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Editorial on the Research Topic

Root Adaptations to Multiple Stress Factors

The unfavorable soil (low supply of nutrients, high levels of toxic elements, salinity, compaction)
and climatic (drought, waterlogging, high temperature, low temperature) conditions reduce plant
and crop productivity (Pereira, 2016). Low fertility soils, and extreme weather events resulting
from climate change, are a major threat to global food security (Evans, 2009). Plants have evolved
sophisticated adaptive mechanisms to withstand the multiple abiotic stresses to which they are
exposed (Lamers et al., 2020).

Most studies on plant adaptation to abiotic stress conditions are undertaken by applying a single
stress condition and analyzing the different physiological, biochemical and molecular aspects of
plant acclimation (Araújo et al., 2015). This contrasts to the conditions that occur in nature where
crops and other plants are routinely subjected to a combination of different abiotic stresses (Mittler,
2006). A good example of combined soil stress is the co-occurrence of aluminum (Al) toxicity and
phosphorus (P) deficiency in acid soils, particularly in the tropics (Rao et al., 2016). An example
of a combined climatic stress is the co-occurrence of drought and heat stresses during summer
(Hammer et al., 2020). The effect of combined stress factors on crops and plants is not always
additive due to the nature of interactions between the stress factors which dictate the final outcome
(Mickelbart et al., 2015; Magalhaes et al., 2018).

Plants depend on their root system responses for their survival in nature, and their yield and
nutritional quality in agriculture (Gregory et al., 2009). Root systems are complex, and a variety
of traits have been identified over the past decade that contribute to adaptation to multiple stress
factors (Chen et al., 2019; Lynch, 2019). As an example of research on multiple stresses, recent
studies now suggest that Al resistance can exert pleiotropic effects on P acquisition, potentially
expanding the role of Al resistance on plant adaptation to acid soils (Magalhaes et al., 2018). Thus,
pleiotropy could be a genetic linkage between Al resistance and low P tolerance. Understanding the
mechanisms by which plants adapt to combined stress factors is critical for creating efficient genetic
and agronomic strategies to develop cultivars for the sustainable intensification of production
systems for meeting the growing demand for food.

This e-book on the Research Topic of “Root Adaptations to Multiple Stress Factors” contains
11 articles that addressed the way root systems respond to individual and combined abiotic stress
factors, including soil and climatic stress conditions. It includes studies focused on the adaptations
occurring in roots from the molecular, biochemical, physiological, morphological to agroecological
levels that contribute to plant performance and crop yield.
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MULTIPLE STRESS TOLERANCE IN ACID

SOILS

On tropical, acidic soils, Al toxicity, low P availability and
drought stress are the major limitations to yield stability.
Molecular breeding based on a small suite of pleiotropic genes,
particularly those with moderate to major phenotypic effects,
could help circumvent the need for complex breeding designs
and large population sizes aimed at selecting transgressive
progeny accumulating favorable alleles controlling polygenic
traits. The underlying question is two-fold: do common tolerance
mechanisms to Al toxicity, P deficiency and drought exist? And
if they do, will they be useful in a plant breeding program
that targets stress-prone environments. Barros et al. critically
reviewed the literature and found candidate signaling and/or
regulatory proteins that may play a role in regulating plant
adaptations to Al toxicity, P deficiency and drought stress.

SINGLE OR MULTIPLE ABIOTIC STRESS

FACTORS

Using RNA-seq, Ojeda-Rivera et al. performed a transcriptional
dissection of wild-type and stop1 root responses, individually
or in combination, to toxic levels of Al3+, low P availability,
low pH and iron (Fe) excess. They found that the level of
STOP1 is post-transcriptionally and coordinately upregulated in
the roots of seedlings exposed to single or combined stresses.
The accumulation of STOP1 correlated with the transcriptional
activation of stress-specific and common gene sets that are
activated in the roots of wild-type seedlings but not in stop1
mutant. Results from this study suggested that perception
of different environmental cues converges in at two levels
via STOP1 signaling: post-translationally through the regulation
of STOP1 turnover, and transcriptionally, via the activation of
STOP1-dependent gene expression pathways that enables the
root to better adapt to abiotic stress factors present in acidic soils.

ALUMINUM AND PROTON

RHIZOTOXICITIES

Al and proton rhizotoxicities are major stresses of acid
soil syndrome that limit world food production. Although
Al and proton rhizotoxicities are co-existing in acid soils,
it remains unclear about the relationship between genetic
architecture and their regulated molecular mechanisms for
adapting to acid soil. Nakano et al. provided a new insight
into the genetic architecture that is complex and distinct in
regulation of Al and proton tolerance. They used integrated
analyses of genome-wide association study (GWAS), genomic
prediction (GP) and co-expression genes network analyses and
successfully identified multiple loci controlling each tolerance.
This study also showed that rare-allele mutations are more
important for generating Al tolerance variation than for proton
tolerance variation.

HEAT, DROUGHT, AND SALINITY STRESS

TOLERANCE

Velinov et al. described the role of an undescribed homolog
of the Aspergillus nidulans NudC gene, named NMig1 (for
Nuclear Migration 1), in the root growth and multiple abiotic
stress tolerance of Arabidopsis thaliana. Transgenic plants
overexpressingNMig1 had enhanced root growth and branching,
and accumulate less reactive oxygen species under heat shock,
drought and high salinity. This study provided novel insights
into the role of NudC family in the protection of plants
against abiotic stress. The authors suggested that the NudC
genes could be considered as potentially important target
genes in breeding more resilient crops with improved root
architecture under abiotic stress. Zhao et al. performed a
comprehensive analysis of the Ankyrin-repeat (ANK) gene
family in soybean and included a phylogenetic tree, a description
of the chromosomal localizations and gene structures. By
analyzing the expression profiles of these genes, GmANK114 was
found to be highly induced by drought, salt, and abscisic acid in
soybean. They further demonstrated that the over-expression of
GmANK114 in both Arabidopsis and soybean confers drought
and salt tolerance.

LOW NITROGEN AND LOW PHOSPHORUS

STRESS

Nitrogen (N) and phosphorus (P) are two major limiting factors
for plant growth and development. The lack or excess of these
two elements leads to morphological and metabolic alterations
in root, yet the physiological and molecular mechanisms remain
widely unexplored. Nadeem et al. reviewed the advances in
abiotic stress responses of foxtail millet with a focus on its
low N and low P adaptive responses in comparison to other
crops. Foxtail millet is a drought tolerant crop but it responds
to low N by developing a smaller root system and to low P
by developing a larger root system. This unique response of
foxtail millet is completely different to what is reported from
studies on maize, rice, or other cereals and highlights that species
can differ markedly from one another in their responses to
nutrient stress.

LOW PHOSPHORUS TOLERANCE

Low P availability limits crop growth and yield on acid soils.
It is well-known that root-associated acid phosphatases (APase)
play an important role in extracellular organic P utilization.
Zhu et al. investigated the dynamic changes of intracellular and
root-associated APase activities under both Pi sufficient and
deficient conditions. They identified 38 GmPAP genes in soybean
and found that the expression of GmPAP7a and GmPAP7b
were highly induced by Pi starvation in both roots and leaves,
indicating that these two PAPs play key role in adaptation
responses of soybean under Pi starvation.
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WELL-WATERED AND WATER STRESSED

A generalized response of plant tissues to various biotic and
abiotic stresses, including water stress, is the accumulation of
reactive oxygen species, but their role in stress adaptation is not
well-understood. Combining spatial growth analysis within the
growth zone of well-watered and water-stressed maize primary
roots with manipulation of levels of reactive oxygen species
(using transgenic and biochemical approaches), Voothuluru et al.
showed that apoplastic reactive oxygen species regulate cell
production and root elongation in both well-watered and water-
stressed conditions. They also demonstrated that the normally
regulated increase in apoplastic H2O2 in water-stressed roots
is causally related to down-regulation of cell production and
root elongation.

COMBINED ARSENIC AND HYPOXIA

STRESS

Kumar et al. tested the effect of individual and combined stress
factors of hypoxia and arsenic (As) stress on root architecture
of Arabidopsis. They found that the severe but reversible root
growth arrest under stress, is linked to massive nutritional
disorder, in particular P deficiency, and profound changes in
transcripts related to themaintenance of the root apical meristem
and root hair development. They suggested a scenario of how the
root growth arrest and acclimation develops which later on upon
reaeration allows for resumption of root growth.

MONITORING ROOT GROWTH IN SITU

Root studies are usually cumbersome and labor intensive and
most of the existing methodologies are destructive and when
in situ, are very expensive. Currently, the progress in developing
sensors and sensing platforms has empowered us to collect
much more root phenotypic data than what was possible just
a few years ago. The novel Rootsnap sensor platform and
the methods reported by Ahmed et al. are important tools
for an enhanced capability in remotely measuring root traits.
The developed Rootsnap sensor presents an easily assembled
and cost-effective means of monitoring root growth in situ.
The authors found a significant positive correlation of root
length density estimates from this method compared with a root
scanning method.

ROOT PLASTICITY

Root phenotypic plasticity has been proposed as a target
for the development of more productive crops in variable
environments. However, the plasticity of root anatomical and
architectural responses to environmental cues is highly complex,
and the consequences of these responses for plant fitness
are poorly understood. Schneider and Lynch reviewed the
published work on root phenotypic plasticity and indicated
that it is dependent on specific agro-ecologies and management
practices. The genetic control of plasticity is in general highly
quantitative and is dependent on many loci having small effects.
Further research efforts are needed to understand the fitness
landscape of plastic responses including understanding plasticity
in different environments, environmental signals that induce
plastic responses, and the genetic architecture of plasticity before
it is widely adopted in breeding programs.

CONCLUSION

Major advances have been made in the elucidation of root
adaptive responses to individual and combined abiotic stress
factors. Identification of bona fide molecular mechanisms
responsible for combined stress factors is an important step
in further identification of genes responsible and breeding
of crops with improved resistance to multiple abiotic stress
factors that are prevalent in low fertility soils of the tropics
that are exposed frequently to unfavorable climatic conditions.
Improved knowledge of how roots adapt to multiple stresses
will allow researchers to define what is required at the root-soil
interface for crops to tolerate the challenges imposed by these
multiple stresses.
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Amongst various environmental constraints, abiotic stresses are increasing the risk of
food insecurity worldwide by limiting crop production and disturbing the geographical
distribution of food crops. Millets are known to possess unique features of resilience
to adverse environments, especially infertile soil conditions, although the underlying
mechanisms are yet to be determined. The small diploid genome, short stature,
excellent seed production, C4 photosynthesis, and short life cycle of foxtail millet make
it a very promising model crop for studying nutrient stress responses. Known to be
a drought-tolerant crop, it responds to low nitrogen and low phosphate by respective
reduction and enhancement of its root system. This special response is quite different
from that shown by maize and some other cereals. In contrast to having a smaller root
system under low nitrogen, foxtail millet enhances biomass accumulation, facilitating
root thickening, presumably for nutrient translocation. The low phosphate response of
foxtail millet links to the internal nitrogen status, which tends to act as a signal regulating
the expression of nitrogen transporters and hence indicates its inherent connection with
nitrogen nutrition. Altogether, the low nitrogen and low phosphate responses of foxtail
millet can act as a basis to further determine the underlying molecular mechanisms.
Here, we will highlight the abiotic stress responses of foxtail millet with a key note on its
low nitrogen and low phosphate adaptive responses in comparison to other crops.

Keywords: foxtail millet, abiotic stresses, nitrogen limitation, phosphate starvation, transporter

INTRODUCTION

Abiotic and biotic environmental stresses reduce plant growth and yield below optimum levels.
According to an FAO report released in 2007, only 3.5% of the global area is not affected by
environmental constraints, contributing to 50–70% of crop yield reduction (Boyer, 1982; Mittler,
2006). Being sessile in nature, plants encounter these environmental challenges while obtaining
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the carbon, water, and nutrients necessary for development,
growth, and biomass production. The dynamic and complex
responses of plants to abiotic stresses can be elastic (reversible)
or plastic (irreversible) (Cramer, 2010; Skirycz and Inze, 2010).
Plant growth is based on cell proliferation, which requires the
persistent availability of nutrients, water, and energy; hence,
plants survive through acclimatory responses to nutrient, water,
light, and temperature fluctuations.

Roots are vital for optimum crop production because, as well
as their water and nutrient uptake functionality, they provide
anchorage of plants to soils, store essential elements, and have
symbiotic relationships with microorganisms present in the
rhizosphere (Bechtold and Field, 2018). Drought, soil salinity,
and nutrient toxicity and deficiency are frequent stresses directly
encountered by plant roots, leading them to modify or alter
their growth as per environmental signaling. The geochemical
processes of rock weathering replenish soils with nutrients,
except for nitrogen, which originates primarily from atmospheric
nitrogen (N) fixation. The natural impoverishment of some
nutrients leads to their deficiencies in soils. Nutrient limitation is
a limiting factor in crop growth and production that originates
from a combination of natural and anthropogenic processes
(Sanchez and Salinas, 1981; Giehl and von Wirén, 2014).

N is an important macronutrient governing crop productivity
through the regulation of growth and development. N exists
in soils heterogeneously, either as inorganic forms, i.e., nitrate
and ammonium, or organic forms, like amino acids, peptides,
and lipids. Organic forms of nitrogen persist in specific habitats
such as boreal and tropical ecosystems. Nitrate and ammonium
are the predominant forms of N in most soils, and their
availability is controlled by soil physical properties, leaching, and
microbial activities, more often than not resulting in formation
of N-depletion zones in soils (Miller and Cramer, 2004; Jones
and Kielland, 2012; Werdin-Pfisterer et al., 2012); upon N
limitation, plants develop physiological alterations to enhance
nitrogen acquisition (Good et al., 2004; Hermans et al., 2006;
Nacry et al., 2013) or farmers apply synthetic fertilizers to ensure
yield. The latter often leads to the deterioration of soil physical
properties on the one hand, whereas it results in N losses
through leaching (polluting ground-water reservoirs), runoff
(deposition in fresh-water bodies, causing eutrophication), NH3-
volatilization, and denitrification on the other hand. Excessive
N deposition negatively influences air quality and ecosystem
health by impacting human health, unbalancing greenhouse gas
emissions, disturbing soil and water chemistry, and narrowing
biological diversity (Tilman et al., 2006; Guo et al., 2009; Sutton
et al., 2011; Stevens et al., 2015; Liu et al., 2016). Hence, to
counter (1) environmental risks and economic losses associated
with N-fertilization, and (2) the scarcity of N in natural soils,
it is worth investigating the morphological, physiological, and
molecular adaptive alterations adopted by plants to survive in
N-limiting environments.

Phosphorus (P), a key component of nucleic acid and
phospholipids, is another macronutrient that is essential for plant
growth and development. It exists in soils either as inorganic
phosphorus (Pi) interacting strongly with divalent and trivalent
cations or as organophosphates releasing phosphorus for root

uptake upon hydrolysis. In traditional agricultural systems,
farmers either rely on the inherent fertility of the soil or the
addition of manures and phosphate fertilizers to supply Pi for
plant growth (Syers et al., 2008). However, the acquisition of
phosphorus from soils is challenging for plants because of the
low solubility of phosphates of aluminum, iron, and calcium
(Schachtman et al., 1998). Pi also has high sorption capacity
to soil particles; thus, its uptake by plants depends upon their
ability to find immobile Pi in soils. Hence, the unavailability
of P in soils and agricultural intensification have resulted in a
dependency on the application of Pi fertilizers to increase crop
yield (Cordell et al., 2009).

Different plants have evolved differential responses to cope
with N, P, and other abiotic stresses. Research on the abiotic
stress responses of plants has come to the forefront but now
needs to be extended beyond maize, rice, wheat or Arabidopsis
thaliana to enhance crop diversity. Foxtail millet (Setaria italica
L.), thought to be native of South Asia, is one of the oldest
cultivated millets around the globe. The cultivation of foxtail
millet for human consumption dates back to 4000 years ago
(Baltensperger, 1996). China, Russia, India, Africa, and the
United States are the regions where it is widely grown. It is being
cultivated for food and fodder throughout Eurasia and the Far
East. It is primarily grown for hay in the United States and can
produce 2.47–8.65 tones ha−1 aboveground biomass (Schonbeck
and Morse, 2006). Its C/N ratio is 44, and it contains 48 kg
ha−1 N in aboveground biomass (Creamer and Baldwin, 1999).
It produces high yield with low levels of prussic acid (Sheahan,
2014). In contrast to other millets, foxtail millet can be grown
in cooler and droughty regions in spite of having a shallow
root system (Hancock Seed, 2014). It is a water-efficient crop: it
requires 1/3 less water than maize and can produce one ton of
forage in 2½ inch moisture (Koch, 2002). Foxtail millet is also a
preferred choice for the restoration of steep slopes or mine lands
because it grows fast and produces more biomass than annual rye
(Burger et al., 2009).

Since the release of genome sequences of foxtail millet by the
Joint Genome Institute (JGI) of the United States Department
of Energy, the importance of this species has been increasingly
growing. Owing to its close relationship with bioenergy crops
like switch grass (Panicum virgatum), Napier grass (Pennisetum
purpureum), and pearl millet (Pennisetum glaucum), foxtail
millet is also considered as a model system for biofuel grasses
(Doust et al., 2009). Bennetzen et al. (2012) and Zhang et al.
(2012) have compiled two full reference genome sequences
along with high-density linkage maps with another foxtail
millet line and green foxtail and have examined the evolution
and mechanisms of C4 photosynthesis in foxtail millet. The
availability of the foxtail millet genome provides an important
resource for studying C4 photosynthesis in the context of carbon,
N, and P metabolism and nutrient use efficiency. The molecular
basis of drought tolerance can also be investigated through
drought-associated genes (Zhang et al., 2012). Intensive studies
are expected to be conducted on foxtail millet as a model crop
for plant nutrient use efficiency, which may benefit agricultural
sustainability and food security by enhancing crop diversity
(Doebley, 2006). Therefore, the current review will be focusing on
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the abiotic stress responses of foxtail millet, with special emphasis
on its responses to low N and Pi (Figure 1).

FOXTAIL MILLET: A MODEL CROP FOR
STRESS BIOLOGY

Foxtail millet is a herbicide (Zhu et al., 2006) and is a drought
and salt-tolerant crop (Jayaraman et al., 2008; Krishnamurthy
et al., 2014; Sudhakar et al., 2015). Foxtail millet produces 1 g
of dry mass at the cost of 257 g of water, which is far less than
that required by maize and wheat (Li and Brutnell, 2011). Auxin
response factors (ARFs) regulate embryogenesis, leaf expansion
and senescence, and lateral root and fruit development by
controlling the expression of auxin response genes (Wilmoth
et al., 2005). Since ARF1 isolation (Regad et al., 1993), ARFs
have been identified in plant species like Arabidopsis, rice, tomato,
potato, maize, carrot, wheat, tobacco, and barley. In maize, ARF
proteins are involved in the transformation of lipid composition
indirectly (Verwoert et al., 1995), and overexpression of ZmARF1
in Arabidopsis enhances growth rates by increasing leaf and seed
size (Yuan et al., 2013). Similarly, overexpression of ZmARF2 in
Arabidopsis produces larger leaves and seeds and taller plants
due to enhanced cell expansion (Wang et al., 2012). ARF

proteins play roles in biotic and abiotic stress tolerance in crop
plants. Identification of ARF/ARL gene family members in foxtail
millet and rice, together with characterization of their structure,
organization, duplication and divergence and expression patterns
in different tissues, has been reported (Muthamilarasan et al.,
2016). A total of 25 ARF genes were identified in foxtail millet
diverged from a common ancestor. More efforts are required to
investigate ARF genes in specific tissue under a specific stress
condition to gain clear clues on tissue-specific and/or stress-
inducible promoters. WRKYs are one of the largest transcription
factor families and contain W-box in their promoter region
to control gene expression and regulation in plants (Eulgem
et al., 2000). Comprehensive computational approaches have
also been used to identify WRKY genes in foxtail millet.
Differential expression patterns of candidate SiWRKY genes
under abiotic stresses suggest their stress-related regulatory
functions (Muthamilarasan et al., 2015).

