2014; Macho and Zipfel, 2015). Visible vesicle-
like bodies aggregate directly beneath sites of fungal attack in
the barley-B. graminis f. sp. hordei pathosystem (An et al.,
2006) and vesicle incidence is positively associated with levels
of resistance to B. graminis f. sp. hordei penetration (Collins
et al., 2003). Vesicles contain phytoalexins, phenolics, or ROS
(Hückelhoven et al., 1999; Collins et al., 2003; An et al., 2006).
The presence of ROS in the vesicles at penetration sites of
B. graminis f. sp. hordei (Collins et al., 2003) suggests that the
endomembrane-associated immune response is associated with
ROS signaling. One constituent of the vesicles is H2O2, a plant
defense compound involved in antimicrobial, cell wall cross-
linking, and signaling functions (Lamb and Dixon, 1997; Collins
et al., 2003).

Pathogen effectors target vesicle trafficking, suppressing
PTI and potentially mediating immune-related ROS signaling
(Figure 3; Macho and Zipfel, 2015). The Phytophthora cryptogea
effector cryptogein induces an increase in abundance of the
ROS-producing enzyme RBOHD, as well as ROS production at
the plasma membrane of tobacco cells (Table 1; Noirot et al.,
2014). Plant NADPH oxidases (RBOHDs) localize to the plasma
membrane and endomembranes, and vesicle trafficking may
contribute to the increase in RBOH abundance at the plasma
membrane. The P. syringae pv. tomato virulence effector HopM1
interacts with and degrades an immunity-associated protein
AtMIN7 via the host proteasome, suppressing PTI (Table 1;
Nomura et al., 2006). AtMIN7 localizes to the trans-Golgi
network/early endosome of plant cells and mediates immune-
associated vesicle trafficking (Nomura et al., 2011). Some type
III effector proteins from X. campestris pv. vesicatoria (Xcv)
target plant protein secretion pathways, suppressing PTI (Macho
and Zipfel, 2015). The Xcv type III effector XopJ, a member
of the YopJ family of SUMO peptidases and acetyltransferases,
is attached to the plasma membrane of plant cells through
a myristoylation motif and interferes with host-cell protein
secretion, inhibiting immune-associated callose deposition at the
cell wall (Bartetzko et al., 2009; Üstün et al., 2013). In addition,
XopB and XopS contribute to Xcv virulence, suppressing PAMP-
triggered gene expression (Schulze et al., 2012). XopB localizes
to the Golgi vesicles and cytoplasm and interferes with plant cell
protein secretion (Schulze et al., 2012). However, specific PTI-
related targets of these Xcv effectors are unknown. Overall, better
understanding of the role of vesicle trafficking in promoting
plant immune responses related to ROS signaling requires further
experimental evidence.

Metabolic priming by secreted pathogen effectors has emerged
as a common strategy for host manipulation (Figure 3).
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U. maydis secretes chorismate mutase (Cmu1) as a virulence
factor into plant cells, suppressing plant defense responses
associated with pathogen-induced salicylic acid biosynthesis
(Djamei et al., 2011). During U. maydis infection in maize,
Cmu1 is translocated into plant cells, spreads to neighboring
cells, and can change the metabolic status of plant cells
through metabolic priming. Pathogen effectors may target plant
enzymes required for ROS production in the key metabolic
pathways. For instance, the chloroplastic enzyme aspartate
oxidase, which is involved in NAD metabolism, is required
for the NADPH oxidase RBOHD-mediated ROS burst that
is triggered by the perception of several unrelated PAMPs
(Macho et al., 2012). Notably, inducible NAD overproduction
in Arabidopsis transcriptionally up-regulates aspartate oxidase
during the incompatible infection with P. syringae pv. tomato
(avrRpm1) (Pétriacq et al., 2012). Intracellular NAD acts as
an integral regulator of multiple defense layers to trigger the
production of ROS and defense hormones (Pétriacq et al., 2016).
Manipulation of abscisic acid (ABA) content in Arabidopsis
modulates ROS production via the control of peroxidase
activity in response to Dickeya dadantii infection (van Gijsegem
et al., 2017). Increased ABA contents seem likely to correlate
with reduced ROS production and with enhanced disease
susceptibility. The M. oryzae effector AvrPii specifically interacts
with rice NADP-malic enzyme2 (OsNADP-ME2) to suppress
the host ROS burst (Table 1; Singh et al., 2016). Indeed,
purified AvrPii proteins inhibit in vitro NADP-ME activity.
NADP-ME, also known as a coenzyme, catalyzes the oxidative
decarboxylation of malate and NADP+, and provides NADPH
as an electron donor for plasma membrane-bound NADPH
oxidase (Figure 1), which is essential for the apoplastic ROS
burst at the infection site (Doubnerová and Ryšlavá, 2011).
NADP-ME is involved in the production of ROS during early
plant basal defense against the hemi-biotrophic fungal pathogen
Colletotrichum higginsianum (Voll et al., 2012). The X. oryzae pv.
oryzicola effector AvrRxo1 targets and phosphorylates the central
metabolite and redox carrier NAD in planta, and this catalytic
activity is required for suppression of the ROS burst (Shidore
et al., 2017). The X. campestris pv. vesicatoria (Xcv) effector
AvrBsT physically interacts with pepper arginine decarboxylase
(CaADC1), mediating polyamine metabolism for ROS signaling,
cell death, and defense responses in plants (Table 1; Kim et al.,
2013). CaADC1 silencing in pepper plants greatly reduces ROS
and nitric oxide (NO) bursts, as well as the cell death response
during Xcv infection, suggesting that arginine decarboxylase is
required for polyamine and ROS signaling in the HR cell death
response.

CONCLUDING REMARKS

Microbial pathogens have evolved efficient strategies to overcome
plant innate immunity for the establishment of compatible
plant-pathogen interactions. Despite their evolution over a
long period of time, pathogen effectors target a common
host protein network, suppressing the common immune
system of all plants (Weßling et al., 2014). In particular,

adapted pathogens have developed effective weaponry to
compete with the host plants and defeat evolving plant
immunity (Jones and Dangl, 2006). In this arms race, the
most frequent target of pathogen attack is a powerful plant
weapon system that inflicts immense damage to invading
pathogens in a short period of time (Doehlemann et al.,
2014).

Effector targeting toward ROS signaling networks in plants is
proposed in Figure 3. Adapted pathogens have evolved virulence
effectors to inhibit both the generation and accumulation of
ROS in the apoplastic space, ultimately leading to the inhibition
of the intracellular signaling required for the powerful second
ROS burst. Plant pathogens deliver virulence effectors into the
apoplastic area and cytoplasm of plant cells. Apoplastic effectors
interfere with the perception of PRRs by MAMPs or PAMPs,
preventing activation of membrane-bound NADPH oxidase
RBOHs. Removal of ROS from the apoplastic area reduces direct
toxicity to pathogens and blocks plant cell wall reinforcement,
which may be beneficial for the successful intracellular invasion
and colonization of microbial pathogens. Cytoplasmic effectors
target plant PRRs, the RLCK BIK1, MAPK cascades, and WRKY
transcription factors, suppressing the expression of RBOHs
and NADP-MEs that are essential for robust ROS generation
(Figure 3; Singh et al., 2016). During pathogen infection, certain
cytoplasmic effectors interfere with vesicle trafficking to suppress
the transport of ROS-producing RBOH enzymes to the plasma
membrane (Macho and Zipfel, 2015). Secreted pathogen effectors
block the metabolic coenzyme NADP-ME, inhibiting the transfer
of electrons to NADPH oxidases (RBOHs). However, when
specific pathogen effectors interact directly or indirectly with
intracellular NLR proteins, these effectors function as avirulence
factors to trigger resistance (R) gene-mediated immunity, the
so-called ETI (Dangl et al., 2013). The effector-NLR complex
leads to a strong apoplastic ROS burst and HR cell death
responses. Apoplastic ROS are toxic to pathogens and activate
MAPK cascades and NADPH oxidase (RBOH) enzymes. The first
phase of ROS production by PTI following PAMP recognition
may eventually have a feedback effect on the second phase of
ROS production, resulting in a more powerful ETI (Figure 2;
Yoshioka et al., 2003; Ishihama et al., 2011; Adachi et al.,
2015).

Pathogens have developed virulence effectors to circumvent
the newly changed plant immune system during the coevolution
of both pathogens and host plants. In host plants, effector-
targeted host proteins inside the plant cell can be modified
to restrict pathogen invasion. Virulence effectors interact with
different target host proteins in the plant cell, which can
ultimately result in the suppression of ROS production in the
apoplastic area. Once NADP-ME fails to supply NADPH to the
NADPH oxidase (RBOH) as a result of its mutation, apoplastic
ROS production is inhibited and pathogens can overcome plant
immunity (Singh et al., 2016). These results suggest that ROS
contribute directly to plant immunity. PTI and ETI are closely
related and a strong ROS burst is essential for ETI. The metabolic
cellular processes related to ROS generation are required to
sustain PTI and reinforce the immune response through ETI.
The key proteins and/or enzymes involved in ROS production
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may be supplied by activation of MAPK signaling pathways
(Ishihama et al., 2011; Adachi et al., 2015). The biomembrane
channels, aquaporins, mediate H2O2 transport across biological
membranes. However, when effectors interfere with MAPK
cascades and WRKY transcription factors (Zhang et al., 2007,
2012; Wang et al., 2010; Feng and Zhou, 2012; Le Roux et al.,
2015), the second phase ROS burst and accompanying ETI are
severely inhibited (Adachi et al., 2015).

Microbial pathogens have evolved versatile effectors to target
the cellular processes associated with plant ROS production.
Despite recent advances in our knowledge of pathogen effector
targets in ROS signaling networks in plants (Table 1), the key
host factors directly linking ROS signaling to sites of attempted
pathogen invasion are not fully understood. Further elucidation
of the molecular and cellular functions of pathogen effectors and
host factors underlying the ROS-mediated innate immune system
will provide important clues to understand better how versatile
effectors have evolved to converge on ROS signaling networks in
plants.
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Interplant Aboveground Signaling
Prompts Upregulation of Auxin
Promoter and Malate Transporter as
Part of Defensive Response in the
Neighboring Plants
Connor Sweeney1,2,3, Venkatachalam Lakshmanan1,2† and Harsh P. Bais1,2*
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When disrupted by stimuli such as herbivory, pathogenic infection, or mechanical
wounding, plants secrete signals such as root exudates and volatile organic compounds
(VOCs). The emission of VOCs induces a response in the neighboring plant communities
and can improve plant fitness by alerting nearby plants of an impending threat and
prompting them to alter their physiology for defensive purposes. In this study, we
investigated the role of plant-derived signals, released as a result of mechanical
wounding, that may play a role in intraspecific communication between Arabidopsis
thaliana communities. Plant-derived signals released by the wounded plant resulted in
more elaborate root development in the neighboring, unwounded plants. Such plant-
derived signals also upregulated the Aluminum-activated malate transporter (ALMT1)
responsible for the secretion of malic acid (MA) and the DR5 promoter, an auxin
responsive promoter concentrated in root apex of the neighboring plants. We speculate
that plant-derived signal-induced upregulation of root-specific ALMT1 in the undamaged
neighboring plants sharing the environment with stressed plants may associate more
with the benign microbes belowground. We also observed increased association
of beneficial bacterium Bacillus subtilis UD1022 on roots of the neighboring plants
sharing environment with the damaged plants. Wounding-induced plant-derived signals
therefore induce defense mechanisms in the undamaged, local plants, eliciting a two-
pronged preemptive response of more rapid root growth and up-regulation of ALMT1,
resulting in increased association with beneficial microbiome.

Keywords: beneficial microbes, Bacillus subtilis, malic acid, microbiome, VOCs, wounding

INTRODUCTION

Studies have also shown that aboveground pathogen and herbivore attack shifts microbiome
activity at the belowground level (Yang et al., 2011; Song et al., 2016). We have shown previously
that plants under attack by pathogenic bacteria induce a shoot-to-root systemic signal, inducing
roots to recruit benign, protective microbes (Rudrappa et al., 2008; Lakshmanan et al., 2012).
The shoot-to-root systemic signal triggers a malate transporter (ALMT1), which has been shown
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to also be activated in response to other abiotic responses
(Kochian, 1995; Kobayashi et al., 2007). The ALMT1 transporter
prompts the secretion of tricarboxylic acid cycle intermediate
L-malic acid (MA) from Arabidopsis thaliana roots, which
augments recruitment of the beneficial rhizobacterium Bacillus
subtilis UD1022-a plant–microbial interaction that decreases
susceptibility to many foliar pathogens (Rudrappa et al., 2008;
Kumar et al., 2012; Lakshmanan et al., 2012, 2014; Lakshmanan
and Bais, 2013). Like most Gram-positive bacteria, B. subtilis
creates an extracellular matrix composed mainly of proteins
and exopolysaccharides (Marvasi et al., 2010). It is documented
that the ability of B. subtilis to colonize plant roots via biofilm
formation is an important feature that adds to the plant growth
promotion and biocontrol activity (Lakshmanan et al., 2014;
Allard-Massicotte et al., 2016). When colonized on plant roots,
B. subtilis forms a sort of protective armor around its host
by secreting antimicrobial compounds, namely the lipopeptide
surfactin, that inhibit the growth of fungi, nematodes, and
pathogenic bacteria like Pseudomonas syringae (Vlamakis et al.,
2013). It is also known that both biotic and abiotic stress
may modulate the root microbiome (Erlacher et al., 2015;
Lakshmanan, 2015). In addition to root-exuded chemicals, plants
are known to signal other plants, microbes, nematodes, and
insects via emission of non-polar volatile organic compounds
(VOCs) (Delory et al., 2016). The root secretions and VOCs serve
as a plant’s arsenal of chemical signals that induce change in
inter/intraplant interactions (Baldwin et al., 2006; Owen et al.,
2007; Delory et al., 2016). It is known that plant-derived chemical
compounds impact plants response against microbes and also
mediate changes in plant development via upregulation of growth
regulator response (Dudareva et al., 2013).

One important plant growth hormone is the indole-3-acetic
acid, a natural auxin, which is responsible for plant cell division
and elongation and serves as a signaling molecule in the process
of organ and root offshoot initiation (Vanneste and Friml, 2009).
The role of auxin in mitigating plant stress has also been noted,
specifically to inhibit photo-respiratory-dependent cell death in
Arabidopsis thaliana (Kerchev et al., 2015). Root growth and
differentiation is important for plant survival and its adaption
to the extreme environment (Villordon et al., 2014). It is known
that root branching and architecture is mediated by both biotic
and abiotic factors (Villordon et al., 2014; Khan et al., 2016).
Endogenous factors such as growth regulators and auxins play
a critical role in root branching and differentiation (Malamy,
2005). The phytohormone auxin is considered to be one of the
main growth regulator that triggers the lateral root formation
(Bainbridge et al., 2008; Nibau et al., 2008). To monitor auxin
activity in response to both biotic and abiotic factors, a DR5
auxin-inducible promoter (Ulmasov et al., 1995; Chen et al.,
2013) fused either to a GUS or a GFP reporter gene is used. It
is also shown that microbes both pathogens and benign bacteria
modulate root growth and differentiation (López-Bucio et al.,
2006; Zolobowska and Van Gijsegem, 2006). Recently, it was
shown that few beneficial microbes such as Pseudomonas sp.
induce root developmental changes via secretion of diffused
compounds (Zamioudis et al., 2013). It is argued that root-
derived chemicals mediate belowground microbiome, but it is

tempting to speculate that both biotic and abiotic factors may
temporally change root-derived chemical synthesis and secretion
(Badri and Vivanco, 2009).

Many biotic and abiotic stress regimes cause defensive
responses in the affected plants. These responses are categorized
based on the directness of their approach to alleviate the stressor.
Direct defenses repel and kill enemies through the secretion
of toxins, whereas indirect defenses, including the release of
plant-derived chemicals, deter enemies by increasing predation
pressure on an attacking herbivore (Kessler and Baldwin, 2001;
Baldwin et al., 2002). However, most plants only increase
production of the chemicals used in these defensive strategies
when they are actually under attack. Documented in interspecies
and intra-plant (within a single organism) systems, plant-
derived chemicals including VOCs change plant transcriptional
patterns of defense-related genes and can increase production
of growth regulators related to defending against a certain
stressor (Heil and Kost, 2006). Previous studies have investigated
the complex chemical conduits active in the interconnected
role between aboveground and belowground signaling of
plants (Bezemer and van Dam, 2005). Belowground organisms
can induce aboveground defense responses and vice versa.
Exposure to damaging belowground organisms, such as insects,
nematodes, root pathogens, and mycorrhizal fungi, impact the
aboveground defense responses and induce indirect defenses
that attract carnivores or enhance the effectiveness with which
those carnivores consume the attacking herbivores. Similarly,
above-ground herbivory can influence the concentration of
defense-related compounds in belowground root structures
(van Dam, 2009). It is clearly shown that plants can sense
microbial neighbors and modify the root-derived chemicals
(Badri and Vivanco, 2009). It is shown that Arabidopsis
and Medicago each treated with a pathogen (Pseudomonas
syringae DC3000) and a benign (Sinorhizobium meliloti) microbe
trigger secretions of different proteins, indicating plants use
different chemicals to signal different neighbors (De-la-Peña
et al., 2008). It is appropriate to speculate that plants may
have similar kind of machinery to sense the neighboring
plants. On the similar lines, Arabidopsis plant grown in larger
monocultures produce more defense metabolites (glucosinolates)
compared to smaller monocultures (Wentzell and Kliebenstein,
2008).

In the present study, we speculated that plants sharing the
space with a mechanically injured neighbor may show differences
in root plasticity. We also questioned how the recipient
community perceives damaged-derived chemical signals
and evaluated its impact on root growth and root–microbe
interactions. The current study relies on measurements of root
growth rate and fluorescence assays using the β-glucuronidase
(GUS) reporter gene in two transgenic reporter lines of
Arabidopsis thaliana (ALMT1::GUS and DR5::GUS). These
transgenic reporter lines offer insight on two belowground,
induced-defense mechanisms observed in unwounded plants
exposed in close proximity to injured neighbors. The triggered
defense responses include the upregulation of the ALMT1 gene
and an auxin-responsive DR5 gene, and accelerated lateral
and primary root growth. We report an unusual shoot-to-root
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interplant communication leading to altered belowground root
responses and benign biotic associations.