Foxtail millet responds to abiotic stresses through enhanced
biochemical activities like higher levels of antioxidants, reactive
oxygen species, and their scavenging enzymes, enzyme activities
of catalase and superoxides, and synthesis of osmolytes and their
stress-related proteins (Lata et al., 2011b). Aldo-Keto reductases
(AKRs) are known to be cytosolic, monomeric oxidoreductases
catalyzing NADPH-dependent reduction activities on carbonyl

FIGURE 1 | Flow chart of the nitrogen- and phosphorus-limitation responses of foxtail millet. Si, Sitaria italica; AMT, ammonium transporter; NRT, nitrate transporter;
NAR, nitrate assimilation-related protein; PHT, phosphate transporter; IAA, indole-3-acetic acid; GA3, gibberellic acid; ABA, abscisic acid; C/N, carbon to nitrogen
ratio; R/S, root to shoot ratio; NUtE, nitrogen utilization efficiency; N, nitrogen.
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metabolites (Bohren et al., 1989). A broad range of substrates like
sugars, prostaglandins, chalcones, aliphatic/aromatic aldehydes,
and some toxins can be metabolized by AKRs (Narawongsanont
et al., 2012). AKRs are also known for their effective detoxification
of reactive carbonyls produced during severe oxidative stress.
AKR (MsALR) proteins in transgenic tobacco plants improve
tolerance against methylviologen, heavy metals, osmotic stress,
and long periods of oxidative stresses induced by drought
(Oberschall et al., 2000), cold (Hegedus et al., 2004), and UV
radiation (Hideg et al., 2003). In tobacco plants, heterologous
expression of OsAKR1 shows better tolerance against heat
(Turoczy et al., 2011). Overexpression of Arabidopsis AKR4C9
in barley enhances freezing tolerance and post-frost regenerative
capacity (Eva et al., 2014). Moreover, overexpression of
peach AKR1 (PpAKR1) in Arabidopsis enhances salt tolerance
compared to wild type plants (Kanayama et al., 2014). In contrast,
GmAKR1 protein overproduction inhibits nodule development
in the hairy roots of soybean (Hur et al., 2009). Malondialdehyde
(MDA), a product of lipid peroxidation, is a biomarker of
oxidative stresses (Bailly et al., 1996); lower MDA levels indicate
better oxidative stress tolerance. OsAKR1 overexpression in
tobacco lowers levels of MDA and methylglyoxal (MG) in leaf
tissues under chemical and heat stress treatments (Turoczy et al.,
2011). Foxtail millet AKR1 is a promising stress-responsive gene
that modulates and enhances stress tolerance in major crops
(Kirankumar et al., 2016). Thus, investigation of the functions
of AKR in reactive carbonyl detoxification and the promotion of
abiotic stress tolerance in foxtail millet is of interest.

Reactive oxygen species (ROS) are involved in various
signal transduction pathways (Apel and Hirt, 2004; Laloi
et al., 2004) under stress conditions (Mustilli et al., 2002;
Neill et al., 2002). ROS also regulate gene expression under
N, P, and potassium deficiency (Shin and Schachtman, 2004;
Shin et al., 2005). Superoxide dismutase converts O2

−, an
important component of ROS, into H2O2 (Fridovich, 1997).
Several classical peroxidases like ascorbate peroxidase (APX),
glutathione peroxidases, and catalase (CAT) quench the resulting
H2O2. APX and glutathione reductase (GR) detoxify H2O2 in
green leaves (Sofo et al., 2015). They likely act as dehydration
stress-responsive components in foxtail millet (Lata et al.,
2011b). Maintenance of membrane stability, relative water
content, higher levels of APX, CAT, and GR activities, and
lower levels of lipid peroxidation and electrolyte provides
resistance against the drought stress in foxtail millet (Lata
et al., 2011b). Upregulation of phospholipid hydroperoxide
glutathione peroxidase (PHGPX) in salt-tolerant foxtail millet
lines suggests its role in salt resistance (Sreenivasulu et al.,
2004). Aldose reductase is involved in sorbitol biosynthesis
and the detoxification of 4-hydroxynon-2-enal (a lipid
peroxidation product) in foxtail millet under salt stress;
glutathione S-transferase also catalyzes 4-hydroxynon-2-enal
detoxification under stress conditions (Veeranagamallaiah
et al., 2009). Differentially expressed ESTs and peptides
between salt-tolerant and sensitive cultivars (Puranik et al.,
2011a), along with other proteins involved in the NaCl stress
(Veeranagamallaiah et al., 2008), can be extended to future
studies in foxtail millet.

APETALA 2/ethylene responsive element binding factor
(AP2/ERF) superfamily members contain a characteristic
conserved AP2 domain to bind the core DRE (Dehydration
Responsive Element) (5′-A/GCCGAC-3′) cis-acting element in
the promoter region of target genes (Yamaguchi-Shinozaki and
Shinozaki, 1994; Yamaguchi-Shinozaki and Shinozaki, 2006).
The single nucleotide polymorphism (SNP) of a dehydration-
responsive element binding (DREB) gene is associated with stress
tolerance (Lata et al., 2011a). A similar SNP accounts for 27% of
variations in stress-induced lipid peroxidation in foxtail millet
(Lata and Prasad, 2013). Re-sequencing of foxtail millet may
identify vast libraries of SNPs and other markers (Bai et al., 2013;
Jia et al., 2013). Small interfering RNAs and non-coding RNAs
also have their regulatory roles in drought responses in foxtail
millet (Qi et al., 2013). In addition, late embryogenesis-abundant
proteins protect higher plants against environmental stresses;
SiLEA14 plays an important role in resisting abiotic damage in
foxtail millet (Wang et al., 2014). Its small genome (∼490 Mbp;
Bennetzen et al., 2012; Zhang et al., 2012) and a wide array of
stress responses make foxtail millet a model cereal crop for stress
biology and functional genomics (Table 1).

RESPONSES OF FOXTAIL MILLET TO N
LIMITATION

Roots are the means by which plants take up nutrients; hence,
root architectural modifications become vital to explore N under
its low availability. Different crop species respond to external low-
N conditions differentially. Legumes, for example, develop root
nodules to capture atmospheric N through N-fixation (Postgate,
1998), whereas cereals such as maize enhance their root surface
area by means of increasing axial and lateral root length to access
N in a heterogeneous environment (Wang et al., 2003; Chun et al.,
2005). As mentioned before, plants undergo these morphological
and physiological alterations to maximize their N use efficiency
(NUE), which can be discussed as either N utilization efficiency
(NUtE) or N uptake (acquisition) efficiency (Garnett et al., 2009;
Xu et al., 2012; Wang et al., 2019). At one extreme, the carbon
to N ratio and biomass accumulation (dry weight; root to shoot
ratio) in roots of foxtail millet increase under low N, which
suggests that its higher N utilization efficiency contributes to
maximize its N use efficiency, whereas on the other extreme,
foxtail millet responds to increase N translocation efficiency by
root thickening. These adaptive responses of foxtail millet to low
N signals along with regulation of N uptake activities through N
influx transporters located at the plasma membrane eventually
maximize N acquisition efficiency (Nadeem et al., 2018).

Surprisingly, foxtail millet produces a specific root length
(SRL) of 46852 cm g−1 of root dry weight under low N (Nadeem
et al., 2018), which is 10 times that of maize seedlings under
similar conditions (Han et al., 2015). In addition to the SRL,
the average root diameter of low-N foxtail millet also increases
(Nadeem et al., 2018). Resource absorption and transportation
are two important resource acquisition processes for roots, with
the former being used by cortex and the latter by stele (Guo
et al., 2008). The ratio of cortex to stele thickness determines
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TABLE 1 | Genes functionally characterized in foxtail millet.

Gene Functions References

SET domain genes Abiotic stress tolerance Yadav et al., 2016

PHT1 gene family Phosphate transporters Ceasar et al., 2014

Argonaute protein 1 encoding gene Regulation of stress responses Liu et al., 2016

Abscisic acid stress ripening gene (ASR) Tolerance to drought and oxidative stresses Feng et al., 2016

Autophagy-related gene (ATG) Tolerance to nitrogen starvation and drought stresses Li et al., 2015

Late embryogenesis abundant protein (LEA) Tolerance to salt, osmotic, and drought stresses Wang et al., 2014

ABA-responsive DRE-binding protein (ARDP) Tolerance to salt and drought stresses Li et al., 2014

WD-40 Associated with dehydration stress-responsive pathway Mishra et al., 2012

Acetyl-CoA carboxylase Resistance to sethoxydim herbicide Dong et al., 2011

Dehydration-responsive element-binding protein 2 (DREB2) Dehydration tolerance Lata et al., 2011a

NAC transcription factor Salinity tolerance Puranik et al., 2011b

Si69 Aluminum tolerance Zhao et al., 2009

Aldose reductase Associated with salinity stress-responsive pathway Veeranagamallaiah et al., 2009

Glutamine synthetase Pyrroline-5-carboxylate reductase Veeranagamallaiah et al., 2007

12-oxophytodienoic acid reductase (OPR1) Drought tolerance Zhang et al., 2007

Photosystem II D1protein Atrazine resistance Jia et al., 2007

Phospholipid hydroperoxide glutathione peroxidase (PHGPX ) Associated with salinity tolerance Sreenivasulu et al., 2004

Nuclear factor-Y (SiNF-YA1, SiNFYB8) genes Drought and salt tolerance Feng et al., 2015

Nitrate transporters (SiNRT ), Ammonium transporters (SiAMT ) Nitrate and ammonium uptake and transport Nadeem et al., 2018

Phosphate transporters (SiPHP) Phosphate transport Ahmad et al., 2018

the suitability of a plant species for adapting to a certain
environment for favorable resource distribution. The increased
thickness of foxtail millet roots under low N indicates the
anatomical modification of stele, where it can accommodate
more conduits like vessels and tracheid for efficient transport of
N and metabolites.

Hormones help plants to adapt to environmental cues through
the regulation of growth and development (Wolters and Jürgens,
2009; Marsch-Martinez and de Folter, 2016). Indole-3-acetic
acid (IAA) regulates primary and lateral root growth (Sabatini
et al., 1999; Casimiro et al., 2001), whereas cytokinins (CKs)
influence apical root dominance (Aloni et al., 2006). IAA and
CK accumulation decreases during root shortening in foxtail
millet under low N despite enhanced carbon allocation toward
the roots (higher dry mass and C/N ratio). Contrary to IAA
and CKs, gibberellic acid (GA3) concentrations increase in
the root and shoot of foxtail millet (Nadeem et al., 2018).
Accumulation of GA3 antagonistic to IAA and CKs could
have contributed to root thickening (increased root diameter)
through tissue differentiation and anatomical modifications to
roots (Yamaguchi, 2008). Abscisic acid (ABA) is known to be
an internal signal of stress responses (Wilkinson and Davies,
2002; Kiba et al., 2011). Higher levels of ABA in N-deprived
roots (Nadeem et al., 2018) is rather a stress response of foxtail
millet that needs to be further dissected to determine the
underlying mechanisms.

Sensing the external nutritional alterations, certain specific
proteins act as channels, pumps, or transporters in roots to
acquire nutrients from their vicinity and transport them within
the root or along the vasculature for long-distance source-to-
sink transport (Tegeder and Masclaux-Daubresse, 2018). To
transport nitrate (NO3

−), a nutrient as well as a signaling

molecule for plant growth and root system modifications (Vidal
and Gutiérrez, 2008; Krouk et al., 2010; Alvarez et al., 2012),
plants have evolved a high-affinity transport system (HATS)
and low-affinity transport system (LATS) (Crawford and Glass,
1998). NRT2.1 belongs to the high-affinity nitrate transport
system (Li et al., 2007), whereas NRT1.1 is a sensor as well as
a dual-affinity nitrate transporter (transceptor) in Arabidopsis
(Tsay et al., 1993; Liu and Tsay, 2003). NRT2 transporters
interact with nitrate accessory protein NAR2.1 (NAR2 like-
proteins) for nitrate absorption. Upregulation of expressions
of SiNRT1.1, SiNRT2.1, and SiNAR2.1, together with root
architectural modifications, optimizes N acquisition in foxtail
millet, which is confirmed by enhanced 15N influx into roots
(Nadeem et al., 2018). Once nitrate is absorbed, the next phase
is its redistribution or translocation from root to shoot and
from mature expanded leaves to the youngest leaves (Okamoto
et al., 2006; Orsel et al., 2006; Tsay et al., 2007; Miller et al.,
2009). In this regard, NRT1.11 and NRT1.12 mediate xylem
to phloem loading and redistribution of nitrate in Arabidopsis
(Arabidopsis thaliana) leaves with normal nitrate provision (Hsu
and Tsay, 2013). Foxtail millet seedlings supplied with only
0.02 mM of NH4NO3 for 7 days show nitrate redistribution in
the shoot through upregulation of SiNRT1.11 and SiNRT1.12
expressions, indicating an extraordinary ability to adapt to
extreme N limitation. Alongside nitrate uptake, ammonium
uptake and transport are controlled by ammonium transporters
(AMTs) (Loqué and von Wirén, 2004). SiAMT1.1 accelerates N
acquisition by upregulating its expression (Nadeem et al., 2018).

Interlinked carbon and N metabolism generally give rise
to balanced carbohydrates to N-metabolites ratios in plant
tissues. However, N limitation leads to higher carbon/N ratios
(Sun et al., 2002; Reich et al., 2006; Taub and Wang, 2008). In
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foxtail millet, the root and shoot maintain the balance between
free amino acids and total soluble sugar concentrations owing
to low N concentrations of these tissues under low external N
provision. Interestingly, concentrations of total soluble proteins
in roots increase, in contrast to those in shoots (Nadeem et al.,
2018), indicating the probable role of proteins (enzymes in
particular) in the regulation of carbon and N metabolism-related
cellular activities at the tissue level.

FOXTAIL MILLET RESPONSES TO Pi
STARVATION

Plants have evolved strategies for enhancing their P-uptake
capacity either through arbuscular mycorrhizal symbiosis or
modification of the root system architecture (Marschner, 1995;
Lambers et al., 2008; Cheng et al., 2011). As explained previously,
root system modification is the primary adaptive strategy of
plants coping with low availability of nutrients. Low mobility of
Pi in soils favors shallow root plants (Panigrahy et al., 2009; Péret
et al., 2011; Li et al., 2012; Shi et al., 2013). In Arabidopsis thaliana,
reduced Pi metabolism (Nussaume et al., 2011; Wang et al., 2011),
indirect low-P-mediated stress effects (Thibaud et al., 2010), and
genetic control of root responses to low P (Svistoonoff et al.,
2007; Ticconi et al., 2009) inhibit primary root growth (Abel,
2011; Niu et al., 2013; Giehl et al., 2014). In addition, blue light
suppresses elongation of the primary root of petri dish-grown
Arabidopsis seedlings under Pi deficiency (Zheng et al., 2019).
Thus, environmental factors collectively reshape root structure in
response to Pi starvation.

Plant responses to Pi starvation could also be genotype-
dependent (Reymond et al., 2006). In monocots like rice and
barley, low Pi has a less pronounced effect on primary root
growth, perhaps due to high P reserves in seeds (Calderón-
Vázquez et al., 2011), whereas primary root growth of maize
is stimulated under low Pi (Li et al., 2012). In contrast with
the primary root inhibition, lateral root formation in plants is
enhanced by low Pi (Williamson et al., 2001; Hodge, 2004; Pérez-
Torres et al., 2008). Foxtail millet, on the other hand, develops a
larger root system in terms of crown root length and lateral root
number, length, and density under Pi deficiency (Ahmad et al.,
2018), which is in total contrast to what is observed under low
N (Nadeem et al., 2018). The enlargement of the root system
in response to low Pi and reduction under low N in foxtail
millet could be due to the immobile and mobile nature of Pi
and nitrate, respectively; longer roots can reach immobile Pi at
its location, and shorter roots can intercept mobile nitrate in the
microenvironment of the rhizosphere. This root enlargement of
foxtail millet couples with hormonal enhancements (auxin and
GA3) and increase in root to shoot ratio due to the allocation of
carbon to the P-deficient root.

A larger root system functions to enhance Pi acquisition
by transporters (Rausch and Bucher, 2002). Pi transporters are
mostly conserved across cereal crops (Rakshit and Ganapathy,
2014). Pi limitation stimulates transcription of PHT1 members
(Mudge et al., 2002; Rae et al., 2003) and induces OsPHT1.2
expression in the stele and lateral roots, along with upregulation

of OsPHT1.4, probably to improve Pi uptake through roots and
translocation to the shoot (Ye et al., 2015; Zhang et al., 2015).
Substantial upregulation of SiPHT1.1, SiPHT1.2, and SiPHT1.4
expression in root tissues possibly preconditions for enhanced
Pi uptake to replenish the internal P-reserves, whereas down-
regulation of SiPHT1.3 expression probably assists with the
retention of Pi in the shoot (Ahmad et al., 2018). On the
other end, respective down-regulation of expression of SiNRT2.1
and SiNAR2.1 (in roots) and that of SiNRT1.11 and SiNRT1.12
(in shoots) (Ahmad et al., 2018) helps balance the N/P ratio
within permissible limits for proper root and shoot functionality
(Aerts and Chapin, 2000). Such correlative interpretation of
the expression of SiPHRs in relation to Pi uptake and source-
sink remobilization under low Pi calls for in-depth mechanistic
dissection (Jia et al., 2011; Ceasar et al., 2014). Alternatively,
foxtail millet uses internal Pi reserves for higher utilization
efficiency (Rose et al., 2011).