MATERIALS AND METHODS

Plant Growth Conditions
Seeds of wild-type Arabidopsis thaliana ecotype Columbia
(Col-0) were obtained from the Arabidopsis Biological Resource
Center (ABRC) and surface sterilized using 50% sodium
hypochlorite for 1 min and then thrice washed with sterile water.
ALMT1::GUS and DR5::GUS transgenic lines were obtained from
Hiroyuki Koyama (Gifu University, Japan) and Wendy Peer
(University of Maryland). The seeds were cultured on Murashige
and Skoog (MS) (Murashige and Skoog, 1962) solid agar with
3% sucrose in petri dishes and were incubated at 21 ± 2◦C
with 12/12 h of light and dark photoperiod and illuminated with
cool fluorescent light with an intensity of 120 µEm−2s−1. At
8 days post-germination, seedlings were individually transferred
to either undivided (on which two seedlings were positioned
either 2 or 4 cm apart) or partition petri plates (with one seedling
on each side of the partition).

For root colonization, ALMT1::GUS, and DR5::GUS assays,
12-days-old seedlings were transferred from solid MS media to
6-well culture plates (Fisher Scientific) containing 2.5 mL of
0.5x MS liquid medium with 0.05 mM MES and 3% sucrose.
Each 6-well plate contained two seedlings, placed in corner wells
opposite and diagonal from one another to maximize distance
apart. Plants were grown for 12 days with constant shaking at
90 rpm.

Mechanical Wounding
Sterilized, room-temperature forceps created 4 distinct

punctures to the lamina of 2 of the first true leaves on
each “donor” Arabidopsis plant. In both the Col-0, and
ALMT1::GUS assay experiments, one seedling in each petri
plate was designated the “Donor” community and was
mechanically wounded, while its adjacent seedling was left
untouched. Mechanical wounding occurred on the same day
as seedling transfer. Non-invasive (non-puncturing) contact
of the forceps on the seedlings established control trials in
which neither seedling was wounded. Primary root growth
rate was measured and calculated as µm h−1 over 8 days
post-wounding.

ALMT1::GUS Assay and Analysis
Partition plates sealed with Parafilm M R© film (Bemis) divide
agar but allow for shared airspace. The plates used for the
ALMT1::GUS assay were half-filled with a solid MS agar with 3%
sucrose, while the other halves of the plates were filled with MS
agar with 10 µM AlCl3 (Sigma-Aldrich). Two seedlings, 8-days
post-germination, were transferred to the plates and allowed to
grow per the earlier growth conditions. Mechanical wounding
of the randomly selected “donor” seedling (that which “donates”
VOCs) occurred on the same day as transfer. Eight days after
transfer, the unwounded seedling in each plate was processed
per the published description of the β-Glucuronidase Reporter

Gene Staining assay (Sigma-Aldrich) and stored at 4◦C in a 4%
formaldehyde solution until microscopy on an AxioCam color
dissecting microscope.

Bacillus subtilis UD1022 Biofilm
Formation
Bacillus subtilis UD1022 was streaked from a −80◦C glycerol
stock onto a plate of low-salt Luria Bertani (LB) medium
(10 g L−1 Tryptone, 5 g L−1 yeast extract, 5 g L−1 NaCl,
pH = 7.0) and grown for 24 h at 28◦C with shaking at 180
RPM. A subculture was started in 200 mL of LB liquid culture
from the previous streak. After shaking for 24 h at 28◦C, the
subculture was diluted 1:1000 and incubated further at 28◦C.
When the subculture OD600 reached 0.6–1.0, 10 µL of inoculum
(OD600 = 0.007 of UD1022) were added to the existing 0.5X
MS liquid medium in the wells of the “recipient” A. thaliana
plants.

Microscopy
Adherent UD1022 cells and biofilm on root surface were imaged
using laser scanning confocal microscopy. After 24 h shaking at
90 rpm and 6 h stationary at 21 ± 2◦C under the photoperiod
described for growth conditions, UD1022-inoculated plants were
removed from media and roots were sliced from aboveground
plant body. Root samples were then placed in sterile 1-mL
tubes (Eppendorf), rinsed once with Phosphate Buffer (2.5 mM),
and then suspended in 1-mL of buffer. Histological staining
relied on 1:1000 concentration STYO R©13 (Invitrogen, Molecular
Probes, Eugene, OR, USA) and 1:500 concentration Calcofluor
(Sigma-Aldrich), which were left in contact with the roots
for 20 ± 3 min and then rinsed once with sterile water.
Images were captured with a 25X C-Apochromat objective
on a Zeiss LSM 710. Spectral data was collected on the 710
spectral detector. Collected spectral data was used in online
fingerprinting and images were post-processed channel unmixed
resulting in blue (calcofluor), green (SYTO R©13 in UD1022
biofilm) and red (auto-fluorescence) layers. Limited amounts of
SYTO R©13 are suspected to have penetrated root vascular tissue
and cause increased green fluorescence outside of the UD1022
biofilm.

DR5::GUS Assay and Analysis
Two seedlings, 15-days post-germination, were transferred
to partition plates with a solid MS agar with 3% sucrose
(Sigma-Aldrich) and allowed to grow per the earlier growth
conditions. Mechanical wounding of the randomly selected
“donor” seedling occurred on the same day as transfer. Five
days after transfer, the unwounded seedling in each plate was
processed per the published description of the β-Glucuronidase
Reporter Gene Staining assay and stored at 4◦C in a 4%
formaldehyde solution until microscopy on an AxioCam color
dissecting microscope.

Statistical Analysis
The data were analyzed by a one-way analysis of variance
(ANOVA) using JMP R© Pro, Version 11 (SAS Institute, Inc., Cary,
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NC, USA 1989–2007). When necessary to compare two means,
Student’s two-tailed t-test were also generated using JMP R© Pro,
Version 11.

RESULTS

Mechanical wounding of A. thaliana plant facilitated the release
of airborne VOCs that induced an elaborate series of defense-
mechanisms in the neighboring seedlings. The VOCs upregulated
the root-specific malate transporter (ALMT1) gene, increasing
recruitment of a beneficial bacterium, and the DR5 auxin
promoter, which accelerated the root growth.

Airborne Volatile Organic Compounds
(VOCs) from Mechanical Wounding
Accelerate Root Growth
We designed a prototype to test if wounding neighboring
plants changes belowground phenotype in the neighboring
communities (Figures 1A,C). The Recipient (the unwounded
seedling) and Donor (the seedling that is wounded and releases
VOCs) seedlings were positioned either at 4 or 2 cm apart from
each other, in an effort to identify any changes in response that
may be due to weakened potency of the VOC signal over greater
distance between plants. We used partition- and no-partition-
prototypes to check if the Donor community releases both
VOCs and root exudates to trigger change in phenotype in
the Recipient communities (Figure 1B). We speculated that
the no other signals besides VOCs could be exchanged in
the partition plates, hence VOCs may play a critical role in
signaling between injured donors and recipient communities.
Mechanical wounding of the Donor seedling was followed by
the observation that, at 4 cm apart, the primary lateral roots
of Recipients next to wounded Donors grew significantly faster
at 224 ± 63 µm h−1 than the 137 ± 29 µm h−1 of the
seedlings next to unwounded Donors. There was, however, no
significant difference in the growth rate of primary lateral root
(“PR”) between the 2 and 4 cm spaced trials (Figure 2). This
result necessitates further investigation into the potency of the
VOC signal over larger distance. The number of lateral root
extensions (“LR”) on the Recipient seedlings was also counted,
with Recipient communities next to wounded Donors showing
an average of 4.25 more lateral roots than Recipients with
unwounded Donors (Figure 2).

Partition plates were used to assess whether the noted VOC
signal functioned as a diffusion signal and would still affect
the Recipient community without sharing the same medium
(Figure 1B). Recipient plants next to wounded Donors exhibited
accelerated root growth consistent with that observed in the
undivided petri plates: the mean primary root growth rate
was 220 ± 9 µm h−1 compared to the control growth
rate of 164 ± 11 µm h−1 (Figure 2). A strong causational
pattern is established here between exposure to the VOCs
elicited by mechanical wounding and acceleration of growth
in PR and LR, suggesting a commensalistic relationship in
which wounded plants signal potentially vulnerable neighboring

plants of the same species to mitigate damage by increasing
biomass.

Auxin Response Upregulated
in Presence of VOCs
Both Donor and Recipient groups in the wounded treatment
exhibited longer PR and a greater number of LR than the
control Donor and Recipient groups, suggesting that the VOCs
released by mechanical wounding may upregulate the auxin
response that results in increased accumulation of auxin in
the apical meristem of primary roots in both the Recipient
and Donor plants. To confirm the involvement of auxin
interplay in the VOC triggered Recipient communities, we
used an auxin reporter DR5::GUS line. Recipient communities
described in Figure 1 adjacent to the wounded/unwounded
Donor communities were replaced by the DR5::GUS lines.
24 h post-wounding, DR5::GUS expression of the roots of
the Recipients next to wounded Donors exhibited deeper blue
coloration, suggesting greater auxin accumulation than in the
roots of the control (Figure 3A). Blue staining was concentrated
in gradients toward root apex of the primary and lateral
root extensions. The significant difference in the magnitude
of gradient in the GUS staining suggests that a signaling
cascade for the DR5 auxin reporter is triggered by the VOCs
documented in this study; the DR5 upregulation is consistent
with the earlier observation that primary root and lateral root
extensions were longer and more numerous in our earlier
experiments.

VOCs Upregulate Malate Transporter
in the Recipient Communities
Previously, we have shown that root specific malate transporters
(such as ALMT1) play a vital role in shaping root microbiome
in plants infected with an aboveground pathogen (Rudrappa
et al., 2008). We also show that the wound-induced VOCs
change root phenotype in the Recipient communities, which
may involve auxin interplay. Here we argued that the wound-
induced VOCs may also modulate ALMT1 expressions in the
neighboring communities. To this end, the neighboring plants
exposed to wounded and unwounded Donors were replaced by
ALMT1::GUS expressing reporter lines. ALMT1::GUS expressing
reporter lines exposed to wounded/unwounded Donors were
harvested post 24 h of exposure. ALMT1::GUS expressing
reporter lines were stained for GUS activity per the published
protocol (Sigma-Aldrich, Co.; Rudrappa et al., 2008). Recipients
next to unwounded Donors served as controls. ALMT1::GUS
expression of the roots of the Recipients next to wounded
Donors stained deeper blue than the roots of the control, which
exhibited no GUS fluorescence (Figure 3B). GUS expression was
concentrated in lateral root extensions and the apical meristem of
the primary root, suggesting activation of malate transporter by
wounded-induced VOCs.

The intensity of the GUS staining in the Recipient plants
next to wounded Donors strongly indicates the existence of a
signal transduction pathway that upregulates the ALMT1 in the
presence of the VOC’s elicited by mechanical wounding.
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FIGURE 1 | Schematic of Arabidopsis thaliana seedlings of donor and recipient communities in different experiments. (A) Twelve day old, two uniform
Arabidopsis seedlings were transferred to a petri plate with 2 cm and 4 cm apart from each other on petri plates. Donor seedling was wounded to induce VOC
release and growth of the seedling was recorded after 8 days of wounding. (B) Similarly, Arabidopsis seedlings were transferred on the either side of partition petri
plates. The donor plants were Col-0 and wounded and recipient’s plants were DR5::GUS or ALMT1::GUS or Col-0 rhizo-inoculated with UD1022. (C) An image of
the recipient and the donor community of Arabidopsis in a partition plate.

Recipient Plants Exhibited Increased
Association with Benign Bacillus subtilis
UD1022 in Presence of Wound-induced
VOCs
Having shown that wound-induced VOCs trigger malate
transporter expression in the Recipient communities, we tested
whether the increased malate transporter expression triggered
more root colonization by benign bacterium B. subtilis UD1022

in the Recipient communities. Recipient communities exposed
to wounded/unwounded plants were subjected to UD1022
inoculum (OD600 = 0.007 of UD1022). Post 24 h of exposure to
the wounded/unwounded plants’ VOCs, Recipient communities
were checked for B. subtilis colonization and biofilm formation
using confocal microscopy. Confocal imaging of Recipient plant
roots exposed to the wounded Donors revealed significantly more
UD1022 biofilm development than existent on control roots
(exposed to the unwounded Donors) inoculated with identical
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FIGURE 2 | Seeds of Arabidopsis (Col-0) were germinated and two uniform seedlings of 12 days old were transferred to the diffused plate or
partitioned plate and placed 2 cm or 4 cm apart each other (as shown in schematic Figure 1A). At the same time, the donor plants were wounded
mechanically and incubated for 8 days. (A) The growth rate of primary root of recipient plant in diffused plate and presented as cm/h (n = 6). (B) The measurement of
growth rate of recipient plant in partitioned petri plate (n = 12). (C) Number of lateral roots in recipient plants (n = 12). Asterisks denote significant differences as
analyzed by Student’s t-test. ∗P ≤ 0.05, Student’s two-tailed t-test. Error bar standard error mean.

levels of UD1022 (Figure 3C). This result suggests that malate
upregulation induced by wounded Donors may also associate
more with the beneficial bacterium UD1022.

DISCUSSION

The impact of aboveground to belowground signaling in intra-
plant communications is a field that has recently gained a lot
of attention. Both biotic and abiotic stress trigger mobile signals
between the aerial and root parts of a plant (Pangesti et al.,
2013) Various studies have shown a two-way communication
conduit in plants, wherein plants exposed to aerial pathogens
and herbivory alter root phenotype and roots exposed to both
biotic and abiotic stress change aboveground physiology in
plants (Pangesti et al., 2013). Similarly, few lines of studies have
shown that interplant communications changing aboveground
physiology in plants exposed to both biotic and abiotic stress
agents (Heil and Bueno, 2007). Earlier work explored the concept
of “talking trees,” introducing the prey-parasitoid concept
triggered by release of VOCs from the stressed plants (De

Moraes et al., 2001). The majority of work related to interplant
communication relates to VOC-inducible defense responses in
plants (Paré and Tumlinson, 1996). It has been demonstrated
that VOCs can attract predatory parasitoids, thus mitigating
the threat of attacking herbivores (Thaler, 1999; De Moraes
et al., 2001; Kessler and Baldwin, 2001; Karban, 2011). In
contrast, it has also been shown that VOCs can help herbivores
locate hosts, leading to plant damage (Horiuchi et al., 2003).
Most interestingly, VOCs can be used by neighboring, yet-
undamaged plants in proximity to damaged plants to adjust
their defensive phenotypes (Heil and Bueno, 2007). So far,
leaf-derived VOCs in interplant communication have resulted
in changes to aboveground physiology. Similarly, involvement
of leaf-derived VOCs in intraplant communication has shown
microbiome shifts and plant defense response (Song et al., 2016).
There exists a gap in our knowledge of how VOCs may modulate
interplant communication by changing belowground plasticity
and root–microbe interactions. The current study shows that
VOCs derived from a damaged plant change root plasticity and
root–microbe interaction in the neighboring, yet undamaged
plants.
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FIGURE 3 | Seeds of Arabidopsis (Col-0) or DR5::GUS or ALMT1::GUS
were germinated and two uniform seedlings of 12 days old were
transferred to the partitioned petri plate (as shown in schematic
Figures 1B,C). The Donor plants were wounded 2 days after transfer and
allowed to sit for 24 h prior to staining. (A) GUS staining of recipients
DR5::GUS seedlings was performed 24 h post-treatment. Scale
bars = 50 mm. (B) GUS staining of recipients ALMT1::GUS seedlings was
performed 24 h post-treatment. Scale bars = 50 mm. (C) Seeds of
Arabidopsis Col-0 were germinated and two uniform seedlings of 12 days old
were transferred to the 6-well culture plates. The Donor plants were wounded,
and recipients plants were rhizo-inoculated with UD1022 (OD600 = 0.001) for
24 h. The green fluorescence in the panels shows UD1022. Bars = 50 mm.

Wounding response at the intraplant level is very well-
characterized. It has been shown that wounded plants trigger
both local and systemic responses at the intra-plant level (León
et al., 2001). It has also been shown that various growth regulators
play a part in wound signaling in plants (León et al., 2001). Agents
such as oligosaccharides (OGAs), ethylene, jasmonic acid (JA),
and abscisic acid (ABA) play a critical role in those local and
systemic responses during wound signaling; the signal peptide
systemin has also been demonstrated to influence defensive
responses in a wounded plant system (León et al., 2001). Systemin
is an 18-amino acid peptide generated from a larger protein

precursor called prosystemin (McGurl and Pearce, 1992) and is
known to modulate growth regulators in wounded plants. It was
reported that wounding in plants causes an increase in ethylene
concentration, leading to altered defense responses in plants
(Liu et al., 1993; Bouquin et al., 1997). In contrast, wounded
tobacco plants show decreased auxin responses (a drop in the
endogenous levels of indole acetic acid) (Thornburg and Li,
1991). It has been proposed that the recovery of the initial levels
of active auxins serves as a mechanism to limit the duration of
the response to wounding (Rojo et al., 1998). Our results showed
a contrasting phenotype in the undamaged plants exposed to the
wounded neighbors. Plants exposed to the wounded neighbors
showed an increase in root growth compared to plants exposed
to undamaged neighbors. The shift in plasticity at the interplant
level showed that plants respond to aboveground VOCs and alter
belowground phenotype. Though auxins are reported to show an
inverse relationship with wound response at the intraplant level,
our results showed that auxin may play a different role in the
interplant signaling response. The DR5 gene marked with the
GUS reporter gene in this study is a synthetic auxin-responsive
promoter that indicates high auxin accumulation (Chen et al.,
2013). In our study, the increase in DR5::GUS staining evident
in the root cap and apical meristem of Recipient seedlings next
to the wounded Donors indicates that the VOCs initiate the
signal transduction responsible for the upregulation of DR5.
This histochemical evidence compliments the accelerated growth
rate (a sign of augmented auxin accumulation) seen in the
Recipients in proximity to wounded Donors. The increase in the
auxin-responsive promoter DR5 in roots of neighboring plants
exposed to the damaged neighbors suggests that auxin activity
operates differently under interplant wound signaling compared
to intraplant wound signaling.

Our work adds a layer of complexity to the previously
documented above- and belowground interactions involving
VOCs and microbiome interactions. Recipient plants exposed
to damaged neighbors showed increased ALMT1 expression
followed by increased colonization by UD1022. The matrix of
cells (see green in Figure 3C) surrounding only the Recipient root
next to a wounded neighbor illustrates the increased recruitment
of B. subtilis associated with the upregulation ofALMT1. Previous
research has shown that this strain is an effective plant growth-
promoting rhizobacteria and reduces foliar entry of deleterious
pathogens (Kumar et al., 2012). It is also shown that colonization
by beneficial microbes on the root surface increases plant growth
promotion and bioprotection activity in plants (Lakshmanan
et al., 2014; Allard-Massicotte et al., 2016). The literature suggests
that the impact of beneficial microbe-derived volatiles on plants
may play a critical role in inducing plant growth promotion
and biocontrol activity (Ryu et al., 2003; Rudrappa et al., 2010;
Kanchiswamy et al., 2015; Zamioudis et al., 2015). Conversely,
there is a gap in our understanding in terms of plant sentinels
that may trigger association of benign microbial association
with plants (Lakshmanan et al., 2014). We have evidence of
how plants manipulate belowground microbiome (Lakshmanan,
2015; Wagner et al., 2016), but we still lack data of plant-derived
factors that may modulate the microbiome diversity. There is also
evidence which shows that association of beneficial microbes in
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plants is not a straight-forward process and involves suppression
of defense response in plants by benign microbes (Lakshmanan
et al., 2012). It would be interesting to see if suppression of
defense response by benign microbes also exists in studies
involving plant communities. Our work showed that plants
may relay a stress-induced sentinel which attracts belowground
benign microbes in the neighboring yet undamaged plants. At
this juncture we do not fully understand how this association
may inflict plant growth promotion phenotype in the undamaged
neighboring plants.

In this study, we report that aboveground mechanical
wounding elicits substantial belowground changes in plant
phenotypic and genotypic characteristics. Previous literature has
shown the defense-catalyzing capabilities of VOCs on intraplant
and interspecific systems (Holopainen and Gershenzon, 2010).
Likewise, the effect of mechanical wounding has been noted to
induce upregulation of genes in local, undamaged seedlings (Heil
and Kost, 2006). The novelty of the current study lies therein
the observation, that those priming VOCs reflect altruistic
evolutionary developments, as the plant is purposefully designed
to warn its neighbors in light of its own damage. The upregulation
of malate transporter and auxin responsive genes in neighboring
plants exposed to wounded neighbors suggests that A. thaliana
evolved to anticipate abiotic and biotic stress and survived most
when root systems matured at a faster rate, allowing for adequate
nutrient and moisture uptake even in potentially contaminated
soil.

CONCLUSION

Our hypothesis that the same defense response elicited by VOCs
in intraplant and interspecific systems would be induced between
neighboring, but anatomically separate plants was correct. We
identified the benefits of the ALMT1 malate transporter in
increasing biofilm development and the DR5 auxin reporter
in accelerating root growth. These findings contribute to a

growing body of research on root–microbe interactions and
expand the agricultural applications of VOCs as factors for
pathogen protection and plant growth promotion. Our study
demonstrates that the volatiles released by damaged plants
elicit belowground changes related to root plasticity and root–
microbe interactions in neighboring plants under controlled
conditions. Many questions still remain regarding the capabilities
of this specific aboveground-belowground VOC relationship:
how concentrated does the VOC signal have to be to effectively
upregulate auxin-responsive and malate transporter genes under
natural conditions? What is the specific chemical composition
of the VOC signal at play in this interplant interaction? What
other genotypic transductions do these VOCs cause, aside from
the two genes of interest reported in the present study? Do
VOCs derived from wounded plants play a role in belowground
interspecies signaling? The answers to these inquiries ultimately
march closer to a new breed of organic crop primers that
secure more robust, disease-free crop yields without relying on
unsustainable industrial fertilizers.
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Being sessile in nature, plants have to withstand various adverse environmental stress
conditions including both biotic and abiotic stresses. Comparatively, abiotic stresses
such as drought, salinity, high temperature, and cold pose major threat to agriculture
by negatively impacting plant growth and yield worldwide. Rice is one of the most
widely consumed staple cereals across the globe, the production and productivity of
which is also severely affected by different abiotic stresses. Therefore, several crop
improvement programs are directed toward developing stress tolerant rice cultivars
either through marker assisted breeding or transgenic technology. Alternatively, some
known rhizospheric competent bacteria are also known to improve plant growth
during abiotic stresses. A plant growth promoting rhizobacteria (PGPR), Bacillus
amyloliquefaciens NBRI-SN13 (SN13) was previously reported by our lab to confer salt
stress tolerance to rice seedlings. However, the present study investigates the role
of SN13 in ameliorating various abiotic stresses such as salt, drought, desiccation,
heat, cold, and freezing on a popular rice cv. Saryu-52 under hydroponic growth
conditions. Apart from this, seedlings were also exogenously supplied with abscisic
acid (ABA), salicylic acid (SA), jasmonic acid (JA) and ethephon (ET) to study the role
of SN13 in phytohormone-induced stress tolerance as well as its role in abiotic and
biotic stress cross-talk. All abiotic stresses and phytohormone treatments significantly
affected various physiological and biochemical parameters like membrane integrity
and osmolyte accumulation. SN13 also positively modulated stress-responsive gene
expressions under various abiotic stresses and phytohormone treatments suggesting
its multifaceted role in cross-talk among stresses and phytohormones in response to
PGPR. To the best of our knowledge, this is the first report on detailed analysis of plant
growth promotion and stress alleviation by a PGPR in rice seedlings subjected to various
abiotic stresses and phytohormone treatments for 0, 1, 3, 10, and 24 h.
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INTRODUCTION

Rice (Oryza sativa L.) is the second most important staple
crop across the globe having high caloric value. Various abiotic
stresses such as salt, drought, and extreme temperatures, and
biotic stresses are major threats for agricultural production and
productivity worldwide. In fact abiotic stresses are reported
to adversely affect the yields of staple food crops by 70%
(Kaur et al., 2008; Mantri et al., 2012). Crop responses to
these environmental stresses are manifested at physiological,
biochemical and molecular levels from the early stage of seed
germination to maturity and senescence. Expression of several
thousand genes is known to be altered during various individual
and multiple abiotic stresses (Miller et al., 2010; Dahro et al.,
2016). It has now been well documented that the genes expressed
under various abiotic stresses not only help in improving
cellular tolerance by maintaining osmotic homeostasis but also
by regulating stress responsive gene expression (Lata et al., 2015;
Tiwari et al., 2017).

Several components of abiotic stress signaling have also
been found to be regulated through plant growth regulators
(PGRs) or phytohormones (Großkinsky et al., 2016). These are
signal molecules which are produced within plants at very low
concentrations with the ability to regulate various biological
processes both locally and distally. Phytohormones namely
auxins (AUX), cytokinins (CK), gibberellins (GA), abscisic acid
(ABA), brassinosteroids (BR), salicylic acid (SA), jasmonates (JA)
and ethylene play important roles in the regulation of plant
developmental processes and signaling networks as they are
involved either directly or indirectly in a wide range of biotic and
abiotic stress responses and tolerance (Khan et al., 2012; Asgher
et al., 2015; Srivastava et al., 2016; Tiwari et al., 2016). Numerous
studies have shown the positive effects of phytohormones on the
growth and development of a variety of crop plants (Cabello-
Conejo et al., 2014). However, several phytohormones are also
reported to be involved in pathogen-induced defense pathways
and hence, have also been extensively used as biotic stress elicitors
(Kim et al., 2004; Zhao et al., 2010; Koramutla et al., 2014).
Each of these phytohormones is involved in different biological
processes, thus affecting the growth and development of plants
in a unique way. The effects of phytohormones on the plant
vary with applied concentration, environmental factors, and on
the physiological status of the plant at the time of application
(Cabello-Conejo et al., 2014). Key plant hormones such as ABA,
SA, JA, and ET are well known for their regulatory response
under stress. As for example, various ethylene response factors
such as SlERF5 and AtERF6 were established as master regulators
of salt and drought stress tolerance in tomato and Arabidopsis,
respectively (Pan et al., 2012; Dubois et al., 2013). It has also
been anticipated that phytohormone synthesis and signaling play
central role in response and adaptation to adverse environmental
conditions (Bari and Jones, 2009; Lata et al., 2011b; Nafisi et al.,
2015).

Interestingly, various plant growth promoting rhizobacteria
(PGPR) are known for production of phytohormones as
AUX, CK, GA and inhibit the synthesis of ethylene (Park
et al., 2017). PGPR are also reported to increase the plant

growth by reducing susceptibility to various environmental
stresses (Nautiyal et al., 2013; Tiwari et al., 2016). The use
of these beneficial microorganisms considered as one of the
most promising methods for safe crop-management practices.
Many soil microorganisms like Azospirillum, Agrobacterium,
Pseudomonas and Bacillus produce phytohormones and also
known to modulate endogenous level of phytohormones in
plants thereby modulating the overall plant’s hormonal balance
and its response to stress (Glick et al., 2007; Kundan et al.,
2015). Members of Bacillus genus are among the most naturally
abundant PGPR in the soil. A Bacillus amyloliquefaciens strain
(NBRI-SN13, referred to as SN13) has been isolated from alkaline
soil of Banthara, Lucknow and its characterization for various
plant growth promotional attributes and stress tolerance such
as, auxin and ACC deaminase production, solubilisation of tri-
calcium phosphate and proline accumulation under salt stress
were carried out earlier in our laboratory (Nautiyal et al.,
2013). This PGPR was also reported as a biocontrol agent for
Rhizoctonia solani infection in rice (Srivastava et al., 2016).
However, to the best of our knowledge the role of this PGPR
strain in various abiotic stresses and PGRs simultaneously has
not been studied till date. Further, numerous molecular studies
on phytohormones and stress related genes in rice have suggested
the role of various stress signaling and regulatory pathways to
play key roles in the cross-talk between phytohormone and
biotic/abiotic stresses for plant protection (Du et al., 2013;
Srivastava et al., 2016). Therefore, the aim of this study was to
investigate the temporal effects of SN13 inoculation on various
biochemical and molecular parameters in rice under different
short-term abiotic stresses and phytohormone treatments, and
delineating the mechanism of a possible cross-talk among them.

MATERIALS AND METHODS

Plant Material, Inoculation and Stress
Treatments
The experiment was conducted in a plant growth chamber
at CSIR-NBRI, Lucknow, India with temperature oscillating
between 25 ± 2◦C (day) and 20 ± 2◦C (night). A popular rice
cultivar Saryu-52 was used for this study. The experiment was
designed with two parameters control and 1% SN13 inoculated
seedlings. Seeds of rice were surface sterilized with 0.1% HgCl2,

transplanted and grown in hydroponics for 1 week in Hewitt
medium. After 24 h of SN13 inoculation, both inoculated and
uninoculated seedlings were subjected to various stresses. For
salt and osmotic/drought stresses, 100 mM NaCl and 20%
polyethylene glycol (PEG) was supplied, respectively (Srivastava
et al., 2012; Nautiyal et al., 2013). For desiccation, seedlings
were transferred to sterile Whatman filter paper and for heat,
cold and freeze stresses, rice seedlings were transferred to 45◦C,
∼4◦C, and ≤0◦C, respectively (Mishra et al., 2015). For various
phytohormone treatments, both inoculated and uninoculated
seedlings 100 µm each of ABA, SA, JA, and ethephon was
supplied to the Hewitt medium as described elsewhere (Van
Bockhaven et al., 2015). After respective treatments the root
and shoot samples were harvested at 1, 3, 10, and 24 h
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for further studies. Unstressed seedlings (both inoculated and
uninoculated) were maintained as control. All biochemical
studies were performed with whole seedlings on the day of
harvesting. Samples for qRT-PCR analyses were snap frozen
in liquid nitrogen and stored at −80◦C until further use.
All experimental data are means of at least four independent
biological replicates, while three biological as well three technical
replicates were used for qRT-PCR analyses.

Proline
Proline content was analyzed using ethanolic extract prepared
by homogenizing ∼100 mg fresh tissue in 1 ml of 70% ethanol
(Carillo and Gibbon, 2011; Tiwari et al., 2016). The reaction
mixture constituted 1% w/v ninhydrin in 60% v/v acetic acid and
20% v/v ethanol, mixed with ethanolic extract in the ratio of 2:1.
The 100 µl reaction mixture was then incubated in a water bath
at 95◦C for 20 min, cooled to room temperature, and absorbance
was recorded at 520 nm in a microplate reader (Spectrum max
plus; Molecular devices, Sunnyvale, CA, United States).

Total Soluble Sugar
Total soluble sugar (TSS) content of rice seedlings was
determined according to DuBois et al. (1956) with some
modifications. About 100 mg of sample was homogenized in
3 ml of 80% methanol and was incubated at 70◦C for 30 min.
After incubation, equal volume (500 µl) of extract and 5%
phenol each was mixed with 1.5 ml of 95% H2SO4 and further
incubated in dark for 15–20 min. Absorbance was then measured
in spectrophotometer (Spectrum max plus; Molecular devices,
Sunnyvale, CA, United States) at 490 nm wavelength.

Lipid Peroxidation
The level of lipid peroxidation (LP) in control and treated tissues
was determined by measuring malondialdehyde (MDA) content
via 2-thiobarbituric acid (TBA) reaction using modified protocol
described by Heath and Packer (1968). About 100 mg of leaf
tissues were homogenized in 500 µl of 0.1% (w/v) TCA and
centrifuged for 10 min at 13,000 g at 4◦C. Further 500 µl of
supernatant was then mixed with 1.5 ml 0.5% TBA and incubated
in water bath at 95◦C for 25 min. Mixture was then incubated
on ice for 5 min for termination of reaction. Absorbance of
mixture was measured at 532 and 600 nm in a microplate
reader (Spectrum max plus; Molecular devices, Sunnyvale, CA,
United States).

Quantitative Real Time (qRT) PCR
Analysis of Stress-Responsive Genes
from Rice
Total RNA was isolated from 1-week-old rice seedlings
subjected to different durations of various abiotic stresses and
phytohormones treatments with or without SN13-inoculation,
using Tri-Reagent (Sigma, United States). DNase treatment was
done using TURBO DNase (Ambion, United States) to remove
DNA contamination from total RNA samples. The first strand
of cDNA was synthesized using 1 µg of DNase free total
RNA primed with oligo dT primers in a 20 µl reaction mix

using Maxima H Minus M-MuLV reverse transcriptase (Thermo
Scientific, United States) following manufacturer’s instructions.
Before using as a template in quantitative real time-polymerase
chain reactions (qRT-PCR), the cDNA products were five fold
diluted with deionized water. qRT-PCR was performed using
2X Brilliant III SYBR R© Green QPCR (Agilent Technologies,
United States) on Stratagene Mx3000P (Agilent Technologies,
United States) in triplicates. A constitutive gene actin from rice
was used as an internal control (Verma et al., 2016). The amount
of transcript accumulated for each target gene normalized to the
internal control was examined using 2−11Ct method (Livak and
Schmittgen, 2001). The primers used for qRT-PCR analysis were
designed from sequences of the respective genes downloaded
from the National Center for Biotechnology Information (NCBI)
using the IDT Primer Quest software (Table 1). The qRT-PCR
cycling conditions were: initial denaturation at 95◦C for 10 min,
95◦C for 30 s, and 60◦C for 1 min for 40 cycles followed by melt
curve analysis at 95◦C for 1 min, 60◦C for 30 s, and 95◦C for 30 s.
The heat map for gene expression profiles were generated using
TIGR MultiExperiment viewer (MeV 4) software package (Saeed
et al., 2003).

Statistical Analysis
All experimental results are expressed as mean with standard
deviation (mean ± SD). To test the significance between
mean values of control and stressed plants or SN13-inoculated
unstressed and stressed plants, one way analysis of variance
(ANOVA) was performed, and comparison among means was
carried out using Duncan multiple range test (DMRT) at P < 0.05
with the help of SPSS software version 16.0 (SPSS Inc./IBM Corp.,
Chicago, IL, United States). All results were graphically presented
using Graph Pad Prism software (version 5.03, San Diego, CA,
United States). Principal component analysis (PCA) to delineate
biochemical traits and gene expression differentiation among the
treatments was performed using R 3.4.1 package.

RESULTS

Modulation in Biochemical Parameters
under SN13 Inoculation
To combat the adverse effects of various environmental stresses,
plants have evolved complex mechanisms for their better
survival, growth and adaptation. PGPR also regulate morpho-
physiological, biochemical and molecular responses in plants.
Therefore, in order to analyze the effects of SN13 on various
biochemical parameters, rice seedlings were collected at different
time points of various abiotic stresses namely, salt, drought,
desiccation, heat, cold, and freeze, and phytohormone treatments
viz. ABA, SA, JA, and ethephon after 1, 3, 10, and 24 h with or
without SN13-inoculation.

Proline
Proline is an osmoprotectant and has been suggested to
contribute in osmoregulation during stress tolerance in plants.
In inoculated and uninoculated rice seedlings, accumulation of
proline was determined under all stress treatments. Interestingly,
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TABLE 1 | List of primers used in qRT-PCR analysis.

Gene(s) NCBI accession no. Primer sequence Amplicon length

DHN XM_015762124 F-5′ CTCCAGCTCATCCTCTGA 3′ 79

R-5′ GAGCTTCTCCTTGATCTTCTC 3′

GST XM_015759043 F-5′ CCTACGTCACCAGAGTGAA 3′ 81

R-5′ TCTTGTTGCGGAGATCCT 3′

LEA XM_015782086 F-5′ TGAGCAGGTGAAGAGCA 3′ 111

R-5′ GCAGAGGTGTCCTTGTTG 3′

NAM XM_015760382 F-5′ GGAGTCCATGGAATTGGAAG 3′ 101

R-5′ GGCATGCCAAGAGGATTT 3′

GRAM XM_015772803 F-5′ GCCCGCCTCCAAGAATACA 3′ 69

R-5′ TCTCCAAACCTCTTCCCCATCT 3′

NRAMP6 XM_015792141 F-5′ CTACTTCCTCAGCACAAAGC 3′ 138

R-5′ TTCCTGAACGTCAGGTAGAT 3′

Actin XM_015761709 F-5′ GAGTATGATGAGTCGGGTCCAG 3′ 143

R-5′ ACACCAACAATCCCAAACAGAG 3′

in all abiotic stresses and phytohormone treatments proline
content was found to be significantly higher in SN13-
inoculated seedlings in comparison to uninoculated. Salt,
drought, desiccation, heat, and cold stress treatments led to
significantly progressive increase in proline content at all
stress durations in inoculated seedlings than uninoculated
ones with maximum accumulation at 3 h in most of the
stresses (Figures 1A–J). In comparison to control, uninoculated
seedlings at 24 h under salt, drought, desiccation, heat, and
cold showed percentage increment of 37, 56, 100, 243, and
31% while SN13-inoculated 24 h stressed seedlings showed
increase in proline content by 81, 43, 180, 176, and 62%,
respectively (Figures 1A–E). On the other hand, inoculated rice
seedlings subjected to salt, drought, desiccation, and cold stresses
showed enhanced proline content by 72, 20, 84, and 62%,
respectively, at 24 h in comparison to the respective stressed
uninoculated seedlings (Figures 1A–C,E). However, at 24 h of
heat stress only 5% increase in proline content was recorded in
inoculated seedlings as compared to uninoculated (Figure 1D).
Furthermore, SN13 inoculated seedlings under freeze and all
phytohormone treatments namely, ABA, SA, JA, and ethephon
showed comparatively higher proline content viz. 86, 66, 24, 33,
and 119%, respectively, at 3 h of stress as compared to inoculated
controls (Figures 1F–J). While at 24 h of abovementioned
stresses, a decline in proline content by 30, 34, 23, 22, and 39%,
respectively, was observed in inoculated seedlings. However, at
the same time point, a less significant difference in uninoculated
rice seedlings was recorded for proline content under freeze and
phytohormone treatments.