Interestingly, the reduction of SPAD values in the foxtail
millet shoot is in contrast to differential accumulation of free
amino acids (higher in shoot and root) and total soluble
proteins (lower in shoot and root) under low Pi provision
(Ahmad et al., 2018). These variations in the accumulation of
N-metabolites upon low P suggest a potential link between N
and P nutrition at the physiological level. Nutrient provision
affects biomass allocation within plants (Poorter et al., 2012).
N and P are both considered as the limiting factors in
plant growth and development; therefore, the N/P ratio
plays a critical role in resource distribution (Graham and
Mendelssohn, 2016). The uptake of N and P is adjusted by
whole-plant signaling to balance N/P ratios between plant
tissues (Imsande and Touraine, 1994; Raghotama, 1999; Forde,
2002). To maintain the N/P ratio, foxtail millet reduces N
translocation toward the shoot under Pi limitation (Ahmad
et al., 2018), similar to the terrestrial plants that adapt to
low-N conditions by decreasing Pi uptake (Aerts and Chapin,
2000). P and N signals are indeed integrated by nitrate-
inducible GARP-type transcriptional repressor 1 (NIGT1) in
Arabidopsis; PHR1 promotes the expression of NIGT1-clade
genes under low P, which in turn down-regulates NRT2.1
expression to reduce N uptake (Maeda et al., 2018). NIGT1
expression is stimulated when N availability is high in order
to repress N starvation genes (Kiba et al., 2018). NIGT1 also
regulates Pi starvation responses by directly repressing expression
of Pi starvation-responsive genes and NRT2.1 to equilibrate
N and P (Maeda et al., 2018). The potential involvement
of the PHR1-NIGT1-NRT2.1 pathway in low P responses of
foxtail millet and subsequent readouts needs to be further
studied in future.

CONCLUSION

Foxtail millet has been studied for its structural and functional
genomics for the purpose of developing genetic and genomic
resources and delineating the physiology and molecular biology
of stress tolerance, especially drought and salinity stress tolerance.
Apart from its adaptation to drought and salinity, foxtail millet
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is also an N- and P-efficient crop. In parallel to those in major
cereals, studies should be conducted to develop nutrient-efficient
and environment friendly cultivars of foxtail millet. Its small
genome size, short life cycle and inbreeding nature make foxtail
millet a perfect choice for a model crop for studies of a broad
range of plant nutritional biology research. This review presents
a unique perspective of the adaptation of foxtail millet to low
N and low P along with a brief background on various abiotic
stress tolerance strategies. It can serve as a base to plan future
studies in the field of plant nutritional genomics using foxtail
millet as a model crop.
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Under acid soil conditions, Al stress and proton stress can occur, reducing root growth
and function. However, these stressors are distinct, and tolerance to each is governed
by multiple physiological processes. To better understand the genes that underlie
these coincidental but experimentally separable stresses, a genome-wide association
study (GWAS) and genomic prediction (GP) models were created for approximately
200 diverse Arabidopsis thaliana accessions. GWAS and genomic prediction identified
140/160 SNPs associated with Al and proton tolerance, respectively, which explained
approximately 70% of the variance observed. Reverse genetics of the genes in
loci identified novel Al and proton tolerance genes, including TON1-RECRUITING
MOTIF 28 (AtTRM28) and THIOREDOXIN H-TYPE 1 (AtTRX1), as well as genes
known to be associated with tolerance, such as the Al-activated malate transporter,
AtALMT1. Additionally, variation in Al tolerance was partially explained by expression
level polymorphisms of AtALMT1 and AtTRX1 caused by cis-regulatory allelic variation.
These results suggest that we successfully identified the loci that regulate Al and proton
tolerance. Furthermore, very small numbers of loci were shared by Al and proton
tolerance as determined by the GWAS. There were substantial differences between
the phenotype predicted by genomic prediction and the observed phenotype for Al
tolerance. This suggested that the GWAS-undetectable genetic factors (e.g., rare-allele
mutations) contributing to the variation of tolerance were more important for Al tolerance
than for proton tolerance. This study provides important new insights into the genetic
architecture that produces variation in the tolerance of acid soil.

Keywords: acid soil tolerance, ALMT1, aluminum and proton tolerance, co-expression network analysis, ELP –
expression level polymorphism, GP – genomic prediction, GWAS – genome-wide association study, natural
variation
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INTRODUCTION

Acid soil syndrome is a serious limiting factor for food
production worldwide (von Uexküll and Mutert, 1995; Kochian
et al., 2004). In acid soil, plant root growth is inhibited by
various stressors, such as rhizotoxicities of excess Al, proton,
manganese (Mn), and iron (Fe), and deficiencies in the available
phosphate (Pi) (Kochian et al., 2004). Plants have adapted to
acidic environments by developing a number of stress tolerance
mechanisms which can have pleiotropic effects on other traits.
For example, organic acid excretion from roots contributes to
Al tolerance and efficient P-utilization under acid soil conditions
(see review, Wu et al., 2018). In contrast, the expression of Al
and proton tolerance genes is co-regulated under the downstream
of STOP1 (SENSITIVE TO PROTON RHIZOTOXICITY1) in
Arabidopsis thaliana (Iuchi et al., 2007). Identification of the
molecular mechanisms which underlie tolerance to co-existing
stress factors may allow for improved crop yields in acid soils,
through the use of biotechnology and molecular breeding.

Al occurs in many chemical forms in the soil but the higher
concentration of soluble Al3+ cations that are present in acidic
soils is a major limitation to many crop species. Al toxicity in
the growing root tip is reversible over short periods of time, but
over long-term exposure, Al treatment disturb various cellular
processes, such as cell wall expansion and membrane transport
(Ma, 2007). Molecular physiological studies of these events have
identified a number of Al tolerance genes (see review, Kochian
et al., 2015), and several Al tolerant transgenic crops have
already been developed through the overexpression of Al tolerant
genes. Ectopic expression ofALUMINUMACTIVATEDMALATE
TRANSPORTER 1 (ALMT1) from wheat (Triticum aestivum;
Sasaki et al., 2004) in barley (Hordeum vulgare) (Delhaize et al.,
2004), and of CITRATE SYNTHASE of Arabidopsis (Arabidopsis
thaliana) in canola (Brassica napus) (Anoop, 2003) conferred
Al tolerance. However, proton rhizotoxicity can be more toxic
than Al rhizotoxicity in natural acid soils (Kinraide, 2003), and
is also a complex polygenic trait which requires many genes to
achieve distinct physiological processes (Shavrukov and Hirai,
2016). For example, the maintenance of cellular pH, which
is essential for adapting to proton stress (Sawaki et al., 2009;
Bissoli et al., 2012; Gujas et al., 2012) and the stabilization of
pectin, which is essential for protection against proton toxicity
(Koyama et al., 2001), are processes regulated by multiple
genes. Identification of proton tolerance mechanisms and their
interactions with Al tolerance is important for improving the acid
soil tolerance of crops.

In certain plant species such as Arabidopsis and tobacco
(Nicotiana tabacum), both Al tolerance and proton tolerance are
mutually regulated by the STOP1 (SENSITIVE TO PROTON
RHIZOTOXICITY 1) transcription factor (e.g., AtSTOP1, Iuchi
et al., 2007, NtSTOP1, Ohyama et al., 2013). Al tolerance
genes such as Al activated organic acid transporters (i.e.,
ALMT and MATE; see review, Daspute et al., 2017), and
proton tolerance genes such as AKT1, HAK5, and SULTR3;5
are co-regulated by STOP1 (Sawaki et al., 2009). In addition,
activation of STOP1/ALMT1 is also involved in the low-
phosphate response in Arabidopsis, and has been shown to alter

root architecture to induce efficient P-uptake (Balzergue et al.,
2017). These findings suggest that Al and proton tolerance are
controlled by a common molecular mechanism. However, Al
and proton tolerant mechanisms are complex and likely involve
unidentified mechanisms. Elucidation of such complex adaptive
mechanisms can be investigated using genome-wide approaches
in Arabidopsis (Arabidopsis thaliana), that utilize differences in Al
and proton tolerance among accessions.

Studies of the natural phenotypic variation in Arabidopsis
may provide an opportunity to study interactions among Al
and proton tolerance mechanisms, which usually co-exist in
naturally acid soil environments (Ikka et al., 2007). A genome-
wide association study (GWAS) in Arabidopsis is a useful way
to clarify complex mechanisms, especially when integrated with
other genomics approaches. Although a GWAS may likely yield
poor detection of quantitative traits with weak locus effects
(Bergelson and Roux, 2010), integration with other genome-
wide approaches would help to clarify such effects included
in the natural variation. For example, genomic prediction
(GP), a genome-wide population genetic method, may allow
for the assessment of the cumulative effects of associated loci
(Crossa et al., 2010; Desta and Ortiz, 2014). Furthermore,
integration of GP and co-expression gene network analysis
could further improve the sensitivity and accuracy of the
population genetic methods used for GWAS (Kobayashi et al.,
2016; Kooke et al., 2016; Butardo et al., 2017). Novel and
unidentified Al tolerance genes were detected previously using
genome-wide expression level polymorphism [Expression level
polymorphism (ELP); Delker and Quint, 2011] analyses, by
comparing the transcriptomes of three Al tolerant and Al
sensitive accessions (Kusunoki et al., 2017). This identified genes
that had not previously been reported to relate to known Al
tolerant mechanisms (e.g., Al extrusion and internal Al tolerant
mechanisms), for example BINDING PROTEIN 3, that is linked
to the quality control of proteins in endoplasmic reticulum.
Integration of these approaches is a useful method to investigate
the molecular determinants driving Al and proton tolerance
mechanisms in plants. In this study, we conducted GWAS
for Al and proton tolerance, and identified 140 and 160 loci
respectively that explained approximately 70% of the variations
estimated by GP. Application of other genome-wide approaches
identified distinct Al and proton tolerance mechanisms, which
independently segregated under natural conditions.

MATERIALS AND METHODS

Plant Materials
Worldwide Arabidopsis thaliana accessions described in the
1001 Genomes Project1 were derived from the Arabidopsis
Biological Resource Center, Nottingham Arabidopsis Stock
Centre (NASC; Nottingham, United Kingdom), and RIKEN
BioResource Research Center (RIKEN BR; Tsukuba, Japan)
(Supplementary Table S1). The seed progenies used were
obtained via single seed descent from the original seeds. Mutants

1http://1001genomes.org/
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and T-DNA/transposon insertion lines were obtained from
NASC (Supplementary Table S2).

Transgenic Col-0 for GUS (β-glucuronidase) reporter assays
used to characterize AtALMT1 promoters were generated using
Agrobacterium tumefaciens (GV3101)-mediated transformation,
using methods described by Clough and Bent (1998). Promoter-
GUS was cloned into the binary vector (pBE2113) by overlap-
extension PCR (Horton et al., 1989) using the gene-specific
primers described in Supplementary Table S3.

Plant Growth Conditions and
Phenotyping of Al and Proton Tolerance
Al and proton tolerance of accessions was judged by the
relative root growth (treatments/control) of hydroponically
grown seedlings as described previously (Kobayashi et al.,
2007). Approximately 20 seedlings of accessions were grown
hydroponically for 5 days in modified MGRL nutrient solution
(Fujiwara et al., 1992), which contained 2% MGRL nutrients
[other than P and Ca (-P, CaCl2 adjusted to 200 µM)]. The
initial pH of the control (modified MGRL; no Al) and Al toxic
(modified MGRL plus 5 µM of AlCl3) solutions were adjusted
to 5.0, whereas that of the proton toxic (modified MGRL)
solution was adjusted to 4.6. All solutions were renewed every
two days. Approximately 200 accessions were equally divided
into two and grown in each plastic container containing 10 L
of culture solution using the method developed by Toda et al.
(1999). The growth test at one condition among three conditions
was conducted at the same time. Seedlings were placed on
solidified agar (1%, w/v) and photographed using a digital camera
(Canon EOS kiss X5). The length of the primary roots was then
determined using LIA32 software (LIA for Win322). Relative
root length (RRL; root length under stressed conditions/root
length under control conditions [%]) was calculated for each line
using the five longest roots in each condition (average of five
biological replicates seedlings, n = 5). All growth experiments
were conducted under controlled environmental conditions
(12 h day/night cycle, 37 µmol m−2 s−1 at 24◦C ± 2◦C).
After removing accessions with low germination percentages, we
obtained the phenotype of 206, 196, and 200 accessions under
the control, Al stress, and proton tress conditions respectively.
Broad-sense heritability (Hb

2) and CV were calculated following
the methods of Ikka et al. (2007).

Estimation of Population Structure
Information for 211,781 SNPs was obtained from various web
sites3,4; see Cao et al., 2011; Horton et al., 2012) and was used
to analyze population structure and for the GWAS.

Population structure among Arabidopsis accessions was
estimated using an admixture model following Pritchard et al.
(2000) with the model-based program STRUCTURE v. 2.3.45 and
a set of 1000 selected SNPs. Selection of the 1000 SNPs was based
on the following criteria: (1) MAF ≥ 10%, (2) no missing calls

2https://www.agr.nagoya-u.ac.jp/∼shinkan/LIA32/index-e.html
3https://cynin.gmi.oeaw.ac.at/
4http://1001genomes.org/index.html
5http://pritchardlab.stanford.edu/structure.html

for all accessions, (3) consisting of two alleles, and (4) having
similar intervals. STRUCTURE was used to estimate the number
of subpopulations [defined as L(K), where K is the number of
ancestor subpopulations inputted] and the Q-matrix (indicating
ancestor subpopulation components of each accession by given
K) for K = 1 to 15. The burn-in period was set to 50,000, with the
Markov Chain Monte Carlo iterations and run length set to five
replications of 50,000. The largest possible number of K (i.e., 6),
which was used for genome-wide association study (GWAS), was
determined by the 1K method (Evanno et al., 2005) using the
formula L′(K) = L(K) – L(K–1), | L′(K)| = | L′(K+ 1) – L′(K)| .

GWAS and Other Genetic Analyses
The GWAS was performed with a compressed linear mixed
model using “Q-matrix” + “kinship-matrix” (Yu et al., 2006;
Zhang et al., 2010) with the software TASSEL v. 3.0 (Bradbury
et al., 2007). The Q-matrix was computed using STRUCTURE,
and the kinship-matrix was processed using TASSEL. A total of
175,324 genome-wide SNPs (MAF ≥ 5%, missing call rate ≤ 5%)
were used for the GWAS analysis. Genomic prediction (GP)
analysis using the glmnet R package (Friedman et al., 2010) was
performed to evaluate the cumulative effect of loci linked to
the top-ranked SNPs obtained on the basis of p-values in the
GWAS as previously described (Kobayashi et al., 2016). Using
randomly selected SNPs throughout the genome as a reference,
the cumulative effects of the linked loci were estimated with 20–
300 (each 20 intervals) top-SNPs and defined 140 and 160 top-
SNPs as significantly associated SNPs for Al and proton tolerance,
respectively. Missing SNPs were imputed using the program
BEAGLE (Browning and Browning, 2009). The cumulative effect
and predictive accuracies were estimated using 100 replicates of
five-fold cross-validation using the coefficient of determination
(r2) and RMSE respectively as indexes.

The local LD (pairwise r2 > 0.80) of each associated SNP
was analyzed using other surrounding SNPs within the 10 kb
window using the program PLINK v. 1.076; Purcell et al., 2007).
Physical positions of the SNPs on the genome, open reading
frames (ORF), and untranslated regions (UTR) were obtained
from the TAIR 9 database7. The genomic DNA region of each
gene was defined as the region consisting of a UTR, ORF, and
putative promoter (−2 kb from the end of 5′ UTR). Together
with the above information, genes located within the LD region
of each associated SNP were grouped as the tolerance candidate
genes. However, when no LD region was detected in an associated
SNP, we chose the closest gene as the candidate associated with
the corresponding SNP.

The accessions with unusual phenotype were inferred from
the rate of difference in RRL between that observed and that
predicted by GP. The difference rate was calculated using the
formula log2 (observed RRL/predicted RRL). The predicted RRLs
were calculated using the average of the RRLs of 100 cross-
validations with the top 140 and 160 SNPs detected by the
GWAS. The unusual accessions were mapped onto a world map

6http://pngu.mgh.harvard.edu/purcell/plink/
7http://www.arabidopsis.org
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using the “Geocoding and Mapping” web tool8. The map of
soil pH in Europe was obtained from the European Soil Data
Centre’s (ESDAC) ‘Map of Soil pH in Europe’ (Land Resources
Management Unit, Institute for Environment & Sustainability,
European Commission Joint Research Centre, 20109.

Reverse Genetics and Co-expression
Network Analysis
Al and proton tolerance of T-DNA and mutant lines were judged
using the RRL from hydroponically grown seedlings as described
in the preceding sections. Co-expression network analyses were
conducted using the tool NetworkDrawer implemented in
ATTED-II (Obayashi et al., 2018) using co-expression data of
“Ath-r” with the ‘add many genes’ option.

Expression Analysis of Accessions and
Expression GWAS
Approximately 100 seedlings of each accession were grown
hydroponically for 10 d in control solution (0 µM Al,
pH 5.6). Subsequently, the roots were treated with the Al
stress solution (10 µM Al, pH 5.0) for 9 h, and the total
RNA isolation from the roots and reverse transcription were
conducted using Sepasol-RNA I Super G (Nacalai Tesque,
Kyoto, Japan) with High-Salt Solution for Precipitation (Plant)
(Takara Bio, Japan) and ReverTra Ace qPCR RT Master Mix
with gDNA Remover (Toyobo, Osaka, Japan), respectively,
following the manufacturer’s instructions. Quantitative RT-PCR
was performed using the standard curve as previously described
by Bustin et al. (2009). AtSAND (AT2G28390) was used as an
internal control, and the gene expression level of each accession
was normalized by that of Col-0 as the control of experimental
batches. Sequences of gene-specific primers used for qPCR are
shown in the Supplementary Table S3. Gene expression level of
each accession was defined by mean from three replicates. The
p-values for the correlation between the SNP alleles (MAF≥ 10%)
and gene expression levels were calculated from the expression
level of accessions with the tolerant and sensitive allele (from 8
to 17 biological replicates per allele) using the “lm” function in R
version 3.3.010. Expression GWAS analysis using gene expression
level of approximately 70 accessions was conducted in the
program TASSEL v. 3.0 using a generalized linear model (GLM)
with the genome-wide SNPs used for the GWAS evaluating RRL.

Sequence Analysis of AtALMT1 Locus
The AtALMT1 promoter sequences (-2235 bp from ATG) of
Arabidopsis accessions were sequenced using direct sequencing
for the genomic PCR-amplicons using a BigDye Terminator v.
3.1 Cycle Sequencing Kit (Applied Biosystems), according to
the manufacturer’s recommended protocol. Genomic PCR for
direct sequencing was conducted using TaKaRa Ex Taq (Takara),
and clean-up of PCR products was conducted using ExoSap-IT
(Affymetrix). Assembly and multiple sequence alignment were

8http://ktgis.net/gcode/index.php
9https://esdac.jrc.ec.europa.eu/content/soil-ph-europe
10http://www.R-project.org/

carried out using the programs GENETYX v. 11 (Genetyx) and
MEGA 6.06 (Tamura et al., 2013). The AtALMT1 promoter
sequences of Arabidopsis accessions determined in this study
were submitted to the DDBJ database. The DDBJ accession
numbers are shown in the Supplementary Table S8. The
sequences of reference accessions (e.g., Col-0) were obtained
from the TAIR 10 database. The haplotypes of the AtALMT1
promoter were initially estimated from the sequence data of 46
accessions with MAF > 10% and haplotype frequency > 10%.
We then determined a series of variants constituting the
haplotypes for an additional 25 accessions to estimate the four
major haplotypes (Supplementary Table S4). The haplotype
network of the AtALMT1 promoter was constructed using the
reduced median network method (Bandelt et al., 1995) with
the “frequency > 1” criterion in the program NETWORK
5.011. Insertion and deletion sites, including putative transposon
element insertions, were handled as a single mutation in the
calculation. The accessions with Hap2 type AtALMT1 promoter
were mapped onto a world map as described above.