Total Soluble Sugar
Total soluble sugar is also a well-known compatible osmolyte
that help plants to withstand various environmental stresses
via maintaining the stability of membranes. Accumulation of
soluble sugar was significantly higher in SN13-inoculated plants
in comparison to the uninoculated seedlings at all durations of
all applied stresses. Both inoculated and uninoculated seedlings
during salt, drought, desiccation, heat, and cold stress showed

significantly progressive increment in TSS content till 3 h and
at 24 h of stress treatments (Figures 2A–E). In comparison
to inoculated unstressed seedlings, the inoculated seedlings
subjected to abovementioned stresses, showed enhancement in
TSS content by 126, 328, 157, 161, and 185%, respectively, at
3 h while an increment between ∼200 and 400% was recorded
for each stress at 24 h in inoculated stressed seedlings. Similarly,
maximum TSS content (∼180%) was found at 3 h of ABA and
ethephon treatments in inoculated seedlings as compared to the
inoculated control while after a decline at 10 h, an increment by
167 and 84%, respectively, was observed at 24 h (Figures 2G,J).
Uninoculated seedlings under salt, drought, desiccation and heat
stresses followed similar pattern as inoculated seedlings at all
time points of stress treatments but degree of accumulation
of TSS was comparatively lower than inoculated seedlings.
Furthermore, both inoculated and uninoculated seedlings under
freeze, SA and JA treatments showed progressive increase in
level of soluble sugar with increasing duration. Under these
treatments maximum level of soluble sugar was recorded at
24 h (∼170, ∼210, and ∼200%, respectively) in both inoculated
and uninoculated rice seedlings, as compared to their respective
controls (Figures 2F,H,I).

Lipid Peroxidation
To check the membrane integrity lipid peroxidation analysis was
performed by measuring total MDA content. During stress, MDA
works as an indicator of extent of lipid peroxidation in living
tissues, i.e., an increase in MDA denotes more membrane damage
and vice versa. At all given treatments membrane destruction
significantly increased with stress progression (Figures 3A–J).
Under controlled conditions, MDA content was found to be
slightly higher in inoculated seedlings as compared to the
uninoculated seedlings, while under salt, drought, desiccation,
heat, cold, and freeze stresses, SN13 inoculated seedlings showed
significantly equivalent or lower MDA content in comparison to
the uninoculated seedlings till 10 h (Figures 3A–F). However,
at 24 h of salt, drought, desiccation, and heat stress, SN13-
inoculated seedlings showed slightly higher MDA content by 17,
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FIGURE 1 | Determination of proline in rice exposed to salt (A), drought (B),
desiccation (C), heat (D), cold (E), freeze (F), ABA (G), SA (H), JA (I), and
ethephon (J) stress at 1, 3, 10, and 24 h in the presence or absence of SN13.
Data represent the means ± SD of four independent experiments. Different
letters on the graph indicate significant differences according to Duncan’s test
(P ≤ 0.05).

11, 48, and 38%, respectively, in comparison to the uninoculated
seedlings, while the same was not observed under cold and
freezing stresses where the MDA content were lower by∼5% than
uninoculated seedlings. On the other hand, the inoculated and
uninoculated rice seedlings treated with ABA and ethephon at
3 h showed improved membrane integrity on account of lower
MDA content, i.e., by 3 and 12% in ABA and 6 and 34% in
ethephon, respectively, while an increase in MDA accumulation
was observed till 24 h in both (Figures 3G,J). At the same time
both inoculated and uninoculated JA-treated seedlings, showed
irregular pattern for membrane ion leakage as MDA content was
found to increase till 3 h (∼10 and 117%, respectively) and at

FIGURE 2 | Determination of total soluble sugar in rice exposed to salt (A),
drought (B), desiccation (C), heat (D), cold (E), freeze (F), ABA (G), SA (H),
JA (I), and ethephon (J) stress at 1, 3, 10, and 24 h in the presence or
absence of SN13. Data represent the means ± SD of four independent
experiments. Different letters on the graph indicate significant differences
according to Duncan’s test (P ≤ 0.05).

24 h (∼12 and∼117%, respectively) (Figure 3I). Both inoculated
and uninoculated seedlings under desiccation and SA treatment
showed gradual increase in the level of MDA content until 10 h
with an abrupt increase by∼200% at 24 h (Figures 3C,F).

SN13 Inoculation Alters
Stress-Responsive Gene Expression
In order to verify our results for biochemical analyses,
qRT-PCR analysis of six stress-responsive genes namely,
dehydrin (DHN), glutathione S-transferase (GST), late
embryogenesis abundant (LEA), no apical meristem (NAM),
glucosyltransferases, Rab-like GTPase activators, myotubularin
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FIGURE 3 | Determination of MDA content in rice exposed to salt (A), drought
(B), desiccation (C), heat (D), cold (E), freeze (F), ABA (G), SA (H), JA (I), and
ethephon (J) stress at 1, 3, 10, and 24 h in the presence or absence of SN13.
Data represent the means ± SD of four independent experiments. Different
letters on the graph indicate significant differences according to Duncan’s test
(P ≤ 0.05).

(GRAM) and natural resistance-associated macrophage
protein 6 (NRAMP6) genes were carried out at all-time
points in rice roots under two representative abiotic stresses,
i.e., salt and heat, and two representative phytohormone
treatments, i.e., ABA and JA. All genes showed significant
differential expression under abovementioned treatments
and the gene expression profiling data was also found to
be considerably in correlation with our biochemical results
under these four stresses. Under unstressed conditions, the
inoculated seedlings showed ∼3-fold upregulation in DHN
expression than uninoculated ones (Figures 4A–D). In both
inoculated and uninoculated seedlings expression of DHN

in salt stressed plants increased gradually till 3 h with a
∼11-fold induction as compared to control. In case of ABA
treated inoculated seedlings maximum expression of DHN
was observed at 3 h (∼11-fold) followed by 24 h (∼9-fold) as
compared to control (Figure 4C). In contrast, uninoculated
seedlings showed upto ∼9-fold increase in DHN expression
after 1 and 10 h of ABA treatment. Heat and JA stressed
seedlings showed somewhat similar pattern of DHN expression
(Figures 4B,D). Under heat and JA treatments, uninoculated
seedlings showed maximum DHN expression (∼12-fold) at
3 h whereas SN13-inoculated seedlings showed maximum
upregulation of ∼12- and ∼9-fold, respectively, at 1 h for both
stresses.

Under unstressed conditions, GST expression was found to
be upregulated by∼4.5-fold in inoculated seedlings as compared
to uninoculated (Figures 4A–D). As compared to control, GST
expression was found to be highest (∼7-fold) in inoculated
seedlings at 3 h and in uninoculated seedlings at 10 h of salt
stress. Further, 1 h heat stressed inoculated seedlings showed
highest GST expression (∼8-fold) while a ∼9-fold expression
was observed at 24 h in uninoculated rice seedlings (Figure 4B).
In case of ABA treatment, ∼7-fold increase was observed in
inoculated seedlings at 3 and 24 h as compared to control
while uninoculated seedlings showed ∼5-fold of upregulation at
10 h (Figure 4C). JA treated seedlings with SN13- inoculation
showed ∼6-fold upregulation in GST expression at 1 h while
uninoculated seedlings showed ∼8-fold expression at 3 h as
compared to control (Figure 4D). However, a gradual decline
in GST expression was recorded till 24 h in JA-treated seedlings
under both inoculated and uninoculated seedlings.

On the other hand, SN13-inoculated control seedlings showed
upto two fold upregulation in NAM and GRAM gene expression
while no significant difference was found in the expression of
LEA gene as compared to uninoculated control (Figures 4A–D).
Under salt stress, LEA, NAM and GRAM genes showed highest
expression (∼4- to ∼5.5-fold) in SN13-inoculated seedlings at
3 and 10 h of stress as compared to control (Figure 4A).
ABA-treated seedlings showed similar expression patterns for
LEA, NAM, and GRAM genes as under salt stress (Figure 4C).
Inoculated seedlings showed highest expression of LEA, NAM,
and GRAM, i.e., ∼7.8-, ∼4.7- and ∼5.3-fold, respectively, after
3 h of ABA application, while a gradual decline was observed
in both inoculated and uninoculated seedlings till 24 h of stress.
However, at 3 h of JA treatment, uninoculated seedlings showed
upto six fold increment in LEA, NAM, and GRAM expression
(Figure 4D). Furthermore, no significant change in expression of
these genes was recorded till 24 h of stress. Unlike other stresses,
all three genes showed distinct expression pattern under heat
stress (Figure 4B). Maximum expression of NAM and GRAM
genes was recorded to be ∼4- and ∼5-fold, respectively, in both
inoculated and uninoculated seedlings at 3 h of heat stress,
thereafter a slight reduction was observed in their expression with
stress progression till 24 h time point. Maximum expression of
LEA (∼5-fold) was recorded at 1 h of heat stress as compared
to control. Interestingly, its expression was found to be more
or less maintained till 24 h in both inoculated and uninoculated
seedlings (Figure 4B).
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FIGURE 4 | Differential expression of genes in rice exposed to salt (A), heat
(B), ABA (C), and JA (D) stress at 1, 3, 10, and 24 h in the presence or
absence of SN13. The heat map has been generated based on the
fold-change values in the treated sample when compared with its unstressed
control sample. The color scale for fold-change values is shown at the bottom.

Expression of NRAMP6 gene was ∼2-fold higher in
inoculated seedlings as compared to uninoculated seedlings
under unstressed condition (Figures 4A–D). Under salt stress
NRAMP6 expression was highest at 10 h in both uninoculated
and inoculated seedlings (∼4- and ∼3.5-fold, respectively) in

comparison to control (Figure 4A). After 10 h of salt stress,
a ∼3-fold reduction in NRAMP6 expression was observed in
uninoculated seedlings while no significant difference was found
in inoculated seedlings. Expression of NRAMP6 under heat
stress was highest at 1 h in inoculated seedlings and at 3 h
in uninoculated seedlings (∼4-fold) in comparison to control
(Figure 4B). A gradual decline in NRAMP6 expression was
observed in uninoculated seedlings while inoculated seedlings
showed reduction only at 3 h of heat stress thereafter its
expression increased upto ∼3-fold at 24 h. In ABA-treated
uninoculated seedlings, a ∼1.5-fold expression of NRAMP6 was
observed at all-time points while SN13-inoculated seedlings
showed ∼4-fold upregulation after 1 and 3 h of ABA treatment
with a significant reduction (∼2-fold) at 10 and 24 h (Figure 4C).
On the other hand, uninoculated JA-treated seedlings showed
∼4-fold NRAMP6 expression at 1, 3, and 24 h and ∼2-fold at
10 h of stress as compared to control. While inoculated seedlings
showed ∼3-fold up-regulation in NRAMP6 expression at 3, 10,
and 24 h in comparison to control (Figure 4D). Expression
patterns of all six genes, i.e., DHN, GST, LEA, NAM, GRAM
and NRAMP6 under salt, heat, ABA and JA treatments in both
inoculated and uninoculated seedlings at all-time points have
also been provided as individual graphical representations in
supplementary information (Supplementary Figures S1A–F).

PCA of Abiotic Stresses and
Phytohormone Treatments
In order to better understand the relationships, similarities and
dissimilarities among the results for biochemical traits and gene
expression, a multivariate PCA was carried out. The multivariate
PCA lets a large number of variables to be lessened to only a few
which largely account for majority of the variance in the observed
experimental results. PCA was applied among biochemical
parameters (proline, TSS and LP) and gene expression of all six
genes to determine the interaction between abiotic stresses (salt
and heat) and phytohormones (ABA and JA) under the influence
of PGPR at all-time intervals (Supplementary Figures S2A–D).
Dimension 1 (Dim1) and Dim2 accounted for ∼80% of the
total variance at all four time intervals. More specifically after
assembling all-time points, Dim1 accounted for 39.68%, and
Dim2 was responsible for 19.55% of the total variance (Figure 5).
Mainly two clusters were formed in the biplot. Cluster including
salt, heat, JA, salt+SN13 and ABA+SN13 have positive values at
both the axis while the cluster containing control, SN13, ABA and
JA+SN13 lied at negative values of both the axis. Heat+SN13
is located far from the clusters indicating dissimilar response
from other clusters. In accordance, distinct clusters formed in
biplot clearly exhibited correlation between abiotic stresses and
phytohormones under influence of SN13 in rice.

DISCUSSION

In the present scenario of global climate change, adverse
environmental conditions lead to significant reduction in
growth, development and yield of crop plants (Lata et al.,
2015). The development of new crop varieties is one of
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FIGURE 5 | Principal component analysis biplot of biochemical traits and gene expression of rice under abiotic stresses and phytohormone treatments in the
presence or absence of SN13.

the most established methods of crop improvement for
stress management. Since, transgenic technology and molecular
breeding are time consuming and labor intensive processes;
use of plant growth promoting microbes is gaining wide
popularity these days as an alternate strategy for improving
stress tolerance of crop plants (Glick, 2014; Tiwari et al., 2016).
Among various PGPR genus, Bacillus and Pseudomonas are
most extensively studied rhizobacteria that promote plant growth
and development (Kumar et al., 2011). Earlier studies have
reported several strains of Bacillus spp. viz. B. amyloliquefaciens,
B. licheniformis, B. megaterium, B. pumilus, and B. subtilis,
etc., as well known rhizosphere residents of many crops with
plant growth promoting activities (Kloepper et al., 2004; Kumar
et al., 2011). Nautiyal et al. (2013) studied PGPR traits of
B. amyloliquefaciens and its effects on rice during salt stress.
Srivastava et al. (2016) also reported B. amyloliquefaciens
mediated enhanced production of rice under Rhizoctonia
infection. However, our study demonstrates the regulatory role
of PGPR, B. amyloliquefaciens NBRISN13 under various abiotic
stresses and phytohormone treatments through biochemical
studies and gene expression analyses of six stress responsive
genes in 1-week-old rice seedlings. Unfavorable environmental
conditions during early seedling stage in rice result in drastic
reduction in growth resulting in lower yield potential and
poor grain quality (Manikavelu et al., 2006; Farooq et al.,
2009). To the best of our knowledge, until now none of
the studies have been conducted to evaluate the effects of
various abiotic stresses and phytohormones on stress tolerance
abilities of rice at early seedling stage in the presence of a
PGPR.

Accumulation of compatible osmolytes such as proline,
soluble sugars, glycine betaine, trehalose, etc., help plants to
overcome abiotic stresses by maintaining osmotic turgor (Tiwari
et al., 2016; Zandalinas et al., 2017). Elevated levels of proline,
TSS, betaine in plants have also been correlated with enhanced
stress tolerance in previous studies (Lata et al., 2015; Tiwari et al.,
2016). Accordingly this study also reports an increase in proline
and TSS content in rice cv. Saryu-52 subjected to six abiotic
stresses and four phytohormone treatments. In general, proline
and TSS content of inoculated rice plants showed significant
time-dependent increase as compared to the non-inoculated
seedlings under all stresses. This increase in the level of proline
and TSS upon SN13 inoculation can be associated with improved
plant health under various stresses resulting in better stress
tolerance of rice seedlings. Similar increase in proline and TSS
content have also been reported in salt stressed wheat seedlings
inoculated with halo-tolerant PGPR Dietzia natronolimnaea
(Bharti et al., 2016). Accordingly, Khan et al. (2016) observed
that the inoculation with Bacillus pumilus improved proline
content of rice seedlings subjected to salt stress. Nautiyal et al.
(2013) also reported enhanced proline content in 1-month-old
rice seedlings inoculated with SN13 when subjected to salt stress.
Similar observations have also been reported in maize under
drought stress (Kandowangko et al., 2009; García et al., 2017).
Increased level of soluble sugar in maize on inoculation with
Pseudomonas spp. under drought stress was correlated with
better stress tolerance (Sandhya et al., 2010). Interestingly, high
proline and TSS accumulation was observed after 3 h of stress
progression in most of the abiotic stresses and all phytohormone
treatments. This could be due to an osmotic adjustment as a result
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of increased synthesis of osmolytes. Similar observation was
made by Jain and Chattopadhyay (2010) in chickpea subjected
to drought stress. Further our results indicated a more or less
similar pattern of proline accumulation under drought, salt, ABA,
SA, JA, and ethephon treatments with a higher accumulation in
inoculated seedlings as compared to uninoculated ones. Likewise,
TSS accumulation was found to follow a similar pattern as that
of proline accumulation in salt, drought, dessication, cold, ABA,
and ethephon treatments indicating a complex SN13-mediated
cross-talk among various abiotic stresses and phytohormones.
Though such observations have not been reported earlier for
any plant–PGPR interaction involving so many abiotic stresses
and phytohormones, however, there are numerous reports
on extensive cross-talk among various abiotic stresses and
phytohormones (Fahad et al., 2015; Tiwari et al., 2017). Several
phytohormones like ABA, SA, JA, and ET have been reported
to be central to drought, salt, cold, and heat stress responses in
various plants (Lata et al., 2011b) while other phytohormones
such as gibberellins, brassinosteroids, auxin, cytokinins, etc.,
interact with other phytohormones and stress-related genes to
maintain a balanced plant growth and development (Kohli et al.,
2013).