GUS Staining, Expression Level Analysis
GUS staining of 5-day-old seedlings was performed following
Kosugi et al. (1990) following 9 h of exposure to hydroponic
solution containing 10 µM AlCl3 at pH 5.0. Expression level
analysis of GUS was conducted as described above using UBQ1
(AT3G52590) as an internal control (three technical replicates in
three individual transgenic lines for each construct).

Malate Excretion Analysis
Malate excretion from the Arabidopsis roots was analyzed as
previously described (Kobayashi et al., 2007). Approximately
10 seedlings were hydroponically pre-grown for 4 d in sterile
growth MGRL medium (pH 5.0) in Magenta GA-7 boxes (Sigma-
Aldrich). Subsequently, their roots were aseptically transferred
to 2% MGRL medium supplemented with 1% sucrose, with
or without 10 µM AlCl3 at pH 5.0 in 6-well plates. Root
exudates were collected after 9 h, and malate levels were
quantified enzymatically using the procedure reported by Hampp
et al. (1984). Mean values of three biological replicates in each
condition were calculated.

RESULTS

Variation of Al and Proton Tolerance
Among Arabidopsis Accessions and
Subpopulations
The relative root length of seedlings grown in Al (RRLAl; pH
5.0 plus 5 µM Al to minus Al) and proton (RRLproton; pH
4.6 to pH 5.0) hydroponic culture correlates with the tolerance
of Arabidopsis to Al (Kobayashi et al., 2005) and proton (i.e.,
proton stress, Kobayashi et al., 2013) rhizotoxicities in acid
soils. We scored the indices of 206 accessions of Arabidopsis
thaliana from the 1001 Genomes Project collection (see

11http://www.fluxus-engineering.com/index.htm
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FIGURE 1 | Al and proton tolerance of Arabidopsis thaliana accessions. (A) Distribution of the relative root lengths (RRLs) of 206 A. thaliana accessions under Al and
proton stress conditions (CV; coefficient of variation, Hb

2; broad-sense heritability). Seedlings were grown hydroponically for 5 days in either Al (5 µM Al, pH
5.0)/proton (0 µM Al, pH 4.6) solutions or a control solution (0 µM Al, pH 5.0). Five biological replicates of root length were used for calculation of relative root length
[RRL; root length under stress conditions/root length under control conditions (%)] (n = 5). (B) Correlation between Al and proton tolerance among A. thaliana
accessions. (C) Boxplot of Al and proton tolerance for 112 representative accessions from six ancestral subpopulations inferred from STRUCTURE (EE; Eastern
Europe, NA; North America, CA; Central Asia, WE; Western Europe, NE; Northern Europe, SE; Southern Europe). The values under EE-SE represent the number of
representative accessions of each subpopulation (Supplementary Table S1). Significant outliers from the mean RRL for each subpopulation are indicated by open
circles above or below the boxplots. The mean RRL value for the whole population is represented by a dashed line. Asterisks above the boxplots indicate a
significant difference from the mean RRL value for the whole population (permutation test, p < 0.05). Different letters indicate statistically significant differences in
mean RRL value among the six subpopulations (Tukey’s HSD test, p < 0.05).

Seren et al., 2017), which included subpopulations adapted to
multiple geographic locations. Using the STRUCTURE software,
we identified six ancestral subpopulations (Supplementary
Figure S1), which can be grouped by the geographic distribution
of accessions, corresponding to six locations [Eastern Europe
(EE), North America (NA), Central Asia (CA), Western
Europe (WE), Northern Europe (NE), and Southern Europe
(SE) (Supplementary Table S1 and Supplementary Figure
S1)]. After excluding accessions with a low germination rate
(n ≤ 5), we obtained 196 RRLAl and 200 RRLproton, respectively
(Figure 1A). While broad-sense heritability estimates were
similar (Hb

2
Al = 0.98, Hb

2
proton = 0.91), variation in Al

tolerance responses was more than twice as large as that for
proton tolerance responses, as estimated by the coefficient of

variation (CV) of each phenotype (CVAl = 40.0, CVproton = 16.5).
However, there were no significant correlations between Al and
proton tolerance among the accessions (Figure 1B). These results
suggested that, for the most part, each trait is differently regulated
and segregated among Arabidopsis accessions.

Differences in segregation patterns between Al and proton
tolerances among subpopulations were compared using
112 accessions (i.e., accessions without typical admixture of
subpopulations), which carried more than 70% of the estimated
membership of each ancestral subpopulation (Supplementary
Table S1). There were no significant differences in the mean
RRLAl between subpopulations. However, there were significant
differences in the mean RRLproton between the CA (proton
tolerance) and the EE subpopulations (proton sensitive)
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FIGURE 2 | Association mapping for Al and proton tolerance. Manhattan
plots for GWA mapping of Al and proton tolerance. Only SNPs with a
p-value < 0.1 are shown. The horizontal dashed line indicates the p-value
cutoff based on the cumulative effects of the associated SNPs (Al;
p < 6.2 × 10−4, proton; 1.1 × 10−3) respectively. The loci of the genes are
shown as a part of genes influenced on the tolerances (Figure 5).

(permutation test, p < 0.05; Figure 1C). Several subpopulations
showed larger within-subpopulation variation of RRLAl (WE
and EE) and RRLproton (NA). However, these subpopulations
showed relatively lower levels of within-subpopulation variation
for the other trait. These observations suggested that Al and
proton tolerance did not co-segregate between and within the
subpopulations. Several accessions were significantly more
tolerant or sensitive in comparison to other accessions belonging
to the same subpopulation. Only one accession of the EE
subpopulation showed unusual proton tolerance (RRLproton),
whereas four accessions of the CA and NE subpopulations
showed remarkable differences in Al tolerance (RRLAl) when
compared to other members of the same subpopulation
(Figure 1C). This suggests that the unusual phenotype of Al
tolerance may occur more frequently than for proton tolerance.

Identification of Effective Loci That
Control Al and Proton Tolerance
GWA mapping using linear mixed models in the TASSEL
software (Bradbury et al., 2007), utilizing 175,324 genome-
wide SNPs (MAF ≥ 5%, missing call rate ≤ 5%), identified
several loci controlling each trait. The different shapes of
Manhattan plots obtained by GWA mapping suggested that
our analyses successfully identified different loci controlling Al
and proton tolerance variations (Figure 2). Ridge regression
analyses of the phenotype (RRLAl and RRLproton) and genotype
of accessions (i.e., genomic prediction; GP) were conducted
using the top-ranked SNPs (i.e., SNPs with the lowest p-value

in GWA mapping; Figure 2) to estimate effective SNPs,
which in relatively small numbers cumulatively explain large
proportions of phenotypes.

Both R2 curves of the GP, which indicate the proportion
of the phenotype explained using a given number of SNPs,
peaked before they attained plateau (Figure 3A). According to
the corresponding number of SNPs that presented the highest
R2 values before plateauing, we assumed that the 140 (Al) and
160 (proton) SNPs would most effectively explain each trait with
relatively small numbers. The highest p-values for these SNPs
determined by GWA mapping were less than 6.2 × 10−4 for
RRLAl and 1.1 × 10−3 for RRLproton (see Figure 2), and each
set of SNPs explained approximately 75 and 68% of phenotypic
variation of each trait, respectively. None of the associated SNPs
was detected in both GWA mapping analyses, which reinforces
the observation that Al and proton tolerance were unrelated
(Figure 2). The R2 of the ridge regression of GP for the top-
20 SNPs was greater for Al tolerance (approximately 40%) than
for proton tolerance (approximately 20%) (Figure 3A). This
suggests that a larger proportion of RRLAl is controlled by a
relatively small number of loci in comparison to the proportion
of RRLproton.

The RMSE (root-mean-square error) in GP evaluates the
difference between predicted phenotype and observed phenotype
for all accessions. Al tolerance (at 120 SNPs, RMSE = 5.75)
had a larger RMSE than proton tolerance (at 140 SNPs = 3.81)
which suggests that individual accessions show larger differences
between predicted and observed RRLs under Al stressed
conditions. To test this, we calculated the “difference rate” [i.e.,
Log2(observed RRL/predicted RRL)] of individual accessions
under Al and proton toxic conditions (Figure 3B). Although
most accessions showed small differences (difference rate < |0.5|)
between the predicted and observed RRL in both conditions
(Figure 3B), 12 and four accessions showed markedly different
observed RRL from predicted RRL in Al and proton tolerance,
respectively (indicated in Supplementary Table S1). This
observation suggests that rare-allelic mutations, or other genetic
events that induce unusual phenotypes, may occur more
frequently in Al tolerance than in proton tolerance.

Among the unusual accessions, Voeran-1 showed the largest
difference in its RRLAl when compared using GP (Difference
rate = -1.35; 6.6% in observed RRL and 16.9% in predicted RRL).
The accession showed no Al inducible malate excretion, which
was comparable with the AtALMT1-knockout (KO) mutant
(Figure 4A). We confirmed that a mutation introducing a
premature STOP codon was present in AtALMT1 of Voeran-1 by
sequencing (Figure 4B), which explains why its hypersensitivity
to Al stress deviated from the GP.

Identification of Genes Control Al and
Proton Tolerance Associated With
Effective SNPs
We identified total 453 and 578 candidate gene that were located
within the 10 kb region (average linkage disequilibrium [LD]
decay of Arabidopsis; Kim et al., 2007) flanking the 140 and 160
GWAS-detected SNPs for Al and proton tolerance, respectively.
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FIGURE 3 | Estimation of the cumulative effect of GWAS detected SNPs by genomic prediction. (A) Cumulative effect of 20–300 top-ranked SNPs detected by the
GWAS of Al and proton tolerance. Cumulative effects and prediction accuracies were calculated using 100 times 5-fold cross-validations using coefficients of
determination (r2) and root mean squared error (RMSE) as indexes respectively. (B) Difference rate of Al and proton tolerance between actual RRL and predicted
RRL. The orange horizontal dashed line indicates the cutoff for unusual phenotype (|Difference rate| ≥ 0.5). Numbers on or under bar plot represent the accessions
showing an unusual phenotype (1: Lm-2, 2: Tsu-0, 3: Voeran-1, 4: Bil-7, 5: Bak-2, 6: Dra-2, 7: Fei-0, 8: Bolin-1, 9: Lp2-2, 10: Pna-17, 11: Nermut-1, 12: Bch-4, 13:
Jablo-1, 14: Pa-3, 15: Ct-1, 16: Shigu-2, 17: Dra-2, 18: Buckhorn Pass).

The genes listed in Supplementary Tables S5, S6 were
investigated for their contribution to the observed phenotypic
variation, in order to identify mechanisms underlying the natural
variation detected by GWA mapping. The gene list contained
some reported tolerance genes such as AtALMT1, which has been
previously associated with Al tolerance (Hoekenga et al., 2006).
However, most genes had never been reported as controlling
Al or proton tolerance. The contribution of these unidentified
genes were evaluated by reverse-genetics and co-expression gene
network analysis.

The genes in the list were first filtered as to whether or
not they were in the local linkage disequilibrium (LD) block
(r2
≥ 0.8), with the detected SNPs calculated individually (i.e.,

168 genes for RRLAl GWA mapping and 187 genes for RRLproton
GWA mapping; Supplementary Tables S5, S6). Reverse-genetics
approaches were applied for all the publicly available mutants of
the filtered genes at world-wide Arabidopsis bioresource centers
(i.e., 44 and 38 genes of the genes detected by Al and proton
GWA mapping). Using this approach, we found that 16 and
6 mutants showed significantly altered RRLAl and RRLproton
tolerance respectively (Student’s t-test, p < 0.05) (Figure 5).

The most sensitive of these knockouts was the previously
studied AtALMT1 (RRL [/WT] = 0.14), which served as a
positive control for our analyses. However, all of the other 16
mutants with reduced tolerance to Al stress were newly identified

by this study, these include: TON1 RECRUITING MOTIF
28 (AtTRM28; At5G03670) (RRL [/WT] = 0.36), SENSITIVE
TO FREEZING 6 (AtSFR6; AT4G04920) (RRL [/WT] = 0.53)
and THIOREDOXIN H-TYPE 1 (AtTRX1; AT3G51030) (RRL
[/WT] = 0.64) (Figure 5). Mutant analysis for proton tolerance
led to decreased stress tolerance far less frequently; in fact,
only two of the six knockouts had reduced tolerance to
proton stress while the other four were more tolerant. The
mutants of LSD1-LIKE2 (AtLDL2; AT3G13682) and PATTERN-
TRIGGERED IMMUNITY COMPROMISED RECEPTOR-LIKE
CYTOPLASMIC KINASE 2 (AtPCRK2; AT5G03320) were mildly
more sensitive to proton stress, while the mutants of HIGH
AFFINITY K+ TRANSPORTER 5 (AtHAK5; AT4G13420), three
genes encoding drug/metabolite transporter superfamily protein
(AT2G25520), ATP synthase (AT5G59613) and transmembrane
protein (AT4G32680) were mildly more tolerant to proton stress.
These results suggest that we successfully identified several genes
that control natural variation of Al and proton tolerance in
Arabidopsis polygenically.

Co-expression gene network analysis was conducted
using the ATTED-II database to identify additional tolerance
genes to those found using the reverse genetics approach.
Although no networks were formed by proton tolerance
genes, we found three co-expression gene networks
that contained multiple Al tolerance genes identified
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FIGURE 4 | Characterization of Al hypersensitivity in Voeran-1. (A) Malate
excretion from the root of WT (Col-0), knockout mutant of AtALMT1 and
Voeran-1 under control (0 µM Al, pH 5.0) and Al (10 µM Al, pH 5.0) condition
for 9 h. Mean values ± SD are shown (average of three biological replicates
samples; n = 3). (B) Position of mutation in AtALMT1 of Voeran-1 and Wa-1,
and T-DNA inserted site of knock out mutant.

by reverse-genetics (Supplementary Figures S2, S3).
In addition, each network contained several other genes that were
linked to the effective SNPs for RRLAl by GP (Figure 6). One co-
expression network contained AtALMT1 and AT2G16980. This
network was composed of the two Al tolerance genes and 25 co-
expression genes including two GWAS-detected genes (FATTY
ALCOHOL:CAFFEOYL-COA CAFFEOYL TRANSFERASE
[FACT] and RGF1 INSENSITIVE 2 [RGFR2; AT5G48940])
located within ± 10 kb of the 30th and 41st associated SNPs
respectively. Another network was composed of AtTRM28 and
AtTRX1, which were demonstrated to have a relatively large
contribution to Al tolerance (Figure 5), and 14 co-expression
genes including one GWAS-detected gene AUXIN-INDUCED
IN ROOT CULTURES 9 (AIR9) located within ± 10 kb of the
79th associated SNP. Among the three co-expression networks,
two networks contained genes involved in biological processes
including “protein processing in endoplasmic reticulum” and
“biosynthesis of secondary metabolites.” These biological
processes are regulated by each network and may have important
roles in Al tolerance.

Expression Level Polymorphism of
AtALMT1 and AtTRX1
Expression level polymorphism is one of the mechanisms which
causes phenotypic variation of Al tolerance among Arabidopsis
accessions (Kusunoki et al., 2017). Using randomly chosen 25
accessions, we measured the expression level of four GWAS-
detected Al tolerance genes, AtALMT1, AtTRM28, AtTRX1, and
AtSFR6, that showed more than 30% decrease of Al tolerance in
the mutant compared to WT as shown in Figure 5, and analyzed

the correlation between the ELP of tolerance genes and RRLAl-
associated SNP (Figure 7). We found that expression levels of
AtALMT1 and AtTRX1 were significantly greater in accessions
carrying tolerant allele than in accessions carrying sensitive allele.
Both AtALMT1 and AtTRX1 are directly linked to top-ranked
SNPs, but there was no association between the SNPs and amino
acid polymorphisms of either proteins obtained from the 1001
proteomes database (Joshi et al., 2012) (Supplementary Table
S7). This suggests that protein polymorphism does not play an
important role in the variation in Al tolerance caused by these
genes. Instead, it suggests that ELP of AtALMT1 and AtTRX1 is
involved in the mechanism of RRLAl variation.

Expression GWAS (eGWAS) was conducted on both genes
to identify possible mechanisms controlling ELP. The eGWAS
of AtTRX1 solely identified a single peak at its own locus and
the most significant SNP was the same as that detected using
GWAS of RRLAl (Chr.3_18951741, Figures 8A–C). This strongly
suggests that ELP of AtTRX1, caused by cis-polymorphism
(e.g., polymorphism in promoter), contributes to generating Al
tolerance variation. By contrast, eGWAS of AtALMT1 linked to
the AtALMT1 promoter region and several other loci, suggesting
that a portion of ELP of AtALMT1 could be explained by
the difference in promoter activity, which may be directly
regulated by the locus (Figures 8D–F). To test this possibility, we
conducted haplotype analysis and promoter-GUS fusion analysis
on AtALMT1 promoter.

Haplotype analysis of AtALMT1 promoter was conducted
using 71 accessions. This analysis provided several haplotypes,
in which there were four major haplotypes (Hap1-Hap4,
frequency > 10%) (Figure 9A and Supplementary Table S4).
All 10 accessions with minor alleles of GWAS-detected SNP
constituted Hap2, which carried 498 bp insertion corresponding
to a transposable element (TE) AT1TE08660 of the ATLANTYS3
family 879 bp upstream of the ORF. Additionally, several
SNPs and small indels constituting each haplotype were found
(Figures 9A,B). To evaluate this model further, we compared
the activity of the Hap2 type promoter (Col-0) and a sensitive
promoter (Bil-7) using transgenic carrying promoter-GUS
(Figure 10). The part of GUS activity in the root was similar
in both lines (Figure 10A), however, the GUS expression level
of the Col-0 promoter-GUS line was significantly greater than
that of the Bil-7 promoter-GUS line (Figure 10B). By contrast,
deletion of TE showed lower GUS expression compared with that
of the Col-0 promoter-GUS line (Figure 10B), indicating that
greater expression of Hap2 is, in part, caused by the TE insertion,
which is involved in the greater expression level of AtALMT1
observed in Col-0.

DISCUSSION

Tolerance to Al and proton toxicities are mostly quantitative
traits but single major genes can account for a large proportion
of the phenotypic variation in many species (e.g., Kobayashi
and Koyama, 2002; Hoekenga et al., 2003; Kobayashi et al.,
2005; Ikka et al., 2007). In the present study, a GWAS of Al
and proton tolerance using the RRLs of Arabidopsis accessions
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FIGURE 5 | Root growth of mutant lines of GWAS-identified candidate genes for Al (A) and proton (B) tolerance. Seedlings were grown hydroponically for 5 days in
either Al (5 µM Al, pH 5.0)/proton (0 µM Al, pH 4.6) solutions or a control solution (0 µM Al, pH 5.0). Five biological replicates of root length were used for calculation
of relative root length (RRL; root length under stress conditions/root length under control conditions). It was divided by the RRL value of WT. Mean values ± SD are
shown (n = 5). Asterisks indicate significant differences (p < 0.05; Student’s t-test) compared to WT.

identified various genes linked to the detected SNPs, which
cumulatively explained approximately 70% of the phenotypic
variations of each trait, which included some of major genes
controlling each trait (Figure 3A). The identified genes (168 and
187 genes by RRLAl and RRLproton respectively, Supplementary
Tables S5, S6) included a number of critical genes (e.g.,
AtALMT1 for Al tolerance, Hoekenga et al., 2006) for which
dysfunctional mutation could directly alter tolerance (Figure 5).
GWAS revealed the cumulative effects of multiple genes that
controlled these tolerances, which belonged to the distinct
biological process of either Al or proton tolerance (Figure 6
and Supplementary Figures S2, S3). These results provide new
insights into the complex mechanisms underlying Al and proton
tolerance in plants.