Malondialdehyde (MDA) is one of the end products of
polyunsaturated fatty acids peroxidation in phospholipids and
is responsible for cell membrane damage (Sharma et al., 2012).
MDA accumulation is an indication of stress-induced LP of
cellular membrane lipids and is often considered a marker for
increased oxidative damage (Lata et al., 2011a). In our findings
LP was significantly lower at all durations of short-term salt,
drought, and desiccation stresses upon SN13 inoculation except
at late stress, i.e., 24 h. This might be possible that initially
layer of mucilage around root protects plant by direct exposure
to stress but later bacterial adherence to root or root cortex
changes membrane permeability to some extent and leads to
slight increase in membrane damage. Ongena and Jacques (2008)
have also reported interaction of Bacillus with plant membrane
as a biocontrol via altering membrane structure. Pandey et al.
(2016) and Meena et al. (2017) reported increased MDA content
in rice treated with Trichoderma. However, estimation of LP at
subsequent later durations (beyond 24 h) of bacterial colonization
may be an interesting subject area of study in these stresses.
One of the previous studies also reported an increase in
MDA content at initial stages of Burkholderia phytofirmans
inoculation in Vitis vinifera under cold stress and a decrease in
MDA content was recorded at later stages suggesting the stress
ameliorating properties of the PGPR (Theocharis et al., 2012).
On the other hand, heat, cold, and freeze stresses did not show
significant alteration in MDA content upon SN13 inoculation
at all durations. This may be due to the fact SN13 may not
be directly involved in maintaining membrane integrity under
these stresses owing to their poor tolerance levels to extreme
temperatures.

Further, PGPR-mediated activation of numerous genes in
response to abiotic stresses has recently been reported in many
crop plants including rice (Nautiyal et al., 2013; Kim et al.,
2014; Tiwari et al., 2016). However, molecular basis of PGPR–
plant interactions with respect to abiotic stress tolerance and

phytohormone treatments in rice remain largely unknown.
Therefore, in order to understand the changes at molecular level
during rice–SN13 interaction under various stresses, expression
analyses of a few stress-responsive genes through qRT-PCR was
performed.

LEA and DHN are mainly involved in stress tolerance and
hence, act as marker genes for plant stress response (Tiwari
et al., 2016). Overexpression of these genes has been reported
to provide tolerance to various abiotic stresses in several crop
plants (RoyChoudhury et al., 2007; Kumar et al., 2014). Further,
overexpression of dehydration responsive element binding
(DREB) genes in Arabidopsis and rice is also known to increase
the expression of LEA and dehydrins (Lata and Prasad, 2011).
In present study, the expression of these genes increase at all-
time points with maximum expression at 3 and 10 h of all
four applied treatments in comparison to control, indicating
their correlation with an increased osmolyte synthesis at these
durations. While SN13-inoculation relatively down regulates the
expression of LEA and DHN under salt and heat stress as
well as ABA treatment at all durations indicating the crucial
role of SN13 in stress alleviation in 1-week-old rice seedlings.
However, LEA and DHN expression is significantly higher at
3 h of the abovementioned stresses which may be due to their
active role in osmolyte biosynthesis and subsequently osmotic
adjustment. This result is also in accordance to our biochemical
results for proline and TSS. Recently, Trichoderma harzianum,
a rhizosphere occupants reported in stress mitigation in rice
genotypes due to upregulation of dehydrin and other genes
(Pandey et al., 2016; Meena et al., 2017). Similarly, the expression
of LEA increases on application of B. subtilis in Brachypodium
under drought stress (Gagne-Bourque et al., 2015) as well as
in chickpea upon P. putida inoculation (Tiwari et al., 2016).
Further, increased expression of DHN was reported by Kumar
et al. (2014) in rice and Kosová et al. (2014) in barley and wheat
under salt, drought and cold stresses. Interestingly, many DHNs
have been identified in plants including Arabidopsis thaliana and
wheat that are up-regulated by exogenous ABA under drought
stress (Lv et al., 2017). Richard et al. (2000) reported exogenous
application of JA leads to increase in DHN expression in white
spruce. Differential expression of DHN and LEA under salt, heat,
ABA, and JA treatments in our study suggests an extensive SN13-
mediated cross-talk among them. P. putida treated tolerant
and sensitive chickpea cultivars also showed differential gene
expression for abiotic stress-responsive genes DHN and LEA
as well as for MYC2 and PR1 genes which involved in JA and
SA signaling, respectively, under drought stress (Tiwari et al.,
2016).

Glutathione S-transferases (GSTs) are ubiquitous enzymes
with antioxidant properties that help in detoxification via
converting oxidatively produced compounds to reduced
glutathione, thus facilitating their removal, sequestration, or
metabolism (Dalton et al., 2009). Increased expression of GST
in SN13-inoculated rice seedlings at all stress durations with
maximum expression at 3 h indicates an induction of this
defense enzyme due to SN13 colonization. Similar observation
was also reported by Srivastava et al. (2012) in Arabidopsis upon
P. putida inoculation. Kandasamy et al. (2009) also reported
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upregulation in GST expression on treatment of P. fluorescens in
rice.

NAM TFs have been reported to play significant role in
abiotic stress tolerance in various crop plants (Nakashima et al.,
2009). Increased expression of NAM gene on exposure to various
stresses in rice is in accordance to previous studies (Nguyen
et al., 2015; Tiwari et al., 2016). Further, its relatively increased
transcript accumulation in SN13-inoculated rice seedlings at all
stress durations with a few exceptions shows a positive regulation
of NAM by SN13. Wang et al. (2005) and Tiwari et al. (2016)
have also demonstrated Pseudomonas spp.-induced expression
of NAM in Arabidopsis and chickpea, respectively, via gene
expression profiling studies, and their role were speculated in
PGPR-mediated stress tolerance.

GRAM domain containing genes are likely to be involved
in membrane associated processes such as intracellular protein
or lipid binding signaling pathways (Doerks et al., 2000; Jiang
et al., 2008). Baron et al. (2014) also reported that GRAM-domain
containing genes show responsiveness to several phytohormone
and abiotic stresses. Upregulation of GRAM by ABA was
also reported (Liu et al., 1999; Jiang et al., 2008). In our
findings, increased expression of GRAM in both inoculated and
uninoculated seedlings at early stages of stress treatments suggest
an SN13-mediated gene expression modulation during initial
stress signal transduction events in rice.

NRAMP genes in plants are known to encode intracellular
metal transporters with capacity to transport both the metal
nutrient iron (Fe) and the toxic metal cadmium (Cd) (Thomine
et al., 2000; Cailliatte et al., 2009). However, their role in other
abiotic stresses and phytohormones has not been elucidated till
date. Interestingly, NRAMP6 was found to be highly up-regulated
in one of our SN13-induced salt stress transcript profiling study
of rice seedlings (Unpublished). Accordingly, in this study this

gene was found to be differentially expressed under all stresses
with maximum expression at 3 h. It indicates possible NRAMP-
regulated stress alleviation in rice. Our results and previous
evidences regarding stress alleviation by PGPR suggest the crucial
role of SN13 in positively modulating gene expression under
various stresses and also indicate a possible gene-regulated cross-
talk among all stresses and phytohormones treatments.

CONCLUSION AND FUTURE
PERSPECTIVES

This study highlights a beneficial bipartite plant–microbe
interaction between rice seedlings and B. amyloliquefaciens
SN13 under short-term abiotic stresses and phytohormone
treatments. Taken together our results indicate that the
abiotic stress amelioration capacity of rice seedlings have
been significantly improved with SN13-inoculation under all
stresses. Stress-induced symptoms in rice such as membrane
integrity, accumulation of osmoprotectants, and expression of
marker genes were significantly improved in presence of SN13.
However, a more detailed study on the role of SN13 in
improving stress tolerance of rice at subsequent developmental
stages can be an interesting topic for further investigation.
Based on differential responses of rice seedlings to abiotic
stresses and phytohormones, PCA analysis confirmed basis for
a holistic view on SN13 inoculation effects on rice response
to different abiotic stresses and phytohormone treatments. This
highlighted a possible PGPR-induced cross-talk among abiotic
stresses and phytohormones (Figure 6). It can be deduced that
SN13-responsive cross-talk is most extensive among all four
phytohormones and salt and drought stresses as compared to
heat, desiccation, cold, and freeze. Our results thus paves way for

FIGURE 6 | A model of the SN13-responsive cross-talk among various abiotic stresses and phytohormones operating in rice is created based on biochemical
analyses and gene expression profiling. The phytohormones and abiotic stress interactions shown here is only a fraction of stress signal cross-talk occurring in rice
when exposed to SN13 and different other cross-talk points are yet to be discovered.
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a more detailed understanding of various cross-talk points
among phytohormones and stress signaling cascades
in response to beneficial microbe(s) for their effective
utilization in developing crop varieties with improved stress
tolerance.
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FIGURE S1 | Differential expression of DHN (A), GST (B), LEA (C), NAM (D),
GRAM (E), and NRAMP6 (F) in rice exposed to salt, heat, ABA, and JA at 1, 3,
10, and 24 h in the presence or absence of SN13. Data represent the
means ± SD of three independent experiments. Different letters on the graph
indicate significant differences according to Duncan’s test (P ≤ 0.05).

FIGURE S2 | Principal component analysis biplot of biochemical traits and gene
expression of rice at 1 h (A), 3 h (B), 10 h (C) and 24 h (D) under abiotic stresses
and phytohormone treatments in the presence or absence of SN13.
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This study investigated the Ni-removal efficiency of phytohormone-producing
endophytic fungi Penicillium janthinellum, Paecilomyces formosus, Exophiala sp.,
and Preussia sp. Among four different endophytes, P. formosus LHL10 was able
to tolerate up to 1 mM Ni in contaminated media as compared to copper and
cadmium. P. formosus LHL10 was further assessed for its potential to enhance the
phytoremediation of Glycine max (soybean) in response to dose-dependent increases in
soil Ni (0.5, 1.0, and 5.0 mM). Inoculation with P. formosus LHL10 significantly increased
plant biomass and growth attributes as compared to non-inoculated control plants with
or without Ni contamination. LHL10 enhanced the translocation of Ni from the root to
the shoot as compared to the control. In addition, P. formosus LHL10 modulated the
physio-chemical apparatus of soybean plants during Ni-contamination by reducing lipid
peroxidation and the accumulation of linolenic acid, glutathione, peroxidase, polyphenol
oxidase, catalase, and superoxide dismutase. Stress-responsive phytohormones such
as abscisic acid and jasmonic acid were significantly down-regulated in fungal-
inoculated soybean plants under Ni stress. LHL10 Ni-remediation potential can be
attributed to its phytohormonal synthesis related genetic makeup. RT-PCR analysis
showed the expression of indole-3-acetamide hydrolase, aldehyde dehydrogenase
for indole-acetic acid and geranylgeranyl-diphosphate synthase, ent-kaurene oxidase
(P450-4), C13-oxidase (P450-3) for gibberellins synthesis. In conclusion, the inoculation
of P. formosus can significantly improve plant growth in Ni-polluted soils, and assist in
improving the phytoremediation abilities of economically important crops.

Keywords: soybean, nickel stress, endophytic fungi, phytohormones, antioxidant enzymes, fatty acids

INTRODUCTION

Rapid industrialization has contributed to the increased heavy metal pollution in the environment
(Qin et al., 2015; Wu et al., 2015). Effluents from industry mix with rivers and drains,
which enter the food chain through crops grown in contaminated water. Consequently, by
consuming contaminated foods, heavy metals accumulate in the human body and lead to
severe health problems, including cardiac disorders, digestive disorders, and kidney, stomach,
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liver, and lung cancer (Qin et al., 2015). Heavy metal pollutants in
the soil are toxic and non-biodegradable and are thus extremely
persistent and stable in the environment (Wu et al., 2015).
Therefore, their removal or conversion to less toxic forms in
the water-soil is deemed crucial in order to provide land that is
safe and free from heavy metal pollution for agriculture purposes
(Amari et al., 2014).

Serious concerns have been raised in developing countries
regarding environmental pollution caused by heavy metals.
Among heavy metals, trace amounts of nickel (Ni) are required
by plants for the regulation of different metabolic pathways
(Yusuf et al., 2011; Amari et al., 2014). However, exposure to
excess amounts of Ni is toxic to plants, and induces lethal
alterations in plant metabolism resulting in the inhibition of
plant growth, wilting, necrosis, and chlorosis (Amari et al., 2014).
Consequently, plant growth, yield, and quality are drastically
affected, and the consumption of Ni-contaminated food can lead
to serious health problems (Amari et al., 2014; Clemens and Ma,
2016). Therefore, bio-remediation is an efficient and inexpensive
technique used to detoxify or remove Ni contamination from
the soil and to provide land that is free from Ni toxicity for
crop cultivation. This represents an alternative way of providing
safe food for humans, thus preventing the development of lethal
disorders induced by Ni toxicity (Kamran et al., 2015; Stella
et al., 2017). Hence, the development of economical and reliable
strategies is required for the removal or detoxification of heavy
metals in order to avoid metal pollution of the environment and
to provide safe food for human consumption.

In this regard, interactions between microbes and plants
in soil may lead to the development of symbiosis, owing
to the potential role of microorganisms in eliminating the
toxic effects of metal-contaminated soil and their possible role
in augmenting plant growth in metal-contaminated soil by
providing nutrients and metabolites to the plant (Khan and Lee,
2013). Endophytes can play a pivotal role in the bioremediation
of soils rich in heavy metals, and are considered a cost-effective
and favorable replacement of conventional physical and chemical
based treatments (Deng et al., 2011; Khan and Lee, 2013).
Various studies have recognized that endophytic microbes can
significantly enhance the host plant’s potential to grow in soil
polluted with heavy metal (Deng et al., 2016). The ability of plants
to survive in heavy metal-contaminated soil is attributable to the
positive role played by endophytic fungi in the detoxification and
degradation/removal of heavy metals from soil, as well as the
promotion of enhanced host plant growth due to the production
of growth regulators (Deng et al., 2016). Different endophytic
microbes such as Rhizodermea veluwensis and Phialocephala
fortinii fungi, and Cryptococcus sp., Enterobacter sp., and
Bacillus thuringiensis bacteria have been identified for enhancing
bioremediation in metal-polluted soil (Deng et al., 2016; Ma
et al., 2016). Such symbiotic interactions between plants and
phytohormone-producing endophytes have drawn significant
attention owing to their biotechnological potential for mitigating
and degrading heavy metals from polluted media and promoting
growth and yield in metal contaminated soils.

Among the endophytic microbes, fungi are considered
superior to bacteria owing to their ubiquitous, multifaceted,

morphological diverse nature and higher capacity of tolerance to
environmental stresses (Kaushik and Malik, 2010, 2011; Mishra
and Malik, 2014). Moreover, endophytic fungi tend to produce
plant growth regulators such as auxins and gibberellins (GAs),
and protect plants from both biotic and abiotic stresses (Khan
et al., 2015a; Deng and Cao, 2017). Similarly, they have been
known to produce exopolysaccharides, proteins, extracellular
enzymes, organic acids, and other metabolites that aid the
removal of soil pollutants by enhancing the phytoremediation
capacity of host plants (Khan et al., 2011a; Redman et al.,
2011). Endophytic fungi possess appropriate metal chelation or
sequestration abilities, which boost their level of tolerance to
heavy metals as well as their sophisticated multicellular biomass
making them suitable for use in bioremediation (Aly et al., 2011).
In addition, endophytic fungi have coined for the production of
phytohormones such as GA, auxin (indole acetic acid – IAA) and
abscisic acid etc, in recent decade or so, owing to their potential
benefits in plant stress physiology (Khan et al., 2015a). Despite
these traits, the role of plant growth-promoting endophytic
fungi in the context of bioremediation has not been extensively
explored (Bourdel et al., 2016). Therefore, understanding the
association of bioaccumulating metal from contaminated soil,
phytohormone-producing endophytic fungi with plants, will not
only excel metal-tolerance capabilities/phytoremediation but will
also promote plant growth and yield.

Glycine max (Soybean) growth from germination through
to yield is usually affected by the lethal effects of various
metal/metalloids including Ni toxicity in the soil, which
consequently inhibits normal plant growth by adversely targeting
adsorption, translocation, and synthesis processes (Pérez-Chaca
et al., 2014; Miransari, 2015; Abdel Latef et al., 2016). Soybean
is one of the best agricultural crops, especially in East-Asian
countries, owing to its outstanding medicinal and nutritional
values (Miransari, 2015). Therefore, we aimed to screen various
phytohormone-producing endophytic fungi in order to assess
their potential for bioaccumulating metals in the contaminated
medium, as well as their ability to alleviate heavy metal toxicity
in host plants. The following fungal endophytes were selected:
Penicillium janthinellum LK5, Paecilomyces formosus LHL10,
Exophiala sp. LHL08, and Preussia sp. BSL10, and screened
for their metal accumulation potential against different heavy
metals (Table 1). Based on the production of GA and other
phytohormones/secondary metabolites associated with plant
defense, such as IAA, abscisic acid, and proline, the most
bioactive fungal strain in terms of metal accumulation was
selected for interaction with host soybean plants in metal-
polluted soil in order to elucidate its metal-removing capacity and
its effects on soybean plant growth and physiology.

MATERIALS AND METHODS

Endophytes Growth and Their Tolerance
against Heavy Metal
Penicillium janthinellum, P. formosus, Exophiala sp., and Preussia
sp. were isolated from the roots of tomato, cucumber, and
frankincense plant leaf, respectively (Table 1). The endophytes
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TABLE 1 | List of endophytic fungi with their traits used for initial screening of assessing their metal metals tolerance.

Endophytic fungi Isolated host Bioactive metabolites Accession no. Effect on plant growth
under abiotic stress

Reference

Penicillium janthinellum LK5 Tomato Gibberellins JX111908 Growth promoting Khan et al., 2013, 2014

Paecilomyces formosus LHL10 Cucumber Auxin and gibberellins HQ444388 Growth promoting Khan et al., 2012a

Exophiala sp. LHL08 Cucumber Gibberellins HM017066 Growth promoting Khan et al., 2011a

Preussia sp. BSL10 Frankincense Auxin and extracellular enzymes
(gibberellins not published)

KR231682 Growth promoting Khan et al., 2016

were previously identified by extracting genomic DNA, PCR
amplification of the internal transcribed spacer (ITS) region, and
constructing a phylogenetic tree (Khan et al., 2011b, 2012a, 2014;
2016). The universal primers used for the identification were ITS-
1 (5′-TCC GTA GGT GAA CCT GCG G-3′) and ITS-4 (5′-TCC
TCC GCT TAT TGA TAT GC-3′) and LR0R (F) (5′-ACC CGC
TGA ACT TA AGC-3′) and TW13(R) (5′-GGT CCG TGT TTC
AAG ACG-3′).

The aforementioned strains were grown on potato dextrose
agar (PDA) plates supplemented with 1 mM copper (CuSO4),
cadmium (CdSO4), and nickel (NiSO4), respectively. The PDA
plates were then incubated at 28◦C in for 7 days in darkness, after
which the growth rate of endophytes was measured as described
by Khan et al. (2017a). The most active metal resistant fungal
strain was grown in broth and subjected for ICP-MS analysis
to determine metal uptake potential. The bioactive strain was
selected based on primary screening and grown in Czapek broth
for 10 days at 30◦C in a shaking incubator with 120 rpm for
further experiments.

RNA Isolation and Reverse
Transcription-PCR
In order to validate IAA and GA producing capability, the
expression of IAA and GAs related genes of most bioactive fungal
strain was carried out. For this purpose, the extraction of total
RNA was performed from endophytic fungal according to the
method described by Marcos et al. (2016). Briefly, fungal mycelia
(0.1–0.2 g) were disrupted in 1 ml of TRI reagent (Sigma) with
1.5 g of zirconium beads by using a cell homogenizer. Cell debris
was removed by centrifugation and supernatants were obtained
with chloroform. RNA was precipitated with isopropanol and
treated with DNase I (USB) prior to use in RT-PCR experiments.
To synthesize cDNA, 1.0 µg of total RNA was then used by
using a DiaStarTM RT Kit (SolGent, South Korea) according to
manufacturer’s standard protocol. The expression of IAA and
GAs related genes were compared with relative expression of
actin as internal control. The detail list of genes and their primers
are given in Supplementary Table S1.

Endophyte and Host–Plant Interactions
under Heavy Metal Stress
Seeds of soybean (Taekwang Cultivar) were surface-sterilized by
washing with 70% ethanol for 30 s followed by 2.5% sodium
hypochlorite for 30 min and several rinsing steps with autoclaved
double distilled water. Then, seeds were incubated at 28◦C for

24 h to obtain equal germination. To investigate the plant–
microbe association under metal toxicity, the germinated seeds
were sown in autoclaved pots containing 1 kg of horticulture
soil composed of cocopeat (68%), perlite (11%), zeolite (8%), as
well as micronutrients available as NH4+

∼0.09 mg g−1; P2O5
∼0.35 mg g−1; NO3

−
∼0.205 mg g−1; and K2O∼0.1 mg g−1.

The metal-resistant bioactive strain grown in Czapek broth
was applied to the plants (25 ml per pot, with 3–4 g of fungal
mycelia) sown in pots as described by Khan and Lee (2013)
to initiate the symbiotic association between fungus and plant.
The non-inoculated plants were treated with the same amount
of fungal-free Czapek broth in order to stabilize the effect of
additional nutrients on plants. Thus, the plants were grown
inside a growth chamber (day/night cycle: 14 h; 28◦C/10 h; 24◦C;
relative humidity 60–70%; light intensity 1000 Em-2-s Natrium
lamps) for 15 days. Then, different concentrations of Ni (0.5, 1,
and 5 mM) were applied to the soybean plants. After every 24 h,
80 ml Ni solution of each respective concentration was applied
to the plants for 2 weeks. To avoid the leaching of metal, each
plant was irrigated before Ni treatment. The experimental design
involved the following treatments: (i) control fungi free media
treated plants without metal stress; (ii) endophytic fungal-treated
plants without metal stress, (iii) metal-treated plants (0.5, 1, or
5 mM); (iv) fungal-inoculated plants with in addition to Ni stress
(as above). The experiment was replicated three times, with 15
replicates per treatment.

Growth Attributes of Plants under Nickel
Stress
After 15 days of stress, the chlorophyll content of plants subjected
to each treatment was measured by employing a chlorophyll
meter (SPAD-502 Minolta, Japan). Immediately after harvesting,
plant shoot and root lengths, as well as fresh weight, were
measured and samples were stored at −80◦C for different
biochemical analyses. The dry weights were measured after
drying in an oven at 65◦C for 72 h.

Analysis of Ni in Fungal Mycelium and
Plant Roots and Shoots through ICP-MS
To analyze the root and shoot nickel contents well as in fungal
mycelium, the freeze-dried samples were processed into a powder
and subjected to the quantification of Ni by inductively coupled
plasma atomic emission spectroscopy (ICP) (Optima 7900DV,
PerkinElmer, United States). The translocation efficiency of
Ni from the root-to-shoot was measured by calculating the
translocation factor (TF) using the following formula: TF= total
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concentration of Ni in shoots mg plant−1)/total concentration of
Ni in root mg plant−1. Similarly, the nickel tolerance index (TI)
of plants was assessed as determined by Khan et al. (2017b) using
the following formula: TI % = (root length in Ni treatment/root
length in control)× 100.

Lipid Peroxidation and Fatty Acid
Quantification of Plants under Ni Stress
The level of lipid peroxidation was analyzed as reported by Khan
et al. (2013). Briefly, plant shoots ground with liquid nitrogen
were extracted with 10 mM phosphate buffer at pH 7. The
reaction mixture was prepared by adding 0.2 ml 8.1% sodium
dodecyl sulfate, 1.5 ml 20% acetic acid (pH 3.5), and 1.5 ml
0.81% thiobarbituric acid aqueous solution to the supernatant.
The reaction mixture was heated in boiling water for 60 min,
immediately after cooling to room temperature, 5 ml solution
butanol: pyridine (15:1 v/v) was added. The upper layer of
organic acid was removed, and the optical density of the resulting
pink color was measured at 532 nm using a spectrophotometer.
The level of lipid peroxidation was expressed as the amount of
malondialdehyde (MDA) formed per gram tissue weight. The
experiment was performed in triplicate.

The fatty acid profile (relative percentage of total fatty acid)
of randomly selected plants from each treatment was determined
by following the protocol reported by Khan et al. (2012b).
Briefly, each plant sample (1 g) was treated with 10 ml of
hexane and kept in a shaking incubator (150 rpm) at 50◦C for
2 days. Centrifugation (1200 × g at 25◦C) was outperformed
to separate the supernatant, which was then transferred into
new tubes. Hexane was evaporated from each sample by passing
air through an evaporating unit. The extracted material from
each sample was placed in a screw-capped vial, and 5 ml of
methylation solution (H2SO4:methanol:toluene = 1:2:10 ml)
was added. Then, the sealed vials were placed in a water bath
(100◦C) for 60 min for heating, followed by cooling at room
temperature. Then, water (5 ml) was added and the samples
were shaken. Two layers formed, and were separated by taking
the upper layer and subjecting it to dryness using anhydrous
sodium sulfate for 5 min. The sample (1 µl) was directly injected
to the GC using an automatic sampler (Agilent 7683B). GC–
MS analysis was carried out on an Agilent Model 7890A series
(Agilent, Dover, DE, United States) equipped with an Agilent
5975C MS detector, an Agilent 7683 autosampler, and a MS
ChemStation Agilent v. A.03.00. GC–MS was equipped with a
DB-5MS capillary column (30 m × 0.25 mM i.d. × 0.25 µm film
thickness; J&W Scientific-Agilent, Folsom, CA, United States)
while helium was used as a carrier gas with a flow rate of
0.6 ml/min and a split mode [1:50]. The injector and detector
temperature were 120 and 200◦C, respectively. The column
temperature was programmed from 50 to 200◦C at 10◦C/min
and then finally held at 200◦C for 5 min. The mass conditions
were: ionization voltage, 70 eV; scan rate, 1.6 scan/s; mass range,
30–450; ion source temperature, 180◦C. The components were
identified based on the comparison of their relative retention time
and mass spectra with those of standards, Wiley7N, NIST library
data of the GC–MS system, and published data. The samples were

assessed for palmitic acid, stearic acid, oleic acid, and linolenic
acid.

Analysis of Antioxidant and Related
Enzymes in Inoculated and
Non-inoculated Plants
Reduced glutathione (GSH) content was measured by Ellman
(1959) protocol as described by Khan et al. (2015b) with slight
modifications. Briefly, 100 mg fresh leaf tissue was ground in
3 ml of 5% (v/v) trichloroacetic acid using a chilled mortar
and pestle. The homogenate was subjected to centrifugation at
12,000 rpm for 15 min at 4◦C. The obtained supernatants were
used to analyze the GSH contents by taking 0.1 ml of the sample
supernatant and mixing with 3.0 ml 150 mM monosodium
phosphate buffer (pH 7.4) and 0.5 ml of Ellman’s reagent. For
each reaction, the mixture was incubated at 30◦C for 5 min. The
absorbance was measured at 412 nm and the GSH content was
calculated using a standard curve.

The activity of antioxidant enzymes such as peroxidase (POD)
and polyphenol oxidase (PPO) was analyzed by the method
reported by Khan et al. (2017a) with slight modifications. Briefly,
leaf samples (400 mg) were ground using a chilled mortar
and pestle. Then, the samples were homogenized with 0.1 M
potassium phosphate buffer (pH 6.8) and centrifuged at 4◦C for
15 min at 5000 rpm in a refrigerated centrifuge. The reaction
mixture for the POD assay contained 0.1 M potassium phosphate
buffer (pH 6.8), 50 µl pyrogallol (50 µM), 50 µl H2O2 (50 µM),
and 100 µl of the sample crude extract. The reaction mixture
was incubated for 5 min at 25◦C, followed by the addition of
5% H2SO4 (v/v) in order to stop the enzymatic reaction. The
level of purpurogallin formed was determined by the absorbance
at 420 nm. For the PPO activity assay, the same reaction
mixture containing the same components as that used for POD
excluding H2O2 was used and the resulting assay was measured
at 420 nm. One unit of POD or PPO was measured as a 0.1-
unit increase in absorbance. Superoxide dismutase (SOD) activity
was measured according to method described by Sirhindi et al.
(2016), following the photo reduction of nitroblue tetrazolium
(NBT). The absorbance was measured by spectrophotometer
at 540 nm. SOD unit is the quantity of enzyme that hampers
50% photo reduction of NBT and is expressed as U/mg protein.
Catalase (CAT) activity was assessed by the method reported
by of Sirhindi et al. (2016). The absorbance was measured by
spectrophotometer at 240 nm and the activity was expressed as
U/mg protein

Endogenous Abscisic Acid (ABA) and
Jasmonic Acid (JA) Quantification
The endogenous ABA contents were extracted following the
method described by Qi et al. (1998). ABA was extracted from the
plant roots and shoots by an extraction solution containing 95%
isopropanol, 5% glacial acetic acid, and 20 ng of [(±)-3,5,5,7,7,7-
d6]-ABA. The extract was filtered and then concentrated via
a rotary evaporator. The residue was dissolved in 4 ml 1 N
sodium hydroxide solution, and then rinsed three times with 3 ml
of methylene chloride in order to remove lipophilic materials.

Frontiers in Plant Science | www.frontiersin.org May 2017 | Volume 8 | Article 870194

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-08-00870 May 25, 2017 Time: 12:16 # 5

Bilal et al. Detoxification of Ni-Contamination by LHL10

After reducing the pH of the aqueous phase to approximately
3.5 by adding 6 N HCl, the sample was partitioned through
solvent-solvent extraction with ethyl acetate (EtOAc) three times.
EtOAc extracts were then combined and evaporated. The nearly
dry residue was dissolved in phosphate buffer solution (pH
8.0), which was run through a polyvinylpolypyrrolidone (PVPP)
column. The eluted phosphate buffer solution was adjusted to pH
3.5 with 6 N HCl and again partitioned three times into EtOAc.
All three EtOAc extracts were combined again and evaporated
through a rotary evaporator. The residue was dissolved in
dichloromethane (CH2Cl2), and passed through a silica cartridge
(Sep-Pak; Water Associates, Milford, MA, United States), which
was pre-washed with 10 ml of diethyl ether: methanol (3:2,
v/v) and 10 ml of dichloromethane. ABA was recovered from
the cartridge by elution with 10 ml of diethyl ether (CH3-
CH2)2O: methanol (MeOH) (3:2, v/v). The resulting extract
was dried with N2 gas and subsequently methylated by adding
diazomethane for GC–MS analysis using selected ion monitoring
(SIM) 6890N network GC system, and the 5973 network mass-
selective detector; Agilent Technologies, Palo Alto, CA, United
States). The monitor responses to ions of m/z of 190 and 162 for
Me-ABA, and 194 and 166 for Me-[2H6]-ABA, were obtained
using Lab-Base (ThermoQuest, Manchester, United Kingdom)
data system software.

For the quantification of endogenous JA, the protocol reported
by McCloud and Baldwin (1997) was followed. The freeze-dried
stem and root tissues were separately ground to powder with a
chilled mortar and pestle, and 0.1 g of the ground powder was
suspended in a mixture of acetone and 50 mM citric acid (70:30,
v/v). Internal standard [9,10-2H2]-9,10-dihydro-JA (20 ng) was
also added to the suspension. The extracts were left overnight at
a low temperature to permit the highly volatile organic solvent
to evaporate, retaining the less volatile fatty acids. The resulting
aqueous solution was filtered, and then extracted three times
with 10 mL diethyl ether. The combined extracts were then
loaded onto a solid-phase extraction cartridge (500 mg of sorbent,
aminopropyl), and the cartridges were washed using 7.0 mL of
trichloromethane and 2-propanol (2:1, v/v). The exogenous JA
and relevant standard were eluted with 10 mL of diethyl ether
and acetic acid (98:2, v/v). After evaporation of the solvents,
the residue was esterified with excess diazomethane, the volume
was adjusted to 50 µL with dichloromethane, and the extracts
were analyzed by GC–MS (6890N network GC system and the
5973 network mass selective detector; Agilent Technologies, Palo
Alto, CA, United States) in the selected ion mode. The ion
fragment was monitored at m/z = 83 amu corresponding to the
base peaks of JA and [9,10-2H2]-9,10-dihydro-JA; the amount of
endogenous JA was estimated from the peak areas compared with
the respective standards. The whole experiment was performed
three times.

Statistical Analysis
Experiments were independently performed in triplicate and the
values obtained are presented as the means± standard deviation
(SD). Data obtained showing the effect of Ni toxicity on the
growth attributes of soybean were subjected to t-test using online
GraphPad Prism software to determine the significant difference

among treatment means at P < 0.05. The biochemical analyses
were analyzed with two-way analysis of variance (ANOVA) using
GraphPad Prism software (version 6.01, San Diego, CA, United
States).

RESULTS

In Vitro Screening of Endophytic Fungi
against Heavy Metals Uptake
The results revealed that among four endophytic fungal strains,
Exophiala sp. and Preussia sp. are highly sensitive to Ni, Cu, and
Cd toxicity, which significantly inhibited their growth, with the
exception of Preussia sp. showed mild growth in Ni-amended
PDA medium with 120 mm2 growth area (Figure 1) Contrarily,
P. formosus and P. janthinellum had substantial tolerance to
Ni toxicity followed by Cu with growth area of 424 ± 0.53,
135 ± 0.62, 230 ± 0.54, and 190 ± 0.32 mm2, respectively.
In terms of Cd toxicity, only P. formosus exhibited trivial
resistance with a growth area of 120 mm2. Thus, following initial
investigations of tolerance, and owing to its low-to-high growth
trend under Cd, Cu, and Ni toxicity, P. formosus was further
analyzed in plant–microbe associations under Ni stress. Upon
significant growth of P. formosus LHL10 in Ni-amended PDA
medium, we grow it in PDB supplemented with Ni (Figure 1B)
in order to evaluate its metal accumulating potential through
ICP-MS quantification. Results revealed that fungal grown in
PDB medium had significantly accumulated heavy metal in
mycelia (Figure 1C). Along with heavy metal accumulation,
fungal mycelium exhibited significant potential of accumulating
sulfur (S) and potassium (K) contents. Since, such improved
growth of fungi during stress conditions have been attributed
to their potential to produce bioactive secondary metabolites
and previous studies have shown this (Khan et al., 2015b),
therefore, to further validate the phytohormones producing role
of P. formosus LHL10, we have carried out RT-PCR analysis to
know the existence of IAA and GA related biosynthesis pathways.

Expression of IAA and GA Biosynthesis
Related Genes of P. formosus LHL10
The results related to the expression of IAA and GA biosynthesis
genes in P. formosus LHL10 is shown in (Figure 1D). The IAA
producing ability of P. formosus was previously quantified by
HPLC (Khan et al., 2012a), which was further validated in the
current study by the real time RT-PCR analysis. The results
confirmed that the LHL10 showed the ability to produce both
IAA and GA. In case of IAA, we observed the expression
of its biosynthesis related genes, i.e., aldehyde dehydrogenase
(ALD) and indole-3-acetamide hydrolase (IAAH). Similarly, in
case of GA biosynthesis geranylgeranyl-diphosphate synthase
(GGS2), ent-kaurene oxidase (P450-4), GA20-oxidase, and C13-
oxidase expressions were found and the results exhibited induced
transcript accumulation in RT-PCR, recommending the existence
of GA genes cluster in P. formosus. However, the expression
of (GGS2) and (P450-4) was comparatively higher than GA20-
oxidase and C13-oxidase.
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FIGURE 1 | Growth dynamics of selected fungal endophytes in 1.0 mM Ni, Cu, Cd amended mediums. (A) Each fungus was screened against metals
toxicity and their ability to survive. The diameter of growing mycelia was measured after 7 days of incubation at 25◦C. (B) On the base of significant growth in Ni
stress, LHL10 was grown in PDB medium for metal and nutrient uptake analysis. (C) Metal uptake analysis via ICP-MS. (D) Genes expression related to gibberellins
(GAs) and indole acetic acid (IAA) biosynthesis of P. formosus. LHL10. Indole-3-acetamide hydrolase (IAAH), aldehyde dehydrogenase (Ald) are IAA related genes,
while GAs related genes are geranylgeranyl-diphosphate synthase (GGS2), ent-kaurene oxidase (P450-4), GA 20-oxidase and C13-oxidase (P450-3). The (A) is
representative of five replications whereas (B) and (C) are repeated three times.

Association of P. formosus LHL10 under
Ni Stress Enhance Plant Growth and
Chlorophyll Content
The results of the current study clearly demonstrated a significant
growth effect (p < 0.05) for soybean plants inoculated with
endophytic fungi under different levels of Ni stress. The
association of soybean plants with P. formosus significantly
enhanced growth by stimulating an increase in the length
and fresh/dry weight of shoot and root well as chlorophyll
content in comparison to non-inoculated plants (Figure 2
and Table 2). Soybean plants subjected to Ni stress exhibited
considerable retardations in shoot, root length, and fresh and
dry weight, which adversely affected endophytic fungal-free
plants. Furthermore, the interaction between fungus and plant
mitigated Ni toxicity and promoted enhanced shoot and root
lengths, and fresh and dry weights in plants grown with
low, medium, and high concentrations of Ni compared with
those of non-endophytic-infected plants. With heavy metal
application, shoot and root lengths, and fresh and dry weights
were significantly (p < 0.05) higher (ranging from 11 to
47%) in endophytic fungal-treated plants compared to control
plants under varying concentrations of Ni stress (Table 2). The
chlorophyll contents in both endophytic fungal-inoculated and

non-inoculated plants under different concentrations of soil Ni
were screened. P. formosus plants exhibited an approximate 10%
increase in chlorophyll levels compared with the non-inoculated
plants in the absence of Ni toxicity. A marked reduction in the
chlorophyll content was detected as the level of Ni toxicity in
the soil increased. Non-inoculated plants displayed reductions
of 13, 26, and 46% under low, medium, and high levels of Ni
toxicity, respectively, in the soil compared with inoculated plants
(Table 2).