A comprehensive reverse genetics approach using the T-DNA
mutants of the GWAS-detected genes revealed the importance
of STOP1-regulated genes, AtALMT1 and HAK5, for variation
in Al tolerance and proton tolerance, respectively (Figure 5).
AtALMT1, which encodes an Al activated malate transporter, is
one of the critical Al tolerance genes in Arabidopsis (Hoekenga
et al., 2006) and was linked to the major QTL of the
Ler/Col (Kobayashi and Koyama, 2002) and Ler/Cvi population
(Kobayashi et al., 2005). The T-DNA KO line of HAK5, which

encodes a high-affinity K+ transporter, slightly enhanced proton
tolerance (Figure 5). In contrast, higher expression of HAK5 was
observed in the proton-sensitive STOP1 mutant compared to
WT when under proton stress (Sawaki et al., 2009). This could
account for the role of K+ homeostasis in the protection of cells
against proton stress through the maintenance of cytosolic pH
(Britto and Kronzucker, 2005; Bissoli et al., 2012).

Our GWAS and GP did not identify the STOP1 locus in
either Al or proton stress tolerance (Supplementary Table S5,
S6). It appears that the gradual adaptation of Arabidopsis to
acid soils relied on modifications to the genes downstream
of this major transcription factor, rather than changes to
the transcription factor itself. In contrast, the polymorphism
of STOP1-like protein (rice ortholog ART1) was identified
as being important for variation in Al tolerance in rice
(Arbelaez et al., 2017). This suggests that polymorphisms
in STOP1 do not cause the variation in Al and proton
tolerance among Arabidopsis accessions, where this is not
the case in rice. This may be a result of the pleiotropic
nature of STOP1-like proteins and the differences in the
number of copies in the two species. Rice contains at least
five copies of STOP1-like proteins (Yamaji et al., 2009).
However, Arabidopsis contains only two copies of the genes
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FIGURE 6 | Co-expression networks containing the candidate genes for Al tolerance detected by GWAS. The co-expression networks were constructed by using
16 candidate genes that showed altered Al tolerance in the mutant (represented on Figure 5) as query genes by ATTED-II. Among all constructed networks
(Supplementary Figure S2), only the networks that contained more than two candidate genes are shown. White and gray ellipses indicate query genes and added
co-expressed genes respectively. Red rectangle indicates the genes located within the 10 kb of GWAS-detected SNP for Al tolerance (Supplementary Table S5)
respectively. Colored circles indicated the genes involved in enriched biological processes represented on the table.

for STOP1-like proteins (including the STOP1’s downstream
STOP2; Kobayashi et al., 2014). Recent studies have identified
that dysfunction of STOP1 can repress salt and hypoxia tolerance,
while enhancing drought tolerance in Arabidopsis (Enomoto
et al., 2019; Sadhukhan et al., 2019). This suggests that the
polymorphism of STOP1 directly interferes with other stress
tolerant traits in Arabidopsis, but not in rice, as a result
of its redundancy. This hypothesis warrants investigation by
further studies.

Our approach, namely integration of GWAS and reverse
genetics, would fail to identify several critical genes for Al and
proton tolerance due to underlying technical limitations. For
example, our GWAS did not detect several critical Al tolerance
genes of Arabidopsis, such as genes for citrate transporting
MATE (Liu et al., 2012) and ALS3 (Larsen et al., 2004), and
any genes encoding proteins belong to cell-wall metabolism,
while several polysaccharides of cell-wall are involved in
Al tolerance mechanisms (Yang et al., 2008). It could be
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explained by insufficient power of our GWAS conducted with
multiple subpopulations to detect the subpopulation specific
allele (Korte and Farlow, 2013; Imamura et al., 2016), which

FIGURE 7 | Box plot of expression level of the genes that showed more than
30% decrease of Al tolerance in the mutants (Figure 5). The gene expression
level of the accessions carrying sensitive and tolerant allele of the most
associated SNP linked with the gene in GWAS (Supplementary Table S5)
are shown. Asterisk indicates a significant difference of expression level
between the accessions with tolerant and sensitive alleles (p < 0.05). N
indicates the number of biological replicates per allele (n = 8–17).

may segregate only in some subpopulations. By contrast, the
background accession of most T-DNA inserted plants (i.e., Col-
0), is one of the most proton sensitive among all accessions
(RRLproton = 34.9). It may affect sensitivity of reverse genetic
analysis, which evaluate the loss of proton tolerance by the
disruption of particular gene. Different approach such as
overexpression of GWAS-identified genes in Col-0 would be
useful to evaluate the candidate genes for proton tolerance.

Combining GWAS and genome-wide functional genomics
approaches, such as joint genetic and network analysis
(Kobayashi et al., 2016; Butardo et al., 2017), is a useful approach
to elucidate the polygene-regulated tolerance mechanisms.
In this study, co-expression gene network analysis revealed
that multiple Al tolerance genes identified by reverse-genetics
belonged to the same/small co-expression network (Figure 6).
The network formed with AtALMT1 contained another Al
tolerance gene and two genes collocated near the top-ranked
SNPs of RRLAl. The linked genes contained RGFR2, which
is directly associated with AtALMT1 in the co-expression
network and is a critical protein kinase for root meristem
growth (Shinohara et al., 2016). Another network was formed
by AtTRX1 and AtTRM28, which showed severe Al sensitivity
through the growth assay of T-DNA insertion mutants next
to the AtALMT1-KO (Figure 5). TRXs play roles in processes
that maintain ROS-status and ROS-signaling (Foyer and
Noctor, 2005; Navrot et al., 2007; Skelly et al., 2016), while the
TRM family proteins are known to regulate polymerization of
microtubules, such as the formation of the microtubule array
during cell division (Struk and Dhonukshe, 2014; Schaefer
et al., 2017). This suggests that AtTRX1 and AtTRM28 may
contribute to Al tolerance through the regulation of processes
that require microtubules, including cell wall synthesis (Höfte
and Voxeur, 2017), which is a typical target biological process by

FIGURE 8 | GWA mapping of gene expression level of AtTRX1 and AtALMT1under Al stress. (A) Manhattan plots of GWAS of AtTRX1 expression level. (B) Detailed
plot of the region of the most associated SNP on Chr.3 in GWAS of AtTRX1 expression level. (C) Box plot of AtTRX1 expression levels of the most strongly associated
SNP (Chr.3_18951741). (D) Manhattan plots of GWAS of AtALMT1 expression levels. (E) Detailed plot of the region of higher associated SNP on AtALMT1 locus in
GWAS of AtALMT1 expression level. (F) Box plot of AtALMT1 expression levels of the higher associated SNP in the AtALMT1 promoter region (Chr.1_2658309).
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FIGURE 9 | Haplotype analysis of AtALMT1 promoter. (A) Major haplotypes of the AtALMT1 promoter region observed among 71 A. thaliana accessions. The
positions indicate distance from the start codon of AtALMT1. “-” indicates deletion. The SNPs of -1669 and -701 correspond to the higher associated SNPs
(Chr.1_2657131 and Chr.1_2658099) in GWAS of Al tolerance (Figures 2, 7). The SNP of -491 corresponds to the higher associated SNP (Chr.1_2658309) in
eGWAS of AtALMT1 expression level (Figures 8E,F). (B) Haplotype network of AtALMT1 promoter. Yellow circles represent each haplotype, and circle sizes
represent the number of accessions within the haplotype. Red circles represent the median vector. Red letters indicate the variants, and the black arrow indicates
the TE insertion.

FIGURE 10 | Promoter activity analysis of the AtALMT1 promoter. (A) GUS staining patterns in root of the transgenic plants carrying the AtALMT1 promoter of Col-0
and Bil-7. Transgenic plants were grown hydroponically for 5-days in a control solution (0 µM Al, pH 5.0) and then exposed to an Al stress solution (10 µM Al, pH
5.0) for 9 h. Bar = 200 µm. (B) GUS expression levels in the roots of transgenic plants carrying different AtALMT1 promoters. Col-0 type and Bil-7 type promoters
are indicated by orange and blue boxes respectively. TE (498 bp length transposable element insertion at 879 bp upstream from the ATG codon of AtALMT1) is
indicated by a purple box. GUS expression levels were analyzed using real-time quantitative RT-PCR. Approximately 100 seedlings were grown hydroponically for
10 days in a control solution (0 µM Al, pH 5.6) and then treated with an Al stress (10 µM Al, pH 5.0) solution for 9 h. Mean values ± SD are shown (three technical
replicates in three individual transgenic lines for each construct). Asterisks indicate significant differences compared with the Col-0 type promoter (Student’s t-test,
∗∗p < 0.05, ∗p < 0.1).

Al (Sasaki et al., 1997; Sivaguru et al., 2003). The network also
contained a gene linked to the top-ranked SNPs, which encoded
one of the microtubule associated proteins (AT2G34680). The
other network, which contained four genes annotated as “protein
processing in endoplasmic reticulum (ER),” was formed by three
genes which were identified by reverse-genetic assay, and one
other gene linked to the top-ranked SNPs (Figures 5, 6 and
Supplementary Table S5). This suggests that protein processing
in the ER is involved in Arabidopsis Al tolerance mechanisms.
In fact, a gene encoding the ER-localized protein chaperon

(BINDING PROTEIN3) was previously identified as one of the
Al tolerant genes in Arabidopsis (Kusunoki et al., 2017).

Expression level polymorphism of AtALMT1 and AtTRX1 due
to cis-regulatory allelic variation was identified as one of the
causes of Al tolerance variation detected by GWA mapping. An
eGWAS for AtTRX1 revealed a single and significant linkage of
the AtTRX1 locus, suggesting that greater expression of the gene
was mostly determined by mutations in the cis-acting factor,
which was also associated with Al tolerance (Figures 7, 8A,B;
Supplementary Table S5). This variation is similar to the natural
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variations in NIP1;1 that regulate H2O2 tolerance by ELP as a
result of mutations in the promoter (Sadhukhan et al., 2017).
In this study, mutations in the promoter were also identified as
an ELP mechanism of AtALMT1 (Figures 7, 8D,E). The typical
pyramiding of historical mutations consists of TE insertion
followed by a single nucleotide mutation (Figures 9A,B). The
insertion of a TE is one of the major mechanisms causing
ELP that drives adaptation to new environments (Yang et al.,
2013). This accounts for the greater expression levels of major
Al tolerance genes occurring in several Al tolerant crop varieties
such as barley, wheat, sorghum, and rice (Magalhaes et al., 2007;
Fujii et al., 2012; Tovkach et al., 2013; Yokosho et al., 2016;
Pereira and Ryan, 2019). In this study, most of the accessions with
a Hap2 type AtALMT1 promoter (higher AtALMT1 expression
type) originated from the Western Europe region where acid
soils are dominant (Supplementary Figure S4). This suggests
that they have adapted to the acid soil common to the region
by enhancing their AtALMT1 expression level. On the other
hand, the eGWAS of AtALMT1 identified complex regulation of
AtALMT1 expression, which has also been identified by previous
studies investigating AtALMT1 expression (e.g., Tokizawa et al.,
2015). Further study of the loci detected by eGWAS may uncover
the molecular mechanisms which act in this complex system.

Accessions with unusual phenotypes, which were indicated
by a large gap between the observed and predicted phenotype
using GP, occurred more frequently in Al tolerant accessions
(Figures 1A, 3B). By contrast, only few accessions showed
unusual phenotypes in proton tolerance (Figures 1A, 3B),
supporting our hypothesis that proton tolerance appears to be
strongly regulated by polygenes. These differential patterns in
the genetic architecture of Al and proton tolerance variation
need to be considered when breeding crop varieties tolerant to
acid soils. On the other hand, distribution of Al and proton
tolerant accessions shows different pattern. Accessions that were
unusually tolerant to Al tended to be located in the acid
soils regions of Western Europe (Supplementary Figure S4).
By contrast, accessions that were unusually sensitive to Al
were located in the non-acid soil region of Southern Europe
included the most Al sensitive accession, Voeran-1, a natural
AtALMT1 loss-of-function mutant, found in Northern Italy
(Supplementary Figure S4). This suggests that variation in Al
tolerance would be beneficial in order to adapt to acid soil
conditions. However, the loss of Al tolerance would not have
negative effects on survival in a non-acid soil environment. By
contrast, there were no such trends in proton tolerance levels of
accessions. It may be accounted for the pleiotropic role of proton
tolerance, which interfere various other traits such as nutrient
acquisition and cell expansion (Shavrukov and Hirai, 2016). This
hypothesis warrants investigation by further studies.
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Reactive oxygen species (ROS) can act as signaling molecules involved in the
acclimation of plants to various abiotic and biotic stresses. However, it is not clear
how the generalized increases in ROS and downstream signaling events that occur
in response to stressful conditions are coordinated to modify plant growth and
development. Previous studies of maize (Zea mays L.) primary root growth under water
deficit stress showed that cell elongation is maintained in the apical region of the
growth zone but progressively inhibited further from the apex, and that the rate of
cell production is also decreased. It was observed that apoplastic ROS, particularly
hydrogen peroxide (H2O2), increased specifically in the apical region of the growth zone
under water stress, resulting at least partly from increased oxalate oxidase activity in
this region. To assess the function of the increase in apoplastic H2O2 in root growth
regulation, transgenic maize lines constitutively expressing a wheat oxalate oxidase were
utilized in combination with kinematic growth analysis to examine effects of increased
apoplastic H2O2 on the spatial pattern of cell elongation and on cell production in well-
watered and water-stressed roots. Effects of H2O2 removal (via scavenger pretreatment)
specifically from the apical region of the growth zone were also assessed. The results
show that apoplastic H2O2 positively modulates cell production and root elongation
under well-watered conditions, whereas the normal increase in apoplastic H2O2 in
water-stressed roots is causally related to down-regulation of cell production and root
growth inhibition. The effects on cell production were accompanied by changes in spatial
profiles of cell elongation and in the length of the growth zone. However, effects on
overall cell elongation, as reflected in final cell lengths, were minor. These results reveal
a fundamental role of apoplastic H2O2 in regulating cell production and root elongation
in both well-watered and water-stressed conditions.

Keywords: cell elongation, cell production, root growth, hydrogen peroxide, kinematics, reactive oxygen species,
water stress, Zea mays
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INTRODUCTION

The growth of plant organs does not occur indiscriminately but
is restricted in its distribution to certain regions that are referred
to as the growth zones. Within these zones, there is considerable
spatial and temporal heterogeneity of cell production and cell
expansion rates (Erickson and Silk, 1980). This heterogeneity can
occur during the course of development (Beemster and Baskin,
1998) and in response to various environmental conditions
(Sharp et al., 1988; Sacks et al., 1997; Muller et al., 1998; Yang
et al., 2017), and thereby impacts the structure and function of
different plant tissues and organs.

Drought is the major environmental factor reducing plant
growth and crop productivity on a global basis (Boyer, 1982;
Boyer et al., 2013). Understanding how water-stressed plants
regulate growth and development of different organs is vitally
important for developing crops with improved drought tolerance
(Sharp and Davies, 1989; Gonzalez et al., 2012; Tardieu et al.,
2018). Maintenance of root system development is a prominent
adaptation of plants to water deficit (Ober and Sharp, 2007),
which can enable access to water from deeper soil profiles
(Sharp and Davies, 1985; Sponchiado et al., 1989; Kirkegaard
et al., 2007). In some circumstances, to reach moist soil, roots
must grow through soil that is already dry, and it has been
demonstrated that some root types, including the primary root of
several species, can continue growing at low soil water potentials
that completely inhibit shoot growth (Sharp and Davies, 1979;
Westgate and Boyer, 1985; Sharp et al., 1988; Spollen et al., 1993;
Yamaguchi et al., 2010).

The physiological mechanisms underlying root growth
maintenance at low water potentials have been studied
extensively in the primary root of maize (Zea mays L.; reviewed
in Sharp et al., 2004; Yamaguchi and Sharp, 2010; Ober and
Sharp, 2013). Kinematic growth analysis (Erickson and Silk,
1980; Walter et al., 2009) was used to characterize the spatial
and temporal patterns of cell expansion within the growth zone
(Sharp et al., 1988; Liang et al., 1997). The results demonstrated
that cell elongation is differentially responsive to water stress in
different regions. Local elongation rates are maintained in the
apical region even under conditions of severe water stress (water
potential of −1.6 MPa), but are then progressively inhibited
as cells are displaced further from the apex, resulting in a
shortened growth zone. Interestingly, despite the maintenance
of cell elongation in the apical region, which encompasses the
meristem, the cell production rate was reported to decrease
by 30% or more in maize primary roots growing under water
stress (Fraser et al., 1990; Saab et al., 1992; Sacks et al., 1997).
It is unclear whether the decrease in cell production reflects a
negative effect of water stress or, potentially, a component of
root growth adaptation to water-limited conditions (Sacks et al.,
1997). Mechanisms regulating the decrease in cell production in
water-stressed roots have not been investigated.

In association with the spatially variable response of cell
elongation to water stress in the maize primary root, cell wall
extension properties are enhanced in the apical region of growth
maintenance but reduced in the basal region of growth inhibition
(Wu et al., 1996). The increase in extensibility in the apical

region helps to maintain cell elongation despite incomplete
turgor maintenance (Spollen and Sharp, 1991). Integration of
spatial growth analyses with functional genomics revealed that
the majority of changes involved region-specific patterns of
responses (Zhu et al., 2007; Spollen et al., 2008; Voothuluru
et al., 2016). Transcriptome and cell wall proteome analyses
showed that gene expression and abundance of proteins involved
in generating reactive oxygen species (ROS) increased under
water stress, particularly in the apical region (Zhu et al., 2007;
Spollen et al., 2008). Subsequent studies confirmed that apoplastic
hydrogen peroxide (H2O2) increased specifically in the apical
region of the growth zone in water-stressed compared with well-
watered roots (Voothuluru and Sharp, 2013).

Apoplastic ROS may have cell wall loosening or tightening
effects that could be region specific, and may also have other
growth regulatory functions (Córdoba-Pedregosa et al., 2003;
Foreman et al., 2003; Tyburski et al., 2010). Apoplastic ROS
have been implicated in cleaving cell wall polysaccharides to
promote wall loosening and cell expansion (Schopfer, 2001;
Fry, 2004; Müller et al., 2009). Schopfer (2001) provided
evidence that hydroxyl radicals are involved in wall loosening
and growth promotion in maize coleoptiles, and inhibition
of hydroxyl radical production using various ROS scavengers
or inhibitors of ROS-producing enzymes resulted in growth
inhibition of maize primary roots (Liszkay et al., 2004) and
leaves (Rodriguez et al., 2002) under well-watered conditions.
On the other hand, apoplastic ROS could potentially be involved
in signaling processes that regulate cell production (Menon
and Goswami, 2007; Foyer and Noctor, 2011). An increase in
apoplastic ROS production and perception has been implicated in
cellular signaling and the regulation of nuclear gene transcription
(Padmanabhan and Dinesh-Kumar, 2010; Shapiguzov et al.,
2012), and studies in both animal and plant systems suggested
that redox balance is critical for cell cycle progression and the
maintenance of cell proliferation (Burhans and Heintz, 2009;
Tsukagoshi et al., 2010; Yu et al., 2013; Tsukagoshi, 2016).
Whether the increase in apoplastic ROS in the apical region of
the growth zone of water-stressed roots is involved in regulating
wall loosening and/or cell production has not been investigated.

In plants, apoplastic ROS can be generated by different
enzymatic and non-enzymatic processes. The NADPH oxidases,
located in the plasma membrane, utilize cytosolic NADPH to
generate apoplastic superoxide (Foreman et al., 2003; Liszkay
et al., 2004). The superoxide could participate in signaling
processes in the apoplast or can be converted into H2O2
or hydroxyl radicals by action of superoxide dismutases and
peroxidases (Liszkay et al., 2004; Dunand et al., 2007). Apoplastic
H2O2 can also be produced by cell wall-localized enzymes
including oxalate oxidases and polyamine oxidases (Davidson
et al., 2009; Waszczak et al., 2018) or by the non-enzymatic
degradation of apoplastic ascorbate (Green and Fry, 2005). The
increase in apoplastic ROS in the growth zone of water-stressed
roots likely results, at least partly, from the marked increase
in gene expression, protein abundance and activity of oxalate
oxidase that occurs in this region (Zhu et al., 2007; Spollen et al.,
2008; Voothuluru and Sharp, 2013). Oxalate oxidases catalyze
the conversion of oxalate to H2O2 and CO2, and are known
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to be cell wall localized (Davidson et al., 2009). In this study,
transgenic maize lines constitutively expressing a wheat oxalate
oxidase (Ramputh et al., 2002; Mao et al., 2007) were utilized in
combination with kinematic growth analysis to examine effects
of increased oxalate oxidase activity and apoplastic H2O2 on
the spatial patterns of elongation and on cell production rates
in well-watered and water-stressed maize primary roots. The
results indicate that apoplastic H2O2 positively modulates cell
production and root elongation under well-watered conditions,
whereas in water-stressed roots, increased apoplastic H2O2 is
causally related to down-regulation of cell production and root
growth inhibition. Although spatial growth patterns were altered,
increased H2O2 levels had relatively minor effects on overall cell
elongation, as reflected in final cell lengths, in roots growing
under both well-watered and water-stressed conditions. Potential
mechanisms by which apoplastic H2O2 may modulate cell
production and root elongation are discussed.

MATERIALS AND METHODS

Plant Materials and Growth Conditions
Transgenic maize (Z. mays L.) lines that were stably expressing a
wheat oxalate oxidase gene regulated by a constitutive rice actin
promoter were used. The lines were in the CK44 (Transgenic
T8 generation) and B73 (T5 generation) inbred backgrounds
(Ramputh et al., 2002; Mao et al., 2007). Corresponding
segregated transgene negative lines were used as controls and are
referred to as “wild-type.” Experiments focused on the CK44 line,
and key findings were repeated with the B73 line.

Seeds were sterilized in 5% NaClO (v/v) for 15 min, rinsed
with deionized water for 15 min, imbibed in aerated 1 mM
CaSO4 for 24 h, and germinated between sheets of germination
paper moistened with 1 mM CaSO4 at 29◦C and near-saturation
humidity in the dark. Seedlings with primary roots 10–20 mm
in length were transplanted against the sides of Plexiglas boxes
containing vermiculite (no. 2A, Therm-O-Rock East Inc.) at
water potentials of −0.03 MPa (well-watered) or −1.6 MPa
(water-stressed), which were obtained by thorough mixing with
pre-calibrated amounts of 1 mM CaSO4 (Sharp et al., 1988;
Spollen et al., 2000). In some experiments, vermiculite water
potentials of−0.3 and−0.8 MPa were also used. Water potentials
were measured in each experiment by isopiestic thermocouple
psychrometry (Boyer and Knipling, 1965). Seedlings were grown
at 29◦C and near-saturation humidity in the dark (to minimize
further drying of the media) until harvest (Sharp et al., 1988).
Primary root elongation rates were determined by periodically
marking the position of the root apices on the sides of the
boxes. Transplanting, growth measurements and harvesting were
performed using a green “safe” light (Saab et al., 1990).

Oxalate Oxidase Activity Staining Assay
In-situ oxalate oxidase activity was detected in apical segments
(approximately 12 mm in length; 48 and 72 h after transplanting)
or in transverse sections (48 h after transplanting) of primary
roots using a solution containing 25 mM succinic acid, 3.5 mM

EDTA, 2.5 mM oxalic acid at pH 4, and 0.6 mg mL−1 4-chloro-
1-naphthol (Dumas et al., 1995; Voothuluru and Sharp, 2013).
Segments were stained for 24 h at 25◦C (length measurements
showed that the segments did not grow during staining).
Transverse sections (14 µm) were obtained using a cryostat
microtome (Leica CM 1850) at 1–2, 5–6, and 9.5–10.5 mm
from the apex, and stained for 45 min (Caliskan and Cuming,
1998). The segments or sections were then washed several
times in deionized water and imaged using a stereomicroscope
(Leica MZFLIII). Controls for oxalate oxidase staining were
incubated in staining solution without oxalic acid. The oxalate
oxidase activity in water-stressed roots was evaluated using
non-isoosmotic staining solution, since it was previously shown
that using melibiose to lower the water potential (as used
in experiments described below) interferes with the assay
(Voothuluru and Sharp, 2013).

Oxalate Oxidase Transgene Expression
Primary roots were collected from batches of five to eight
seedlings at 36 and 48 h after transplanting. Root tips
were sectioned into apical (0–5 mm) and basal (5–12 mm)
regions, frozen in liquid nitrogen and stored at −80◦C.
Samples were ground in liquid nitrogen and RNA was
extracted using RNeasy (Qiagen). After cleaning with 0.5
units of DNase (Invitrogen) µg−1 total RNA, 5 µg RNA
was used to synthesize single-stranded cDNA using one
unit of Superscript II Reverse Transcriptase (Invitrogen)
and 0.5 µg oligo dT primers. Transgene-specific primers
(Forward 5′ CATGGTCGTCTCCTTCAACA and Reverse 3′
CATTTCAGGGAAGGCTCCTA) were designed using Primer3
Software, and 0.2 µg aliquots were used for qRT-PCR
with 1 µg cDNA to amplify the wheat oxalate oxidase
expression. Glyceraldehyde phosphate dehydrogenase was used
as a reference gene.

In situ Imaging of Apoplastic ROS
Imaging of apoplastic ROS in the apical region of the
primary root was conducted using the fluorescent dye 2′,7′-
dichlorodihydrofluorescein (H2DCF; custom synthesized by
Molecular Probes), as described by Zhu et al. (2007). The
dye is a derivative of 5-(and-6)-carboxy-2′,7′- H2DCF diacetate
(carboxy-H2DCFDA, an indicator of intracellular ROS) in which
the acetate groups (which allow the molecule to cross the
plasma membrane) have been cleaved. Evidence of apoplastic
localization of H2DCF staining in the apical region of well-
watered and water-stressed maize primary roots was detailed in
Zhu et al. (2007).

Staining was conducted using a protocol to minimize diffusion
of the dye and ROS from the apoplast (Zhu et al., 2007).
Briefly, roots of the CK44 transgenic and wild-type lines were
harvested 48 h after transplanting and placed in a solution
containing 1% high- and 1% low-gelling temperature agarose
(1:1) in 1 mM CaSO4, which solidified at approximately
30◦C, and 30 µM H2DCF. As the solution cooled, roots
were immersed immediately before the onset of solidification.
To avoid osmotic shock, for the water-stressed roots the
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solution water potential was lowered to −1.6 MPa (the water
potential of the vermiculite in which the roots had been
growing) using melibiose. Melibiose was used for this purpose
because of evidence that it is neither hydrolyzed nor taken
up by plant cells (Dracup et al., 1986). After 30 min, agarose
blocks containing the root apical 20 mm were removed
and H2DCF fluorescence in epidermal cells was imaged at
1.5–2.0 mm from the apex using two-photon laser-scanning
confocal microscopy (Zeiss LSM NLO 510 combined with a
Coherent, Chameleon 720–950 nm laser). Seven optical sections
(5 µm in thickness) were merged into a single image for
each root, and normalized fluorescence intensity (sum of pixel
intensities in a defined area divided by pixel number) was
quantified using the threshold option of Metamorph software
(Molecular Devices Inc.).

Cytosolic ROS
Cytosolic ROS was imaged by staining with the membrane-
permeable fluorescent dye carboxy-H2DCFDA (Molecular
Probes). Briefly, roots were harvested 48 h after transplanting,
placed in a solution containing 1 mM CaSO4 and 15 µM
carboxy-H2DCFDA, and stained for 30 min. For the water-
stressed roots, melibiose was added to lower the solution water
potential to −1.6 MPa. The apical 10 mm were then imaged
for carboxy-H2DCFDA fluorescence using a stereomicroscope
(Leica MZFLIII) with a GFP filter (excitation 488 nm, emission
515/30 nm). Normalized fluorescence intensity was quantified as
described above.

Cell Length and Relative Elongation Rate
Profiles
Spatial distributions of relative elongation rate (h−1) were
calculated from root elongation rates and cell length profiles (Silk
et al., 1989; Yamaguchi et al., 2010). Accurate determination of
relative elongation rate profiles from anatomical records requires
steady growth and cell length distribution. Root elongation was
essentially steady in well-watered and water-stressed roots after
12 and 24 h from transplanting, respectively. However, because
the water-stressed roots elongated more slowly, the harvest time
was increased from 48 h in well-watered roots to 72 h in
water-stressed roots to allow greater time for stabilization of the
cell length profile.

Briefly, 25–30 seedlings were transplanted to well-watered
or water-stressed conditions, and root elongation rates were
measured from 36–48 h to 48–72 h after transplanting,
respectively. In each treatment, several roots that were straight
and had an elongation rate similar to the mean were selected,
and the apical 15 mm were sectioned longitudinally (125 µm in
thickness) using a Vibratome (Vibratome 3000 plus), stained with
1 mg mL−1 Calcofluor (Sigma-Aldrich) for 15 min to visualize
the cell walls, and imaged by confocal microscopy (Yamaguchi
et al., 2010). The spatial distribution of cortical cell length for each
root was determined from 4 to 12 cells per position (well-watered:
0.5-mm intervals to 4 mm from the apex, then at 1-mm intervals;
water-stressed: 0.25-mm intervals to 4 mm from the apex, then at
1-mm intervals) until unchanging mean lengths were obtained.

Spatial distributions of displacement velocity (mm h−1) were
calculated using the relationship LA/LF = VA/VF, where LA is
mean cell length at position A, LF is final cell length (average
of the 4–6 most distal measurement positions), VA is velocity
at position A, and VF is final velocity (equal to the root
elongation rate) (Silk et al., 1989). This method cannot accurately
calculate displacement velocities in the meristem because cell
lengths in this region are determined by both elongation and
division. Therefore, displacement velocities were calculated from
the distal end of the meristem, approximated as the position
where cell lengths reached 2.5 times the length of the shortest cells
(Erickson, 1961). Velocity profiles were obtained for individual
roots, and sigmoidal (Slogistic 1) curves were fitted using Origin
software (OriginLab Corp.) using the function:

y = a/[1+ e−K(x−xc)
]

where x is distance from the root cap junction and a, K,
and xc are parameters obtained from the non-linear fit of the
curve. The goodness of fit (R2) for each velocity profile was
>0.98. Derivatives of the curves provided relative elongation
rate profiles for each root, which were averaged to obtain mean
profiles per treatment.

Residence times for cells within the growth zone (beyond
the meristem) were obtained according to Dumlao et al.
(2015). Briefly, using the analytical function described above,
interpolated displacement velocities were calculated at 0.25 mm
intervals on an individual root basis. Local displacement
times were calculated from the interpolated velocities (local
displacement time = 0.25/local velocity) and were then
numerically integrated to obtain growth trajectories (position
versus time). The relative elongation rate associated with each
position was then plotted against time to provide the temporal
pattern of relative elongation rate as cells were displaced from the
distal end of the meristem to the end of the growth zone.

Cell Production Rate
Rates of cell flux (cells h−1) were calculated by dividing root
elongation rates by final cell lengths; under steady conditions,
cell flux approximates the cell production rate (Silk et al., 1989).
Since cell length profiles in the growth zone were not obtained
for the B73 lines, the end of the growth zone was not precisely
determined for these roots. Therefore, to ensure that cell lengths
were measured in regions where elongation had ceased, final
cortical cell lengths were calculated by averaging mean cell
lengths from 16 to 24 mm and 11 to 18 mm from the apex in
well-watered and water-stressed roots, respectively.

H2O2 Scavenger Experiments
Hydrogen peroxide scavenger experiments were conducted using
maize inbred line FR697 due to the large number of seeds
required combined with limited availability of seeds of the
transgenic and wild-type lines. FR697 was previously used
to characterize spatial patterns of transcript (Spollen et al.,
2008), cell wall protein (Zhu et al., 2007), and apoplastic H2O2
(Voothuluru and Sharp, 2013) in well-watered and water-stressed
primary roots. Seeds were germinated as described above, and
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seedlings with primary roots 5–20 mm in length were pretreated
with the H2O2 scavenger potassium iodide (KI) (Liszkay et al.,
2004; Encina and Fry, 2005). Plexiglas holders (32 cm long, 4 cm
wide, three sides of 2 cm in height) were used to cast a 5-mm
layer of 1% agarose gel containing 0, 30, or 45 mM KI, and the
apical 3 mm of the roots were inserted into the edge of the gel (20
seedlings per holder) for 6 h. Because the roots elongated during
the pretreatment, kernels were moved every 2 h such that only
the apical 3 mm of the roots remained in the gel. Seedlings were
then transplanted into vermiculite at water potentials of −0.03
or −1.6 MPa. Environmental conditions during pretreatment
and after transplanting were as described above. In preliminary
experiments, the effectiveness of several KI concentrations was
examined for effects on root elongation after transplanting to the
well-watered and water-stressed treatments. The 30 mM (as also
used by Liszkay et al. (2004) in studies of the maize primary root
growth zone) and 45 mM pretreatments were selected as being
the most effective.

In each treatment, several roots that were straight and had an
elongation rate similar to the mean were harvested 36 h after
transplanting and used to measure final cell lengths and cell
production rates, as described above. The growth zone length in
FR697 is approximately 12 and 7 mm under well-watered and
water-stressed (−1.6 MPa) conditions, respectively (Sharp et al.,
2004). Accordingly, final cell lengths were calculated by averaging
mean lengths at 1-mm intervals from 12 to 17 mm from the apex
in well-watered roots, and at 2-mm intervals from 9 to 13 mm
from the apex in water-stressed roots.

RESULTS

Unless otherwise noted, water stress was imposed by
transplanting seedlings into vermiculite at a water potential
of −1.6 MPa, as used in previous studies of ROS metabolism
in water-stressed maize primary roots (Zhu et al., 2007;
Voothuluru and Sharp, 2013).

Spatial Profiles of Oxalate Oxidase
Activity in Oxalate Oxidase Transgenic
and Wild-Type Roots Under
Well-Watered and Water-Stressed
Conditions
The spatial distribution of oxalate oxidase activity was
determined in apical 12-mm segments of the primary root
of CK44 wild-type and transgenic lines at 48 h after transplanting
to well-watered or water-stressed conditions (Figure 1A). In all
cases, this segment encompassed the growth zone, which was
approximately 9 and 11 mm in length, respectively, in wild-type
and transgenic roots in the well-watered treatment, and was
shortened to 5 and 4 mm in wild-type and transgenic roots
under water-stress (growth zone lengths are presented below).
Consistent with previous results in a different genotype (inbred
line FR697; Voothuluru and Sharp, 2013), the CK44 wild-type
line showed no discernable staining for oxalate oxidase activity at
any location in well-watered roots, whereas water-stressed roots

exhibited a pronounced increase in activity in the apical 2-mm
region immediately behind the root cap junction (Figure 1A).
The water-stressed wild-type roots also showed an increase
in oxalate oxidase activity from approximately 9 to 12 mm
from the root apex, which was beyond the growth zone. Roots
stained in buffer without oxalic acid showed no staining in either
treatment, demonstrating that the staining was specific to oxalate
oxidase activity (data not shown). The lack of staining in the
no-oxalic acid control for the water-stressed roots was probably
attributable to limited sensitivity of the assay, rather than lack of
endogenous apoplastic oxalate.

In contrast to the lack of staining for oxalate oxidase activity
in well-watered wild-type roots, well-watered roots of the CK44
transgenic line exhibited substantial activity in the apical region,
extending to approximately 4 mm from the apex (Figure 1A).
Faint and stippled staining also occurred throughout the rest of
the segment. In the water-stressed treatment, the transgenic roots
showed extended apical and basal regions of staining compared to
the wild-type roots, such that staining occurred throughout most
of the segment (Figure 1A). In both the wild-type and transgenic
lines, staining patterns obtained at 72 h after transplanting to
well-watered and water-stressed conditions were similar to those
obtained at 48 h (Supplementary Figure S1), indicating that
the region-specific patterns of staining were steady rather than
transient events.

Spatial patterns of staining for oxalate oxidase activity in the
apical segments of the B73 wild-type and transgenic lines under
well-watered and water-stressed conditions were similar to those
observed in the CK44 lines (Figure 2). Well-watered wild-type
roots did not exhibit staining at any location, whereas water-
stressed wild-type roots showed increased activity in the apical
2-mm region, as well as in the basal region (generally beyond
8 mm from the apex, although with considerable variation in
intensity and extent between individual roots). The transgenic
line showed increased oxalate oxidase activity in the apical 6-
mm region of well-watered roots, and throughout the segment
in water-stressed roots.