Influence of P. formosus Inoculation on
Metal Uptake and Distribution in
Soybean Plant
Determination of metal accumulation is important for
delineating the role of plants in remediation. Ni was not
found to accumulate in the roots or shoots of endophytic
fungal-treated and non-treated plants grown in the absence
of metal. Non-inoculated plants grown in the soil containing
Ni application, accumulated a substantial amount (p < 0.05)
of Ni in their roots followed by their shoots (Figure 3 and
Table 3). However, soybean plants inoculated with P. formosus
presented lower Ni uptake as compared to inoculated plants,
which was 483.66 to 694.66 mg/kg in roots, followed by 284 to
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FIGURE 2 | Effect of endophytic fungus on plant growth under Ni stress. Each plant represents 15 replicates of eight treatments.

TABLE 2 | Growth promoting effect of Paecilomyces formosus LHL10 in soybean under various nickel stress.

Treatment SL (cm) RL (cm) SFW (g) SDW (g) RFW (g) RDW (g) CC (SPAD) TF TI%

Control 24.46 ± 0.38b 13.27 ± 0.58b 14.71 ± 0.61b 5.47 ± 0.62b 6.19 ± 0.52b 2.16 ± 0.22b 31.74 ± 1.52b – –

Fungus 26.59 ± 0.86a 16.63 ± 0.46a 16.74 ± 0.73a 6.22 ± 0.49a 7.25 ± 0.61a 2.87 ± 0.35a 34.91 ± 1.12a – 108.67

0.5 mM Ni 20.44 ± 0.25b 12.77 ± 0.63b 12.99 ± 0.65b 3.97 ± 0.38b 5.25 ± 0.68b 1.71 ± 0.27b 24.37 ± 1.14b 0.58 83.55

Fungus + 0.5 mM Ni 23.13 ± 0.53a 14.81 ± 0.61a 17.18 ± 0.78a 4.82 ± 0.51a 8.92 ± 0.45a 2.69 ± 0.41a 29.77 ± 1.35a 0.62 94.56

1 mM Ni 19.43 ± 0.84b 9.15 ± 0.89b 11.42 ± 0.47b 3.55 ± 0.32b 4.75 ± 0.56b 1.57 ± 0.43b 20.54 ± 1.39b 0.61 79.41

Fungus + 1 mM Ni 22.01 ± 0.81a 13.17 ± 0.63a 15.46 ± 0.01a 4.50 ± 0.62a 8.74 ± 0.46a 2.54 ± 0.49a 27.12 ± 0.76a 0.52 89.98

5 mM Ni 16.4 ± 0.89b 6.21 ± 0.81b 10.51 ± 0.76b 2.98 ± 0.43b 3.88 ± 0.52b 1.15 ± 0.37b 12.52 ± 0.79b 0.56 67.02

Fungus + 5 mM Ni 19.04 ± 0.74a 11.85 ± 1.32a 14.25 ± 0.98a 3.94 ± 0.49a 6.98 ± 0.60a 2.07 ± 0.15a 22.56 ± 1.14a 0.53 77.84

SL, shoot length; RL, root length; SFW, seedlings fresh weight; SDW, shoot dry weight; CC, chlorophyll content; TF, translocation factor; TI, percentage of tolerance index.
Each value represents mean ± SD of 15 replicates from three independent experiments. Values in the columns followed by different letters are significantly different at
p ≤ 0.05 based on t-test.

395 mg/kg in shoots under lower and higher stress, respectively.
The results revealed that non-inoculated plants accumulated
a 30–42 and 35–35% higher amount of Ni in their shoots and
roots, respectively, under varied Ni concentrations. The results
indicated that Ni accumulated in the order of root > shoot.

In order to further validate the Ni-detoxifying role of
endophytic fungi, nMDS ordination was conducted on the Ni-
uptake data for inoculated and non-inoculated plants (Figure 3).
Control and only fungal-infected plants were found to have
the same cluster in the absence of Ni stress. However, as the
level of Ni stress increased, the clusters of fungal-treated and
non-treated plants became distinct, as shown in Figure 3. At
1 mM Ni toxicity, the fungal-treated and non-treated plants
did not form a cluster, showing a significant effect of fungal
treatment. Both 1 NiF and 5 NiF exhibited a strong correlation
by showing a similar distance from each other as compared to
other treatments (Figure 3). Translocation factor was determined
to evaluate the Ni translocation efficiency of soybean plants from
root to shoot. TF extended from 0.528 to 0.622 and showed

different orders of effect, regardless of metal application and
fungal inoculation in soybean plants (Table 2). Similarly, there
was a decrease in Ni tolerance capability as metal concentration
increased. P. formosus-inoculated plants had a significantly high
TI%, which was around 11.01, 10.57, and 10.82% higher in their
respective metal stress (0.5, 1.0, and 5.0 mM) than those of non-
inoculated plants (Table 2). These results clearly indicate that
the interaction of endophytic P. formosus with soybean alleviates
stress induced by Ni toxicity.

Association of P. formosus Reduces
Lipid Peroxidation and Regulates Fatty
Acids Composition
Malondialdehyde content, which is an indicator of lipid
peroxidation, was evaluated using a spectrophotometer.
Normally, metal-induced stress alters the MDA content, which
induces lipid peroxidation. Likewise, in the current experiment,
the MDA contents in soybean leaves increased as the level

Frontiers in Plant Science | www.frontiersin.org May 2017 | Volume 8 | Article 870197

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-08-00870 May 25, 2017 Time: 12:16 # 8

Bilal et al. Detoxification of Ni-Contamination by LHL10

FIGURE 3 | Ni accumulation in roots and shoots of soybean plants
inoculated with and without the fungal endophyte LHL10. Each value
represents the mean ± standard error. Different letters on the bars represent
significant difference between the treatments (Tukey’s HSD, p < 0.05).
A non-metric multidimensional scaling plot portrays Ni uptake by
fungal-inoculated plants and non-inoculated plants (C, control; F, only fungal
treated; 0.5, 1.0, 5.0 mM; Ni, Nickel-treated plants; NiF, fungal- and
nickel-treated plants).

of Ni toxicity increased both in endophytic fungal-treated
and non-treated plants. However, the MDA content was
significantly reduced in plants inoculated with P. formosus
(p < 0.05) under all Ni-stress treatments compared with the
non-inoculated plants (Figure 4). Under normal conditions,
both control and inoculated plants exhibited similar levels of
MDA. These results showed that P. formosus treatment inhibited
the lipid peroxidation process, and consequently, enhanced
plant tolerance against Ni toxicity by protecting cell membranes
from metal attack. To rectify the reduction in MDA content
induced by P. formosus association, alteration in essential fatty
acids composition under different levels of Ni toxicity was
assessed (Table 4). The results revealed that Ni toxicity at
varying concentrations affects the analyzed fatty acids, including
palmitic, stearic, oleic, and linolenic acids. Under the control
condition, fungal-inoculated plants had statistically (p < 0.05)
higher percentages of palmitic acid and stearic acid as compared
to non-inoculated plants. Levels of linolenic acid were not
statistically significant between P. formosus-treated and non-
treated plants in the control condition. In contrast, inoculated
plants showed a significantly (p < 0.05) lower level of palmitic
and oleic acid under Ni toxicity as compared to non-inoculated
plants. The level of stearic acid was not statistically different
between fungal-inoculated and as non-inoculated plants under
Ni stress. In the case of linolenic acid, P. formosus-infected plants
displayed a significantly marked accumulation, with increases of
43, 44, and 66%, respectively, compared with non-treated plants
under the respective concentrations of Ni stress.

Regulation of Soybean Antioxidant
System by P. formosus in Response to Ni
Exposure
Nickel toxicity in plants triggers oxidative stress through the
excessive production of reactive oxygen species (ROS), thus
leading to lethal irreversible damage to plant growth and
functionality. Therefore, the antioxidant system of soybean
plants, including the action of enzymatic antioxidants, was
evaluated through spectrophotometry, as they can scavenge ROS
efficiently and mitigate their adverse effects. Likewise, in the
current experiment, the GSH contents in soybean leaves were
found to increase as the Ni toxicity level increased both in
endophytic fungal-treated and non-treated plants (Figure 4).
However, plants inoculated with P. formosus had significantly
(p < 0.05) increased levels of GSH contents under all Ni-stressed
treatments compared with non-inoculated plants (Figure 4
and Table 3). Under normal conditions, inoculated plants
exhibited slightly increased levels of GSH compared with non-
inoculated plants. ROS-induced stress in plant tissues generated
by Ni toxicity is mitigated by the synthesis and regulation of
antioxidants and related enzymes. Reduced GSH production
was significantly boosted in the shoots of endophytic fungal-
inoculated plants when exposed to varying concentrations of Ni
toxicity, as well as under normal conditions. In terms of the
regulation of antioxidant enzymes by endophytic fungal, POD
activity was similar in both inoculated and non-inoculated plants
in the absence of Ni stress (Figure 4). Fungal-infected plant
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TABLE 3 | Two-way ANOVA table of the biochemical analysis performed for inoculated and non-inoculated soybean under different concentration of Ni
toxicity.

Analysis Non-inoculated and LHL 10 Ni stress Interaction

MS P-value variance % MS P-value variance % MS P-value variance %

ABA shoots 3520 0.0001 8.62 115500 0.0001 84.83 8750 0.0001 6.43

ABA Roots 58130 0.0001 9.28 171900 0.0001 82.34 17310 0.0001 8.29

JA Roots 30110 0.0001 12.62 45150 0.0001 56.78 24030 0.0001 30.23

JA Shoots 32510 0.0001 18.90 38950 0.0001 67.93 7449 0.0001 12.99

Root Ni uptake 120600 0.0001 8.33 427900 0.0001 88.71 14030 0.0001 2.91

Shoot Ni uptake 58130 0.0001 11.37 135700 0.0001 84.56 6284 0.0001 3.92

LPO 6.848 0.0001 24.78 5.516 0.0001 59.87 0.5414 0.0472 5.88

GSH 4.815 0.0001 45.81 1.149 0.0001 32.80 0.6473 0.0001 18.48

POD 7083 0.0001 17.11 9973 0.0001 72.26 1399 0.0001 10.14

PPO 41.11 0.0001 80.41 0.05457 0.8841 0.32 1.934 0.0022 11.32

Two-way ANOVA was followed by a Bonferroni post hoc test with a p ≤ 0.05 for Ni stress level, LHL10-inoculated and non-inoculated plants, and their interaction, through
GraphPad Prism software (version 6.01, San Diego, CA, United States).

exhibited significantly higher (13–36%) POD activity than non-
fungal-treated plants under Ni-induced stress. PPO activity in
inoculated plants was increased significantly under Ni-toxicity,
with 27 to 44% greater activity than that in non-fungal-treated
plants (Figure 4). Under the control condition, endophytic
fungal-treated plants exhibited 19.9% higher PPO activity than
non-inoculated plants. In case of CAT activity, fungal-inoculated
plant displayed significant stimulated activity both under control
and stress condition. A significant enhancement in CAT activity
of inoculated plants was detected at 5.0 mM Ni stress level,
which was approximately 50% higher than non-inoculated plants.
In terms of SOD activity, inoculated as well as non-inoculated
plants showed statistically non-significant activity both under
control and 0.5 mM Ni stress. However, significant enhancement
(p < 0.05) in SOD activity of fungal inoculated plants than non-
inoculated plants was observed at 1.0 and 5.0 mM Ni stress levels.
The SOD activity in non-inoculated plants went to its maximum
at 1 mM Ni stress, but the decreased was observed at highest Ni
stress level.

Regulation of Plant ABA and JA by
P. formosus under Ni Stress
Abscisic acid and jasmonic acid are plant phytohormones
known for their responsiveness to endogenous stress behavior
and enhanced expressed under abiotic stress conditions. In
the current experiment, P. formosus symbiosis with plants
significantly increased the ABA level (p < 0.05) in shoots
as compared to control plants in the absence of Ni stress
(Figure 5 and Table 3). However, upon exposure to Ni stress,
endophytic fungal-treated plants exhibited significantly reduced
content (32–36%) of ABA compared with non-fungal-infected
plants. Likewise, ABA content in the roots was promoted in
P. formosus-treated plants compared with non-inoculated plants
under normal growth conditions. When exposed to Ni stress,
soybean roots appeared to be more sensitive and produced higher
levels of ABA both in fungal-treated and non-treated plants
(Figure 5). However, fungal-inoculated plants had significantly

reduced levels of ABA in the root during Ni stress compared with
non-inoculated plants. These results indicate that interaction
with P. formosus helped to mitigate the toxic effect of Ni in
plants. The JA content in plants followed the same trend as
the ABA content. The JA content was significantly (p < 0.05)
increased in response to Ni stress both in endophyte-treated and
non-treated plants. During Ni stress, non-fungal-treated plants
exhibited a higher concentration of JA in the roots and shoots,
which was increased by 44, 54, and 51%, and 49, 22, and 23%,
respectively, compared to fungal-treated plants at concentrations
of 0.5, 1.0, and 5.0 mM, Ni, respectively. The down-regulation
of endogenous hormones in soybean clearly shows that the
interaction with P. formosus was beneficial and aided soybean
to ameliorate stress induced by heavy metals by triggering their
defense system.

DISCUSSION

In the current study, we assessed the remediation of heavy
metals by different endophytic fungal strains (Penicillium
janthinellum LK5, P. formosus LHL10, Exophiala sp. LHL08,
and Preussia sp. BSL10) in Ni-, Cu-, and Cd-contaminated
media. The initial investigation suggested that P. formosus
LHL10 is the most effective strain owing to its higher growth
rate in all media contaminated with metal as compared to
other strains. P. formosus showed higher tolerance to Ni
pollution than Cu and Cd. Growth of P. formosus in liquid
broth indicated that the fungal strain was very effective in Ni
removal. The remarkable Ni uptake by P. formosus mycelium
demonstrates its metal bio-remediating ability which could
be attributed either to intercellular absorption or extracellular
adsorption (Li et al., 2017). Generally, surface adsorption via
ion exchange, extracellular precipitation, hydrolytic adsorption,
metal transformation, and sequestration are the favorable
biological approaches, adopted by fungi for survival against
metal toxicity (Fomina and Gadd, 2014). The remediating
process by P. formosus is further facilitated with the extracellular

Frontiers in Plant Science | www.frontiersin.org May 2017 | Volume 8 | Article 870199

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-08-00870 May 25, 2017 Time: 12:16 # 10

Bilal et al. Detoxification of Ni-Contamination by LHL10

FIGURE 4 | Effect of LHL10 inoculation on MDA, GSH concentration and POD, PPO, SOD, and CAT activity in soybean shoots under different
concentrations of Ni. Each value represents the mean ± standard error. Different letters on the bars represent significant differences between the treatments
(Tukey’s HSD, p < 0.05).

production of chemically active substances, in current case
phytohormones. Therefore in current study, both inter and
extracellular mechanisms seem to be implied simultaneously
by P. formosus for metal tolerance. Inter-cellular presence of
Ni accumulation by P. formosus through ICP-MS proves the
deposition in vacuole. Whereas, extracellular production of
phytohormones (GA and IAA) and existence of biosynthetic
genes further re-affirm the metal stress resistance ability. This was
also previously validated by the reports of Rajkumar et al. (2012).

The current results showed that P. formosus LHL10 showed
the existence of GA and IAA biosynthesis related genetic
expression. GAs are synthesized from converting mevalonic

acid into geranylgeranyl diphosphate via hydroxymethylglutaryl
coenzyme A, farnesyl diphosphate and geranylgeranyl diphosphate
(GGDP). We observed the expression of GGS2 was detected in
RT-PCR, which encodes GGDP synthase principally accountable
for providing GGDP for GA production. Similarly, ent-kaurene
oxidase (P450-4) expression indicates that P. formosus has cluster
of P450 monooxygenase-encoding genes which play crucial role
in GAs biosynthesis. GA20-oxidase expression was also analyzed
in P. formosus in the current study and the result showed
expression in RT-PCR. GA20-oxidase has been reported for in
the synthesis of active GAs in F. fujikuroi (Tudzynski et al., 2001;
Bömke and Tudzynski, 2009). C13-oxidase (P450-3) was also
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TABLE 4 | Regulation of fatty acids by Paecilomyces formosus LHL10 in soybean under Ni- stress.

Treatment Palmitic Stearic Oleic Linolenic

Control 15.74 ± 0.29b 10.76 ± 0.21b 40.5 ± 1.91a 33.0 ± 2.13a

LHL10 17.26 ± 0.35a 11.96 ± 0.36a 36.02 ± 1.85b 34.7 ± 2.536a

0.5 mM Ni 20.64 ± 0.58a 15.02 ± 1.35a 43.41 ± 1.57a 20.93 ± 1.83c

LHL10 + 0.5 mM Ni 18.67 ± 0.34b 13.4 ± 1.72a 31.7 ± 1.79c 36.23 ± 2.46a

1 mM Ni 24.07 ± 0.53a 14.9 ± 0.56a 43.02 ± 1.58a 18.01 ± 2.17c

LHL10 + 1 mM Ni 21.34 ± 0.72b 13.54 ± 1.67a 33.02 ± 1.43c 32.1 ± 2.23a

5 mM Ni 25.68 ± 0.61a 17.95 ± 1.04a 47.36 ± 2.05a 9.01 ± 1.41c

LHL10 + 5 mM Ni 22.87 ± 0.58b 15.38 ± 1.32a 35.15 ± 2.35b 26.6 ± 2.45a

Each value represents the mean ± SD of 11 replicates from three independent experiments. Values in the columns followed by different letters are significantly different at
p ≤ 0.05 based on the t-test.