To ensure that the spatial patterns of staining for oxalate
oxidase activity observed in the intact root segments were not
attributable to differential penetration of the staining solution
into the different regions, transverse sections were made at
several distances from the apex of well-watered and water-
stressed roots of the CK44 wild-type and transgenic lines,
and were stained after sectioning. The results were generally
consistent with the staining patterns in the intact segments
(Figure 1B). In well-watered wild-type roots, sections taken at
1.5, 5.5, and 10 mm from the apex showed minimal oxalate
oxidase activity in all tissues, whereas in the water-stressed
treatment, the wild-type line showed a substantial increase in
activity at 1.5 mm from the apex, and mild and moderate staining,
respectively, at 5.5 and 10 mm. It should be noted that at 10 mm
from the apex of water-stressed roots, oxalate oxidase activity was
transitioning from the region of minimal activity to the region of
stronger activity at the basal end of the segments (Figure 1A), and
thus corresponded to the moderate intensity of staining observed
in the transverse section at this location. In all locations, staining
was more pronounced in the cortex and epidermis than in the
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FIGURE 1 | Oxalate oxidase activity and apoplastic ROS in the apical region of the primary root in CK44 oxalate oxidase transgenic (Trans) and wild-type lines at
48 h after transplanting to well-watered (WW) or water-stressed (WS; –1.6 MPa) conditions. Oxalate oxidase activity was measured by oxidation of
4-chloro-1-naphthol, seen as dark blue staining, in approximately 12-mm apical segments (A) and in 14-µm transverse sections at various distances from the root
apex (B). Apoplastic ROS (C) was stained using the fluorescent ROS indicator H2DCF (membrane impermeable); confocal images of the epidermis at 1.5–2.0 mm
from the root apex are shown. The images are composed of projections of seven consecutive optical sections (5 µm in thickness) obtained by two-photon confocal
microscopy. The numbers on the images indicate normalized pixel intensities (± SE; n = 3 roots) of a 0.04 mm2 area of the root (0.18 mm length, 0.23 mm width), as
illustrated in the Trans WS image. Different letters indicate significant differences (t-test; P < 0.05). All experiments were repeated with similar results, and
representative images are shown. Panel D shows a schematic representation of apoplastic ROS imaging in the epidermal cell file (D). Green and black semicircles
indicate the apoplast and cytoplasm of the epidermal cells, respectively, and blue lines indicate the consecutive optical planes at which fluorescence was captured.
The schematic also illustrates the curvature of the root, which necessitated capture of fluorescence in multiple optical planes.
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FIGURE 2 | Oxalate oxidase activity measured by oxidation of 4-chloro-1-naphthol, seen as dark blue staining, in approximately 12-mm apical segments of the
primary root in the B73 oxalate oxidase transgenic (Trans) and wild-type lines at 48 h after transplanting to well-watered (WW) or water-stressed (WS; –1.6 MPa)
conditions. The experiments were repeated with similar results and representative images are shown.

stele. In the transgenic line, well-watered roots showed moderate
staining in all tissues at 1.5 mm from the apex, and low levels
of staining at the other locations. Water-stressed roots of the

transgenic line exhibited a pronounced increase in staining in the
cortex and epidermis at 1.5 mm from the apex, and also showed
substantial staining at both 5.5 and 10 mm.
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To assess the relationship of the spatial profiles of
oxalate oxidase activity with transgene expression, qRT-
PCR experiments were conducted with the CK44 transgenic
line at 36 and 48 h after transplanting to well-watered and
water-stressed conditions. In well-watered roots, transgene
expression was about threefold higher in the apical 0–5 mm
region compared with the 5–12 mm region (Table 1). In water-
stressed roots, similarly, transgene expression was fourfold
higher in the 0–5 mm region compared with the 5–12 mm
region. Accordingly, the increased oxalate oxidase activity in
the apical compared with the basal region of both well-watered
and water-stressed transgenic roots could be explained, at least
partly, by the greater oxalate oxidase transgene expression in the
apical region. Interestingly, the results also showed that in both
the apical and basal regions of the water-stressed roots, oxalate
oxidase transgene transcript abundance was 30–50% lower than
in well-watered roots.

Apoplastic ROS Levels in Oxalate
Oxidase Transgenic and Wild-Type Roots
Under Well-Watered and Water-Stressed
Conditions
It was previously shown that the increase in oxalate oxidase
activity in the apical region of the growth zone in water-
stressed maize primary roots was associated with a pronounced
increase in the level of apoplastic H2O2 compared with the well-
watered control (Zhu et al., 2007; Voothuluru and Sharp, 2013).
Accordingly, the increases in oxalate oxidase activity observed in
the apical region of both well-watered and water-stressed roots
of the CK44 transgenic line predicted an increase in apoplastic
H2O2 levels under both conditions. This hypothesis was tested
by in situ confocal imaging of apoplastic ROS in epidermal cells of
the apical region (1.5–2 mm from the apex) using the membrane-
impermeable fluorescent indicator dye H2DCF. Consistent with
previous results using this technique (in line FR697; Zhu et al.,
2007), the level of apoplastic ROS in water-stressed roots of
the wild-type was higher (approximately threefold) than in
well-watered roots (Figure 1C). Moreover, as anticipated, both
well-watered and water-stressed roots of the transgenic line

TABLE 1 | Transgene expression quantification by qRT-PCR.

Treatment Distance
from apex

2 –[1][1]Ct values for transgene expression

36 h 48 h

Well-watered 0–5 mm 0.73 ± 0.06** 0.64 ± 0.07*

5–12 mm 0.21 ± 0.02 0.20 ± 0.02

Water-stressed 0–5 mm 0.43 ± 0.01*NN 0.45 ± 0.07*

5–12 mm 0.10 ± 0.04N 0.12 ± 0.01NN

2−[1][1]Ct values in the apical (0–5 mm from the apex) and basal (5–12 mm from
the apex) regions of the primary root in the CK44 oxalate oxidase transgenic line
at 36 or 48 h after transplanting to well-watered or water-stressed (−1.6 MPa)
conditions. Data are means ± SE of three samples. Asterisks denote significant
differences between the 0–5 mm and 5–12 mm regions (t-test; *P < 0.05;
**P < 0.01). Triangles denote significant differences between well-watered and
water-stressed treatments (t-test; NP < 0.1; NNP < 0.05).

exhibited substantially increased apoplastic ROS levels compared
to the wild-type controls. Evidence of apoplastic localization
of H2DCF staining was provided by analysis of the pattern of
staining in consecutive focal planes, which showed no evidence
of intracellular staining (Figure 1D and Supplementary Video
S1). The variation in apoplastic ROS levels among the different
lines and treatments correlated closely with the relative intensity
of staining for oxalate oxidase activity (especially with that in
the transverse sections; Figure 1B). Since the oxalate oxidase
protein is specifically involved in production of apoplastic H2O2
(Davidson et al., 2009), the observed increases in fluorescence in
the apical region of the transgenic line under both well-watered
and water-stressed conditions likely reflect increases in apoplastic
H2O2, although the possible involvement of other ROS cannot
be excluded. Levels of apoplastic ROS were not assessed in the
basal region of the growth zone because of evidence of membrane
permeability to H2DCF in the epidermal cells of this region
(Zhu et al., 2007).

To assess whether the CK44 transgenic line also exhibited
increases in cytosolic ROS levels, well-watered and water-stressed
roots were stained with the membrane-permeable dye carboxy-
H2DCFDA. Cytosolic ROS levels were not increased in roots of
the transgenic compared to the wild-type line in either the well-
watered or the water-stressed condition (Supplementary Figure
S2). Although there was a marginal increase in cytosolic ROS
levels in the apical 2.5 mm region of water-stressed compared
with well-watered roots in both the transgenic and wild-type
lines, the increases were not significant.

Root Elongation in Oxalate Oxidase
Transgenic Lines Responds Differentially
to Well-Watered or Water-Stressed
Conditions
Under well-watered conditions, primary root elongation in the
CK44 transgenic line was increased compared with the wild-
type throughout the experiments (Figure 3A). At 48 h after
transplanting, the root length of the transgenic was 13% greater
than that of the wild-type (111 ± 2 mm versus 98 ± 1 mm;
data are means ± SE of four experiments). The increase in
root elongation was accompanied by a 17% increase in shoot
elongation (shoot lengths were 125 ± 2 mm in the transgenic
compared with 107± 3 mm in the wild-type). In the water stress
treatment, in contrast, root elongation of the transgenic line was
consistently reduced compared with the wild-type, such that root
length at 72 h after transplanting was 24% less in the transgenic
than in the wild-type (44 ± 2 mm versus 58 ± 3 mm; data are
means± SE of three experiments). Shoot growth was completely
inhibited in both the wild-type and transgenic lines due to the
severity of the water stress treatment (Sharp et al., 1988).

Similar results were obtained with the B73 transgenic and
wild-type lines (Figure 3B). The transgenic showed a 33%
increase in root length at 48 h in the well-watered treatment
and a 22% decrease in root length at 72 h in the water stress
treatment compared with the wild-type. Root elongation rates
were approximately steady after 12 and 24 h from transplanting
to the well-watered and water-stressed conditions, respectively,
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FIGURE 3 | Primary root elongation of CK44 (A) and B73 (B) oxalate oxidase
transgenic (Trans) and wild-type lines after transplanting to well-watered (WW)
or water-stressed (WS; –1.6 MPa) conditions. Data are means ± SE
(n = 10–32). Asterisks denote significant differences between the transgenic
and wild-type lines (t-test; ∗P < 0.05; ∗∗P < 0.01). The experiment was
repeated three (CK44) or two (B73) times with similar results.

in both the CK44 and B73 transgenic and wild-type lines
(Supplementary Tables S1, S2).

The responses of primary root elongation were also evaluated
under mild (water potential of −0.3 MPa) and moderate (water
potential of−0.8 MPa) water stress levels in the CK44 transgenic
and wild-type lines (Figure 4). In the mild stress condition, root
length was slightly reduced in the transgenic compared with the
wild-type line throughout the experiment, although this effect
was significant only at the 24 h time point. In the moderate
stress treatment, root length was consistently reduced (by 13%
at 72 h after transplanting) in the transgenic compared with the
wild-type. Taking into account the fact that root elongation in
the transgenic line was promoted in the well-watered condition,
these results show that inhibition of root elongation under water
stress was considerably greater in the transgenic compared with
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FIGURE 4 | Primary root elongation of CK44 oxalate oxidase transgenic and
wild-type lines after transplanting to mild (–0.3 MPa) or moderate (–0.8 MPa)
water stress conditions. Data are means ± SE (n = 14–20). Asterisks denote
significant differences between the transgenic and wild-type lines (t-test;
∗P < 0.05; ∗∗P < 0.01).

the wild-type line. At 48 h after transplanting, the transgenic line
exhibited decreases in root length of 38, 55, and 72% under mild,
moderate and severe stress conditions, respectively. In the wild-
type, in contrast, root length was inhibited by only 21, 41, and
59%, respectively, in these treatments. Because the transgenic line
showed decreased root elongation at all of the water stress levels
tested, further experiments were conducted only under the severe
water stress (−1.6 MPa) condition.

Taken together, the results shown in Figures 1–4 indicate that
the oxalate oxidase-mediated increase in apoplastic H2O2 in the
growth zone of the transgenic lines positively and negatively
modulated root growth under well-watered and water-stressed
conditions, respectively.

Kinematic Analysis of Oxalate Oxidase
Transgenic and Wild-Type Roots Under
Well-Watered and Water-Stressed
Conditions
The overall rate of root elongation is determined by the product
of cell flux (the rate per cell file at which cells exit the growth
zone) and final cell length. Under steady conditions, the cell
flux approximates the rate of cell production (the rate per
cell file at which cells leave the meristem; Silk et al., 1989).
Accordingly, cortical cell length profiles were obtained for the
CK44 transgenic and wild-type lines to determine whether the
differential effects of enhanced oxalate oxidase activity/increased
apoplastic H2O2 on root elongation under well-watered and
water-stressed conditions were primarily attributable to changes
in final cell length and/or cell production, and also to localize any
effects on the spatial distribution of relative elongation rate within
the growth zone (Sharp et al.1988; Silk et al., 1989).
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In the well-watered treatment, despite the fact that the
transgenic line exhibited a 25% increase in root elongation rate
compared with the wild-type during the period of steady growth
before harvest, the final cell length at the end of the growth zone
was only 5% greater in the transgenic (Figure 5A and Table 2).
In contrast, the estimated cell production rate was 19% greater
in the transgenic line (Table 2). The cell length profile also
revealed a basal shift in the location at which final cell length
was achieved in the transgenic compared with the wild-type
(Figure 5A), such that the length of the growth zone increased by
22% from 9 mm in the wild-type to 11 mm in the transgenic line,
approximately reflecting the increase in root elongation rate. The
lengthening of the growth zone was also reflected in the profiles
of displacement velocity (Figure 5C) and relative elongation rate
(Figure 5E), which showed that local relative elongation rates
were lower in the apical region and higher in the basal region
of the transgenic compared to the wild-type. In contrast, the
maximum relative elongation rate was not significantly different
between the lines (Figure 5E).

In the water-stressed treatment, the root elongation rate was
decreased by 29% in the transgenic compared with the wild-
type, but final cell length was not significantly different between
the lines (Figure 5B and Table 2). In contrast, the estimated
cell production rate was decreased by 26% in the transgenic
compared with the wild-type line (Table 2). Consistent with
previous studies (Sharp et al., 1988; Liang et al., 1997), the growth
zone was substantially shorter in the water-stressed compared
with well-watered roots in both the transgenic and wild-type lines
(Figures 5A,B). Opposite to the effect in well-watered transgenic
roots, however, the profiles of cell length, displacement velocity
and relative elongation rate were shifted apically in the transgenic
line under water stress, reflecting a further shortening of the
growth zone from 5 to 4 mm (Figures 5B,D,F). The peak relative
elongation rate was slightly decreased in the transgenic compared
with the wild-type, although this difference was not significant
(P = 0.17).

In the B73 transgenic line, effects on cell length and
cell production rate under well-watered and water-stressed
conditions were consistent with those observed in the CK44
background. In this case, only final cell lengths (Supplementary
Figure S3) rather than complete cell length profiles were
measured. In well-watered roots, the cell production rate in the
transgenic was 22% higher than in the wild-type (Table 3). In
addition, the transgenic line showed a 13% increase in final cell
length under the well-watered condition. In the water-stressed
roots, in contrast, cell production rate was 17% lower in the
transgenic compared with the wild-type (Table 3). Final cell
lengths were slightly but not significantly (P = 0.12) decreased
in the transgenic line in the water-stressed condition.

Taking into account that rates of cell production were
increased in the well-watered roots, the analysis revealed that cell
production was more sensitive to water stress in the transgenic
lines compared with the wild-type lines. In the CK44 background,
the transgenic showed a 55% decrease in cell production rate in
water-stressed compared with well-watered roots, while the wild-
type showed only a 28% decrease (Table 2). Similarly, in the B73
background, cell production rate was decreased by 41% in the

transgenic but by only 12% in the wild-type (Table 3). In contrast,
the difference in the response of final cell length to water-stress
was less pronounced between the transgenic and wild-type lines,
being inhibited by 38 and 33% in the CK44 background and by
37 and 24% in the B73 background, respectively.

To analyze whether oxalate oxidase-mediated increases in
apoplastic H2O2 impacted temporal aspects of cell elongation,
time courses of relative elongation rate in the root growth zone of
CK44 transgenic and wild-type lines growing under well-watered
or water-stressed conditions were calculated (Figure 6). The
results show that the temporal patterns of relative elongation rate
were similar between the lines in both treatments, and moreover,
that the total residence time for cells to move from the distal
end of the meristem to the end of the growth zone was not
significantly different (P > 0.2) between the lines and treatments.
Thus, cessation of elongation occurred in tissue of approximately
the same age regardless of the modifications of growth zone
length that occurred in the different treatments.

Apoplastic H2O2 Removal Differentially
Affects Cell Production and Root
Elongation Under Well-Watered and
Water-Stressed Conditions
As detailed above, the increases in apoplastic H2O2 in the
root growth zone in the transgenic lines resulted in differential
effects on cell production and root elongation in well-watered
(both processes increased) and water-stressed (both processes
decreased) roots. Accordingly, these findings suggest that the
normal increase in apoplastic H2O2 in water-stressed roots
may be involved in down-regulation of cell production and
root elongation. On the other hand, it is also possible that
the additional increase in apoplastic H2O2 that occurred in
the transgenic lines under water-stress (Figure 1C) may have
caused excess H2O2 levels, leading to a spurious inhibition of cell
production and root elongation and obscuring the function of the
normal increase in H2O2. To distinguish between these alternate
possibilities, an additional set of experiments was conducted
to examine the effects of removing apoplastic H2O2 from the
apical region of the growth zone in non-transgenic roots growing
under well-watered and water-stressed conditions. Based on the
transgenic results, it was hypothesized that H2O2 removal would
lead to decreased rates of cell production and root elongation
under well-watered conditions, and conversely, to increased rates
of cell production and root elongation under water stress. The
results, as follows, were consistent with this hypothesis.

These experiments were conducted using maize inbred line
FR697, which was shown previously to exhibit a pronounced
increase in apoplastic H2O2 in the apical region of the root
growth zone under water-stressed conditions (Voothuluru and
Sharp, 2013). To decrease H2O2 levels, the roots were pretreated
with KI, which has been used in previous studies to scavenge
H2O2 from cell walls (Nose et al., 1995; Encina and Fry, 2005;
Dunand et al., 2007), including from the growth zone of the
maize primary root (Liszkay et al., 2004). In order to scavenge
H2O2 specifically in the apical region of the growth zone, the
roots were pretreated by placing the apical 3 mm into agarose
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FIGURE 5 | Cortical cell length profiles (A,B), displacement velocity profiles (C,D), and relative elongation rate profiles (E,F) as a function of distance from the root
cap junction in the primary root of CK44 oxalate oxidase transgenic (Trans) and wild-type lines growing under well-watered (WW) or water-stressed (WS; –1.6 MPa)
conditions. (In the water-stressed roots, cell lengths were also measured from 8 to 10 mm from the apex, but are not shown for clarity). Derivatives of sigmoidal
curves fitted to the displacement velocity profiles of individual roots were used to obtain the mean relative elongation rate profiles. For clarity, only the curves fitting
the mean velocity profiles (Fit) are shown, for which the goodness of fit (R2) was >0.99 in all cases. Roots were harvested 48 h after transplanting to well-watered
conditions and 72 h after transplanting to water-stressed conditions; values are means ± SE of three to four roots. Significant differences between the transgenic
and wild-type lines are shown for the cell length and relative elongation rate data (t-test; +P < 0.1; ∗P < 0.05; ∗∗P < 0.01). The experiments were repeated with
similar results.
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TABLE 2 | Elongation rate, final cell length, and cell production rate of the primary root in the CK44 oxalate oxidase transgenic and wild-type lines at 48 or 72 h after
transplanting to well-watered or water-stressed (−1.6 MPa) conditions, respectively.

CK44, well-watered CK44, water-stressed

Wild-type Transgenic Change
compared to
wild-type (%)

Wild-type Transgenic Change
compared to
wild-type (%)

Root elongation rate (mm h−1) 2.03 ± 0.03 2.53 ± 0.05** 25 0.99 ± 0.02 0.70 ± 0.01** −29

Final cell length (µm) 165 ± 2 173 ± 1* 5 111 ± 5 107 ± 6 −4

Cell production rate (cells h−1) 12.3 ± 0.2 14.6 ± 0.3** 19 8.9 ± 0.2 6.6 ± 0.4** −26

Elongation rates were calculated for the preceding 12 h (well-watered) or 24 h (water-stressed) periods. Values are means ± SE of three to four roots. Asterisks denote
significant differences between the transgenic and wild-type lines (t-test; *P < 0.05; **P < 0.01).

TABLE 3 | Elongation rate, final cell length, and cell production rate of the primary root in the B73 oxalate oxidase transgenic and wild-type lines at 48 or 72 h after
transplanting to well-watered or water-stressed (−1.6 MPa) conditions, respectively.