FIGURE 5 | Regulation of endogenous abscisic acid (ABA) and jasmonic acid (JA) in inoculated and non-inoculated soybean roots and shoots under
different levels of Ni stress. Each value represents the mean ± standard error. Different letters on the bars represent significant differences between treatments
(Tukey’s HSD, p < 0.05).

analyzed in P. formosus and was comparatively less expressed.
C13-oxidase (P450-3) has the role to catalyze C13-hydroxylation
of GA4 to produce the minor GA1 (Bömke and Tudzynski,
2009). The presence of aforementioned genes involved in the GAs

biosynthesis pathway validated the GA producing capability of
endophytic P. formosus LHL10. Previously, same GA gene cluster
has also been reported in Fusarium fujikuroi, Gibberella fujikuroi,
and Fusarium proliferatum (Tudzynski et al., 2001; Albermann
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et al., 2013; Rim et al., 2013). However, there is no information on
GA gene biosynthetic pathway in Paecilomyces sp. Current report
has elucidated it for the first time.

The IAA producing ability of P. formosus was rectified via
RT-PCR analysis. The IAA biosynthesis related genes expression,
i.e., ALD and IAAH exhibited transcript expressions. The ALD
genes are reported to be required in tryptophan synthesis, which
is the precursor of IAA synthesis as well as involved in stress
response (Henke et al., 2016). Similarly the expression of IAAH
further authenticates the IAA producing ability of endophytic
P. formosus. As IAAH encodes indole-3-acetamide hydrolase
that constitute indole-3-acetamide pathway, which leads to the
synthesis of IAA through converting tryptophan to indole-
3-acetamide, encoded by IaaM tryptophan-2-monooxygenase.
Indole-3-acetamide is further converted into IAA by the help
of IAM hydrolase which is encoded by IaaH (Tsavkelova et al.,
2012). Previously, Tricholoma vaccinum, Fusarium verticillioides,
Fusarium proliferatum, and Saccharomyces cerevisiae have been
reported for possessing IAA biosynthetic pathway (Rao et al.,
2010; Tsavkelova et al., 2012; Krause et al., 2015).

The results of this study revealed that the endophytic fungal
P. formosus has the potential to remediate metal toxicity in metal-
polluted environments, and can thus be deployed for mitigating
heavy-metal stress in plants in order to improve growth and yield
and to clean up the metal-contaminated sites. The production
of various biochemical such as GA and IAA by P. formosus
may contribute to the bioremediation ability of endophytic fungi
(Khan et al., 2015a; Saleem et al., 2015). Fungal endophytes
that produce IAA have been repeatedly recognized for their
ability to counteract the toxic effects of heavy metals (Visioli
et al., 2015). Fungal endophytes with metal-resistant capabilities
employ different metabolic pathways as well as physiological and
molecular strategies for effective intracellular and extracellular
detoxification of heavy metals (Deng et al., 2016).

The interaction between endophytes and plants in metal-
contaminated soil allows them to grow well and mitigates the
toxic effect of the metal (Babu et al., 2014; Sura-de Jong et al.,
2015). Fungal endophytes such as Aspergillus, Penicillium,
Fusarium, Paecilomyces, Cladosporium, Lasiodiplodia,
Glomerella, and Phomopsis have been recognized for their
growth in metal-contaminated soil and their ability to counteract
stress induced by heavy metals, such as Cd, Al, Zn, Pb, and Cu
(Deng et al., 2014, 2016; Khan et al., 2016). To date, very little
information is available regarding endophytic fungi, particularly
P. formosus, and their symbiotic role in crop plants, especially
soybean, and whether they provide any protection or extend
tolerance to soybean under Ni toxicity. In this study, we observed
severe toxicity induced by Ni contamination in soybean, which
significantly retarded plant growth attributes. Our findings
showing effects of Ni on soybean growth parameters were in
concordance with previous studies by Sirhindi et al. (2016)
in Glycine max, Siddiqui et al. (2011) in T. aestivum, and
Rehman et al. (2016) in maize. Conversely, the roots, shoot
dry and fresh weight of soybean were remarkably enhanced
following inoculation with P. formosus. Improvements in
biomass and other growth parameters of Solanum nigrum were
observed following inoculation with P. lilacinus under Cd and

Pb toxicity (Gao et al., 2010, 2012). The direct vulnerability
of non-inoculated soybean roots to Ni stress resulted in poor
root growth, probably due to the inhibition of mitosis, which
adversely affects the growth parameters of the whole plant
(Sirhindi et al., 2016).

Interaction of the plant with P. formosus mitigated Ni toxicity
and favored plant growth owing to the secretion of plant growth
regulatory metabolites such as IAA, and GA, which help to
counteract stress induced by metal toxicity. Previous studies have
revealed roles for GA and IAA in the modulation and adaptation
of plants under severe heavy metal stress (Bashri and Prasad,
2016; Liu et al., 2016). Furthermore, fungal endophytes possess
different metal degradation pathways, as well as chelation or
sequestration systems, and therefore increase the tolerance of
the host plant to heavy metals and assist their growth in metal-
polluted soils (Aly et al., 2011; Card et al., 2015). Increases
in Ni concentration markedly affected the pigment system of
soybean in the current study and resulted in reduced chlorophyll
contents. Inhibition of chlorophyll contents by Ni toxicity in
tomato and cotton has been reported (Khaliq et al., 2016; Mosa
et al., 2016). Decrease in the chlorophyll content can be attributed
to the inhibition of proto chlorophyllide reductase and ALA
dehydratase enzymes following Ni contamination, which play
crucial roles in chlorophyll biosynthesis (Noriega et al., 2007; Gill
et al., 2015). In our study, P. formosus-inoculated plants exhibited
significant increases in chlorophyll content as compared to non-
inoculated plants under different concentrations of Ni. Enhanced
growth attributes and chlorophyll content in inoculated plants
subjected to Ni stress may be due to the reduced levels of MDA
and H2O2 following inoculation with P. formosus. Our results are
in accordance with those of previous studies (Babu et al., 2014;
Padash et al., 2016), which found increased chlorophyll contents
in maize and lettuce under Pb and Zn stress following inoculation
with endophytic Trichoderma virens and Piriformospora indica
strains, respectively.

To further assess the beneficial effect of P. formosus
inoculation, it is important to determine the distribution and
accumulation of metal uptake in the roots and shoots when
evaluating the survival of plants subjected to metal stress (Gao
et al., 2015). Here, we found mitigating effects in inoculated
soybean plants in terms of a lower accumulation in shoots
followed by roots compared with non-inoculated plants. As roots
are the primary site of the plant in contact with the soil, they
may accumulate more toxic metals (Czerpak et al., 2006). The
increased accumulation of nickel in roots might be due to its
compartmentalization in root vacuoles (Sharma et al., 2016). The
decreased metal accumulation observed in fungal-treated plants
further strengthens the finding that P. formosus has a higher
capability of Ni sorption or degradation during interaction with
soybean plants. Furthermore, inoculation or plants with growth-
promoting fungal endophytes that are able to produce IAA,
organic acids, and siderophores minimized the phytotoxic effects
of heavy metals and enhanced metal uptake (Deng et al., 2016).
Thus the lower accumulation of Ni indicates that the interaction
between the endophytic fungus P. formosus and soybean under
varying levels of Ni toxicity alleviates the adverse impact of
metal-induced stress.
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In addition, the present study showed that excessive Ni
toxicity alters the activity of metabolic enzymes and indirectly
causes oxidative stress. Lipid membrane integrity and activities
related to membrane-associated enzymes are markedly affected
by heavy metals (Kamran et al., 2015; Sirhindi et al., 2015).
Plants tightly regulate their GSH network, which is considered
to have a key role in reducing cellular damages (Jozefczak et al.,
2012). Disruption of cellular membranes can be ascribed to the
production of superoxide radicals O•−2 in response to Ni stress.
Abundant MDA is generated as a product of polyunsaturated
fatty acids during peroxidation of lipid membranes. We found
that Ni stress boosted MDA contents in the control plants, which
was indicative of serious damage to lipid membranes in response
to elevated Ni stress. As reported by Llamas and Sanz (2008) and
Gajewska et al. (2012), increased Ni toxicity induces structural
damage in rice and wheat lipid membranes, which severely alter
their properties and enhance K+ efflux from cells. However,
MDA accumulation was successfully minimized in P. formosus-
treated soybean under Ni stress, providing strong evidence that
fungal inoculation has the ability to mitigate oxidative injuries.

Our results are in line with previous findings (Khan and
Lee, 2013; Khan et al., 2015b) who found the protective
effect of the endophytic fungi P. funiculosum and Penicillium
janthinellum on lipid bilayers breakdown under Cu and Al
toxicity in tomato plants, respectively. However, it might be
assumed from the results of our study that the secretion of
various endogenous phytohormones might directly or indirectly
enhance plant tolerance through the low generation of ROS. Ni
toxicity significantly altered the fatty acid composition of non-
treated plants by enhancing the saturation and breakdown of
fatty acids, with the exception of linolenic acid. Polyunsaturated
fatty acids are extremely sensitive to peroxidation; therefore,
their decreased accumulation indicates a low level of Ni-induced
oxidative reactions in cellular membranes. Our results are in
accordance with those of Gajewska et al. (2012) and Kim et al.
(2014) who reported high accumulations of palmitic acid, stearic
acid, and oleic acid, and lower accumulation of linolenic in wheat
and rice under Ni and Cd stress. Whilst in P. formosus treated
plants, high levels of linolenic acid were detected in response
to high nickel toxicity. From these findings, we can conclude
that inoculation with P. formosus may lead to the activation
of phospholipases as well as phospholipid-derived molecules,
which are thought to be involved in plant defense signaling.
Phospholipase activation causes the release of alpha-linolenic
acid from membrane lipids, which acts as a precursor of JA,
a signaling molecule that enhances plant defense systems (Dar
et al., 2015; Hou et al., 2016).

Subsequently, our result showed that Ni stress seriously
impairs antioxidant components in soybean, such as POD,
PPO, CAT, and SOD as well as the low-molecular weight non-
protein antioxidant GSH. However, inoculation with P. formosus
significantly induces antioxidant activities, including POD, PPO,
GSH, CAT, and SOD with increasing levels of Ni toxicity. This
implies the beneficial interaction with endophytic fungal enables
plants to cope with oxidative stress induced by Ni toxicity. The
findings of the present study are consistent with those reported
by Degola et al. (2015) and Wang et al. (2016), who found

enhanced antioxidant activities in maize and Nicotiana tabacum
plants inoculated with endophytic fungi under heavy-metal
stress. GSH is an important antioxidant owing to its reducing
potential, which can respond directly as a free radical scavenger.
GSH is also a precursor for the synthesis of metal chelating
phytochelatins. Hence, its accumulation during conditions of
oxidative stress can help protect plant macromolecules, such
as lipids, proteins, and DNA either by acting as an electron
donor to scavenge ROS, or as organic free radicals, or by the
formation of direct adducts with reactive electrophiles (Asada
et al., 1994; Sharma et al., 2012). As a precursor of phytochelatins,
the higher production of GSH in fungal-inoculated plants might
have resulted in their increased biosynthesis. Higher production
of phytochelatins and homophytochelatins are considered crucial
for detoxification and homeostasis of heavy metals and metalloid
toxicity in soybean plants (Vázquez et al., 2009). Therefore, in
our study, the enhanced accumulation of GSH in P. formosus-
treated plants may signify a protective role of endophytic
fungal in nickel-induced stress. Similarly, increasing POD activity
was observed with increased Ni concentration in inoculated
plants, while non-treated plants showed decreased POD activity
under nickel toxicity. As reported, metal toxicity leads to the
suppression of POD (Hossain and Komatsu, 2013; Xie et al.,
2015; Wang et al., 2016). The high level of POD level in
endophyte-treated plants under Ni stress is consistent with
the findings of Yang et al. (2015), Jiang et al. (2016), and
Mendarte-Alquisira et al. (2016), who observed a remarkable
increase in the POD concentration of fungal-inoculated Robinia
pseudoacacia L., S. nigrum, and Festuca arundinacea plants,
respectively, in response to different heavy-metal treatments.
POD is considered vital for the dismutation of H2O2 to water
and molecular oxygen. In the current experiment, increased
POD activity suggests that the application of endophytic fungi
scavenged ROS and helped soybean plants to reduce oxidation-
induced damage. Likewise, PPO is thought to play a vital role
in abiotic stresses; consequently, the results reported herein
show that endophytic fungal-treated plants possess high PPO
activity in under Ni toxicity. PPO chelates metals ions and
directly encounters ROS during heavy metal stress and can
prevent lipid peroxidation by scavenging the lipid alkoxyl radical
(Arora et al., 2000; Sharma et al., 2012). Our results were
in line with those reported by Hashem et al. (2016) who
observed increased PPO activity in fungal-inoculated plants
under cadmium stress.

In current study, the SOD activity was detected to enhance
significantly in fungal inoculated plants than those of non-
inoculated plants under Ni toxicity. Our findings coincides with
the results of Rozpdek et al. (2014) and Yang et al. (2015),
who detected remarkable SOD activity in endophytic fungal
inoculated Cichorium intybus L. and R. pseudoacacia L. plants,
respectively, under Cd, Zn, and Pb stress. The results of the
current study demonstrate that fungal inoculation triggered the
SOD activity in soybean plant to cope with the super oxide
radicals. The higher SOD activity under Ni stress could possibly
be related to the high production of superoxide radicals due to
the excess of heavy metals ions as well as the de novo synthesis
of the enzymatic protein (Garg and Kaur, 2013; Yang et al.,
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2015). Likewise, CAT activity was also significantly enhanced
with the increasing Ni stress level in fungal treated than those
of non-treated plants. CAT is considered crucial enzyme for
the dismutation of H2O2 to H2O and molecular oxygen in the
cells. Thus, increase in CAT production in inoculated plants
could possibly be the response to the over production of
hydrogen peroxide under Ni stress condition – suggesting fungal
inoculation successfully alleviated the Ni induced oxidative stress
in soybean plants. A number of studies have demonstrated that
symbiotic interaction of fungal with host plant maximizes the
antioxidant activities in order to strengthen heavy metal tolerance
and alleviate oxidative stresses. For instance, Tan et al. (2015) and
Khan et al. (2017a) demonstrated that endophytic A. alternata
RSF-6L and AM Glomus versiforme inoculation enhanced CAT
activity of S. nigrum and S. photeinocarpum, respectively, under
severe Cadmium contaminated soil. In the current study, the
upsurge in the antioxidant activities of inoculated plants under Ni
toxicity suggests that endophytic fungal may regulate and activate
the genes, which are responsible for encoding for antioxidant
enzymes (Wang et al., 2016).

During heavy metal toxicity, plants accumulate high levels
of endogenous phytohormones, such as ABA and JA in order
to cope with metal-induced stress (Yan et al., 2015; Carrió-
Seguí et al., 2016) However, the enhanced biosynthesis of ABA
under severe stress leads to leaf senescence and directly inhibits
photosynthesis. Hence, the growth rate of plants is suppressed.
Deng et al. (2016) reported that high levels of ABA accumulation
under multi-metal stress resulted in the inhibition of maize
seed germination. Interestingly, in our experiment, P. formosus-
treated plants resulted in reduced accumulation of ABA in both
roots and shoot as compared to non-treated plants during Ni
stress. This suggests that endophytic association with plants
ameliorates the effects of metal stress. The level of ABA in the
root in inoculated plants was higher than that in the shoot,
which might be due the direct exposure of roots to metal stress,
as it is transported to shoots via apoplastic route to regulate
stomatal behavior (Xu et al., 2010). Previous reports rectify
our findings that fungal application lowers the accumulation of
ABA in plants under abiotic stresses (Khan et al., 2012b; Aroca
et al., 2013; Waqas et al., 2015). Maintaining reduced ABA levels
in inoculated plants under Ni stress can be accredited to the
potential of P. formosus to produce GAs, because a similar trend
was exhibited by plants in combination with the GA-secreting
endophyte Penicillium resedanum under abiotic stresses (Khan
et al., 2015c). Reduced ABA has often coupled with increased
endogenous GA contents. This could be true as the P. formosus
inoculated plants had significantly higher biomass and shoot
length, suggesting pivotive role of GA activation during stress.
A similar conclusion was also drawn by Khan and Lee (2013)
and Kang et al. (2014), where the GA producing microbes have
resulted in reduced ABA and increased GA during abiotic stress
conditions.

While assessing the effect of fungal inoculation under nickel
toxicity on endogenous JA, which acts as a key regulator in plant
defense systems, we observed a tendency for JA to be down-
regulated, as compared to that in non-inoculated plants. The
reduced level of stress-related hormones, such as ABA and JA

compared to control plants suggest that stress is managed better
in the fungal-treated plants. The elevated level of JA might inhibit
plant growth, as well as suppress GSH synthesis, which is an
effective ROS scavenger during stress (Khan A.L. et al., 2017).
We studied the increased production of GSH in fungal-treated
plants under varying levels of nickel stress. Thus, enhanced GSH
synthesis might have helped plants to limit the devastating effects
of metal stress by counteracting ROS, and as a result, stress has
been resolved and less JA is biosynthesized for plant defense
mechanisms. The present results are consistent with those of Kim
et al. (2014) who observed decreased levels of endogenous JA
in rice under cadmium stress. The current results suggest that
endophytic fungus protects plants under Ni stress. Whereas, the
cross talk between endogenous hormonal viz. GA, ABA and JA
signaling are extremely punitive (Pacifici et al., 2015), that may
vary against different environmental stimuli. However, the exact
mechanisms of ABA and JA modulation by endophytic fungi
under metal stress require further study.

CONCLUSION

The current study reports, for the first time, that the GA-
secreting endophyte P. formosus is a promising alternative
for not only improving plant biomass but also significantly
protecting host plant form the adverse effects of metal toxicity.
Hence, its ability to produce IAA, as reported previously, in
combination with GAs might confer tolerance to Ni phytotoxicity
by reducing the levels of Ni toxicity in roots and shoots. In
addition, it also has induces remarkable increases in growth
attributes. Our results revealed that P. formosus inoculation
enhanced soybean tolerance to Ni via a mechanism affecting
the distribution of Ni in soybean tissue and via the induction
of hormonal regulation and antioxidant systems. Thus, the
association between phytohormone-inducing fungi and soybean
may represent a promising strategy for achieving safer and
profitable crop production, and to eliminate toxicity from Ni-
contaminated soil. However, plant systems are complex and
are responsible for controlling intracellular ion levels, including
essential nutrients as well as non-essential metals. Therefore,
in future studies, emphasis should be given to the role of
P. formosus in enhancing macro and micro-nutrients under metal
toxicity, because these nutrients have repeatedly been reported
to enhance metals tolerance or accumulation potential in plants.
Additionally, further molecular studies and investigating of
transcriptional level work studies are recommended for an in-
depth understanding of P. formosus association with host plants
in metal-contaminated soil as well as Ni-polluted field trials to
assess the role of endophytic fungal on a large scale.
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