B73, well-watered B73, water-stressed

Wild-type Transgenic Change
compared to
wild-type (%)

Wild-type Transgenic Change
compared to
wild-type (%)

Root elongation rate (mm h−1) 1.86 ± 0.03 2.56 ± 0.04** 38 1.24 ± 0.01 0.96 ± 0.06** −23

Final cell length (µm) 187 ± 1 210 ± 2** 13 142 ± 2 132 ± 4 −7

Cell production rate (cells h−1) 10.0 ± 0.1 12.2 ± 0.2** 22 8.8 ± 0.2 7.2 ± 0.2* −17

Elongation rates were calculated for the preceding 12 h (well-watered) or 24 h (water-stressed) periods. Values are means ± SE of three to four roots. Asterisks denote
significant differences between the transgenic and wild-type lines (t-test; *P < 0.05; **P < 0.01).

gel containing either 30 or 45 mM KI for 6 h (Figure 7A), and
the seedlings were then transplanted as usual to well-watered or
water-stressed conditions.

In both well-watered and water-stressed seedlings, effects
of the KI pretreatment on root elongation were opposite
to the effects of enhanced H2O2 that were observed in the
transgenic lines. Thus, after transplanting to the well-watered
condition, root elongation was substantially inhibited in KI-
pretreated roots compared with the untreated control; from
24 to 40 h, elongation rates were decreased by 20 and
28%, respectively, following the 30 and 45 mM pretreatments
(Figure 7B). Conversely, after transplanting to the water-stressed
condition, KI-pretreated roots showed a significant increase
in elongation compared with the control; from 24 to 40 h,
elongation rates were increased by 12 and 26%, respectively,
following the 30 and 45 mM pretreatments. In both the
well-watered and water-stressed seedlings, effects of the KI
pretreatment on root elongation diminished after 40 h from
transplanting (Figure 7B).

To evaluate the relative effects of the scavenger pretreatment
on final cell length and cell production rate, cortical cell length
measurements were made 36 h after transplanting in roots
pretreated with 0, 30 mM (well-watered), or 45 mM (water-
stressed) KI (Supplementary Figure S4); these pretreatments
resulted in almost steady root elongation during the preceding
20 h (Figure 7B). In well-watered roots, the KI pretreatment
caused a 16% decrease in cell production rate whereas final cell
length was not significantly decreased (Table 4). Conversely, in
the water-stressed roots, the KI pretreatment resulted in a 20%
increase in cell production rate, which, together with a 15%

increase in final cell length, accounted for the 38% increase in
root elongation observed in this experiment (Table 4).

DISCUSSION

Spatial Variability of Oxalate Oxidase
Activity in the Growth Zone of Wild-Type
and Oxalate Oxidase Transgenic Roots
Under Well-Watered and Water-Stressed
Conditions
In this study, transgenic maize lines constitutively expressing a
wheat oxalate oxidase (Ramputh et al., 2002; Mao et al., 2007),
in combination with H2O2 scavenger experiments and kinematic
growth analysis, were used to investigate the involvement of
apoplastic H2O2 in regulating maize primary root elongation
under well-watered and water-stressed conditions. The rationale
for the use of the transgenic lines was to provide reliable increases
in oxalate oxidase activity and apoplastic H2O2 in the root growth
zone under both well-watered and water-stressed conditions.
Transgene expression was under the control of the rice actin
promoter, which is considered to have a constitutive expression
pattern (McElroy et al., 1991). Nevertheless, marked spatial
variability in the pattern of oxalate oxidase activity was observed
in the transgenic as well as the wild-type roots.

In water-stressed wild-type roots (both the CK44 and B73
backgrounds), oxalate oxidase activity increased substantially
only in the apical few mm of the growth zone (Figures 1A,B,
2), in agreement with previous findings in inbred line FR697
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FIGURE 6 | Growth trajectories (A) and temporal relative elongation rate
profiles (B) of the primary root of CK44 oxalate oxidase transgenic (Trans) and
wild-type lines growing under well-watered (WW) or water-stressed (WS;
–1.6 MPa) conditions. Growth trajectories were used to determine the times
required for cells to move from the distal end of the meristem to more basal
locations, and were obtained by plotting position versus the integrated local
displacement time. The relative elongation rate corresponding to a particular
position (Figures 5E,F) was then plotted against the integrated displacement
time to obtain the temporal relative elongation rate profiles (B). The total
residence times of cells within the growth zone were not significantly different
between the transgenic and wild-type lines in either well-watered or
water-stressed comparisons (t-test; P > 0.1).

(Voothuluru and Sharp, 2013). This region encompassed the
meristem, which was shown to extend approximately 2 mm
from the apex in well-watered maize primary roots, and to
be shortened under water stress (Sacks et al., 1997). The
water-stressed roots also showed a pronounced increase in
oxalate oxidase activity from approximately 9 to 12 mm from
the root apex; however, this region was beyond the growth
zone (Figure 5), and thus the increase in activity may be
involved in cell wall maturation rather than growth regulatory
processes (Caliskan and Cuming, 1998; Fry, 2004). Interestingly,
the minimal activity in the basal region of the growth zone

FIGURE 7 | (A) Part of the Plexiglas holder, viewed from above, which was
used to pretreat the apical 0–3 mm region of the primary root of line FR697
with the H2O2 scavenger KI. The holder contained a 5-mm thick layer of 1%
agarose gel, with or without KI, into which the root tip was inserted. Because
the roots elongated during the pretreatment, the kernels were moved away
from the gel every 2 h such that only the apical 3 mm of the roots were
embedded in the gel. After 6 h, the seedlings were transplanted to
well-watered or water-stressed conditions. (B) Elongation rates of control and
KI-pretreated (30 or 45 mM) primary roots after transplanting to well-watered
(WW) or water-stressed (WS; –1.6 MPa) conditions. The elongation rates are
plotted at the midpoint between marking intervals, which were at 0, 16, 24,
40, and 48 h after transplanting. Data are means ± SE of three independent
experiments (n = 15–40 seedlings per treatment in each experiment). Different
letters denote significant differences between treatments at specific times
within each condition (t-test; P < 0.05).

in water-stressed roots occurred despite increases in gene
expression (Spollen et al., 2008) and protein abundance (Zhu
et al., 2007) of oxalate oxidases. Further, the disparity in
protein abundance and activity cannot be explained by spatially
variable apoplastic pH (Fan and Neumann, 2004) or substrate
availability, since the assay conditions controlled for these factors
(Voothuluru and Sharp, 2013).

In well-watered transgenic roots, pronounced oxalate oxidase
activity was observed only in the apical 4 mm (CK44) or
6 mm (B73) regions. Transgene expression was threefold greater
in the apical compared to the basal region (Table 1), which
could at least partly explain the activity profile. In the water-
stressed transgenic roots, in contrast, there was a substantial
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TABLE 4 | Elongation rate, final cell length, and cell production rate of control and KI-treated primary roots in line FR697 at 36 h after transplanting to well-watered or
water-stressed (−1.6 MPa) conditions.

FR697, well-watered FR697, water-stressed

Control 30 mM KI Change
compared to
control (%)

Control 45 mM KI Change
compared to
control (%)

Root elongation rate (mm h−1) 2.57 ± 0.02 2.07 ± 0.05** −20 1.00 ± 0.00 1.38 ± 0.00** 38

Final cell length (µm) 190 ± 3 182 ± 8 −4 142 ± 4 164 ± 6** 15

Cell production rate (cells h−1) 13.6 ± 0.3 11.5 ± 0.5** −16 7.1 ± 0.2 8.5 ± 0.4∗ 20

Elongation rates were calculated for the preceding 14 h (well-watered) or 8 h (water-stressed) periods. Values are means ± SE of five to six roots. Asterisks denote
significant differences between the control and KI-treated roots (t-test; *P < 0.05; **P < 0.01). Roots were pretreated with 30 mM and 45 mM KI for well-watered and
water-stressed roots, respectively, since these pretreatments resulted in almost steady root elongation during the preceding 20 h (Figure 7B).

increase in oxalate oxidase activity throughout most of the apical
12 mm, which appeared to reflect more than an additive effect
of the normal increase in activity observed in wild-type roots
plus the activity attributable to the transgene observed in well-
watered transgenic roots (Figure 1A,B). Moreover, the increased
activity occurred despite the fact that transgene expression was
substantially reduced in both the apical and basal regions of
water-stressed compared with well-watered roots (Table 1). The
latter result suggests that the actin promoter may in fact respond
to water deficit conditions; however, the factors underlying the
spatial pattern and stress-responsiveness of transgene expression
are beyond the scope of this study.

Collectively, these results suggest that the spatial patterns
of oxalate oxidase activity in both well-watered and water-
stressed transgenic roots, as well as in the water-stressed wild-
type, likely involved unknown processes of post-translational
regulation or metabolic control of enzyme activity. Despite
this complexity, the apical region of the growth zone of
both well-watered and water-stressed transgenic roots exhibited
substantially increased apoplastic H2O2 compared with the
respective wild-type roots (Figure 1C).

Apoplastic H2O2 Modulates Root
Elongation via Effects on Cell Production
and Spatial Profiles of Cell Elongation
The oxalate oxidase transgenic lines showed an increase in
root elongation under well-watered conditions and a decrease
in root elongation under water-stressed conditions (Figures 3,
4). Kinematic analyses indicated that these differential effects
on root elongation involved substantial effects on both cell
production rate and the spatial profiles of cell elongation. Cell
production rate was positively and negatively modulated under
well-watered and water-stressed conditions, respectively, in close
proportion to the increases and decreases in root elongation
rate (Tables 2, 3). Conversely, scavenging of apoplastic H2O2 in
the apical region of the growth zone by pretreatment with KI
resulted in a decrease of elongation in well-watered roots and
an increase of elongation in water-stressed roots (Figure 7B),
and these responses were also accompanied by substantial
effects on cell production rate (Table 4). Effects on overall
cell elongation, as reflected in final cell lengths, were relatively
minor in the transgenic lines and in the scavenger-treated

roots under both well-watered and water-stressed conditions
(Tables 2–4).

In contrast to the minor effects on overall cell elongation,
however, spatial profiles of relative elongation rate were markedly
affected in the transgenic lines under both well-watered and
water-stressed conditions. For example, in well-watered roots, the
relative elongation rate at 6 mm from the apex, in the basal region
of deceleration, was threefold higher in the transgenic compared
to the wild-type, whereas local elongation rates were decreased
in the transgenic line in the apical region of acceleration
(Figure 5E). Conversely, in water-stressed roots, the relative
elongation rate at 3 mm from the apex, in the decelerating region
of the shortened growth zone in this condition, was decreased by
63% in the transgenic compared to the wild-type (Figure 5F).

The causal interrelationship, if any, between the effects on cell
production rate and cell elongation profiles is not known. One
perspective to interpret these results is provided by spatial models
of the regulation of cell elongation, wherein local elongation rates
are determined by various positional control mechanisms (for
example, gradients of hormones, certain metabolites, etc.) that
may or may not be coordinated with effects on cell production
(Green, 1976; Silk, 1992; Gonzalez et al., 2012; Yang et al., 2017).
In this scenario, the modifications of apoplastic H2O2 in the
transgenic lines would be interpreted as exerting major effects on
local controls of cell elongation, with inhibitory and promotive
effects occurring in different regions of the growth zone such that
final cell lengths were not markedly altered. For example, local
control of cell elongation could have involved effects of apoplastic
H2O2 on cell wall loosening and tightening processes, and such
effects could be region specific (Fry, 1998; Córdoba-Pedregosa
et al., 2003; Foreman et al., 2003; Tyburski et al., 2010).

An alternative explanation is provided by the cellular model
of organ growth regulation, wherein growth is determined by
the number of cells produced in the meristem, each with a
pre-specified capacity for elongation. In this view, as discussed
by Beemster and Baskin (1998), changes in cell production
rate influence the length of the growth zone by determining
the number of cells that are undergoing elongation. From this
perspective, the substantial effects on local relative elongation
rates in the transgenic lines under both the well-watered
and water-stressed conditions would be a consequence of
the changes in cell production rate, rather than positionally
determined controls of cell elongation processes. In other words,
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the increased number of cells produced from the meristem
in well-watered transgenic roots need more space to expand
and, consequentially, result in proportional lengthening of the
growth zone, as was observed. Conversely, in the water-stressed
transgenic roots, the decreased number of cells produced from
the meristem would need less space to expand, resulting in a
proportionally shortened growth zone, as also observed.

Spatial elongation patterns can also reflect changes in the
temporal regulation of cell elongation. For example, in the well-
watered and water-stressed transgenic roots, the cells could have
been elongating for an increased or decreased duration of time,
respectively, compared with the wild-type controls. However,
the constancy of the residence time for cells to move from
the end of the meristem to the distal end of the growth zone
in the transgenic and wild-type lines under both well-watered
and water-stressed conditions (approximately 6 h in all cases;
Figure 6) indicates that temporal aspects of cell elongation
control were not altered, regardless of changes in growth zone
length. These results are similar to the findings of Sharp et al.
(1988), who reported that the duration of cell elongation in the
growth zone of the maize primary root was not impacted by
varying levels of water deficit, despite the progressively smaller
distances over which elongation occurred as the severity of water
stress increased.

Our results cannot readily distinguish between the alternative
possibilities of spatial versus cellular control as the basis of the
changes in relative elongation rate profiles in the transgenic lines.
Moreover, these two processes are not mutually exclusive and
could occur concomitantly. However, the closely proportional
changes in growth zone length to the changes in cell production
rate, as well as the minor changes in overall cell elongation, are
consistent with the possibility that regulation of cell production
was the primary determinant of the effects of apoplastic H2O2
manipulation on root elongation under both well-watered and
water-stressed conditions. Clearly, given that the overall rate of
root elongation is determined by the product of cell production
rate and final cell length, the changes in cell production appeared
to play a key role in the effects on root elongation. This
interpretation is similar to the findings of several previous
studies in which organ growth rates were modified by changes
in cell production, including those by Foard and Haber (1961),
who demonstrated that reduced cell production by γ-ray
irradiation resulted in reduced tissue elongation, by Beemster and
Baskin (1998), who reported that developmental acceleration of
Arabidopsis roots could be explained by increasing rates of cell
production, and by Doerner et al. (1996), who demonstrated that
overexpression of a cyclin gene in root meristems resulted in
increased cell production and root elongation.

How Does Apoplastic H2O2 Differentially
Modulate Cell Production Under
Well-Watered and Water-Stressed
Conditions?
Maintenance of cellular redox balance, by regulating the
production of ROS or antioxidant metabolites, has been shown to
be important for cell cycle progression (Kerk and Feldman, 1995;

Menon and Goswami, 2007; Diaz Vivancos et al., 2010a), and
there is considerable evidence in both plant and animal systems
that changes in cellular ROS levels can positively or negatively
impact cell production (Tsukagoshi, 2016). For example, several
studies have shown that low levels of exogenous ROS can lead to
an increase in cell production, whereas scavenging endogenous
ROS resulted in inhibition of cell production (Laurent et al.,
2005; Diaz Vivancos et al., 2010b). ROS were also reported to
oxidize key proteins involved in the initiation and maintenance
of cell division (Menon and Goswami, 2007; Burhans and Heintz,
2009; Diaz Vivancos et al., 2010a). Conversely, there is evidence
that changes in ROS metabolism can lead to inhibition of cell
production. For example, Arabidopsis mutants deficient in the
biosynthesis and reduction of glutathione were shown to exhibit
cell cycle arrest and defects in meristem maintenance in roots
and shoots (Vernoux et al., 2000; Reichheld et al., 2007; Yu et al.,
2013). In addition, an indiscriminate increase in ROS levels, as
may occur in response to prolonged or severe stress conditions,
could lead to DNA damage and uncontrolled inhibition of cell
production (Diaz Vivancos et al., 2010b). Interestingly, some
studies indicate that the spatial distribution and balance of
H2O2 and superoxide are important for regulating the transition
from cell proliferation to elongation and differentiation in
roots (Dunand et al., 2007; Tsukagoshi et al., 2010). Similar
to the apical localization of water-stress-induced apoplastic
H2O2 (Voothuluru and Sharp, 2013), apoplastic superoxide
was also shown to occur preferentially in the apical region of
the growth zone in both well-watered and osmotically stressed
maize primary roots (Liszkay et al., 2004; Bustos et al., 2008).
Accordingly, it is possible that differences in ROS balance may
have played a role in the differential effects of increased H2O2 on
cell production observed in well-watered and water-stressed roots
in the present study.

Interestingly, together with two putative oxalate oxidases, a
superoxide dismutase and an ascorbate peroxidase were also
shown to increase in abundance specifically in the apical region
of the growth zone of water-stressed maize primary roots in a cell
wall proteomic study by Zhu et al. (2007). Therefore, superoxide
and ascorbate could also be potential sources of the increase in
H2O2 in the apical region. Superoxide may also interact with
peroxidases to convert H2O2 to hydroxyl radicals, and can also
reduce Fe3+ to Fe2+ to sustain the Fenton reaction, thereby
increasing hydroxyl radical generation (Liszkay et al., 2004;
Dunand et al., 2007). Plasma membrane NADPH oxidase is an
important source of apoplastic superoxide (Foreman et al., 2003),
and up-regulation of NADPH oxidase by both water stress and
ABA treatment was reported in maize leaves (Jiang and Zhang,
2002). However, four NADPH oxidase-related sequences that
were included in a transcriptomic analysis were not differentially
expressed in the growth zone of water-stressed maize primary
roots (Spollen et al., 2008). Collectively, these findings indicate
that various processes may be involved in the modulation of
apoplastic ROS in the growth zone of water-stressed roots.

However, it is not apparent from these previous studies
how the increased levels of apoplastic H2O2 in the oxalate
oxidase transgenic lines under both well-watered and water-
stressed conditions may have modulated cell cycle processes
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occurring within the nucleus. Since there were no significant
increases in cytosolic ROS in the apical region of the growth
zone in the transgenic compared with the wild-type line under
either condition (Supplementary Figure S2), it is unlikely that
H2O2 itself was traversing the plasma membrane at significantly
increased rates. Interestingly, an increase in apoplastic ROS
production and perception has been implicated in cellular
signaling and the regulation of nuclear gene transcription
(Padmanabhan and Dinesh-Kumar, 2010; Foyer and Noctor,
2011; Shapiguzov et al., 2012; Waszczak et al., 2018). In particular,
Munné-Bosch et al. (2013) proposed the involvement of a
trans-plasma membrane ascorbate-based shuttle system in ROS
signaling from the apoplast to the cytosol, and suggested its
involvement in plant responses to multiple stressors. It is notable
that several components involved in this pathway have been
identified in the apical region of the growth zone of maize
primary roots growing under both well-watered and water-
stressed conditions. For example, Zhu et al. (2007) provided
evidence for apoplastic accumulation of ascorbate peroxidase,
which oxidizes ascorbate in the presence of H2O2, in the
apical region of water-stressed roots. Also, plasma membrane
proteomic analyses showed an increased abundance of ascorbate-
dependent cytochrome b561 protein in the apical region of
well-watered (Zhang et al., 2013) and water-stressed roots
(Voothuluru et al., 2016). This protein can be oxidized by
monodehydroascorbate and reduced by ascorbate, and has
been implicated in trans-plasma membrane electron transport
(Preger et al., 2009). There is also a significant increase
in glutathione levels in the apical region of the growth
zone of water-stressed roots (Kang, 2019). Whether these
proteins and metabolites are involved in apoplastic ROS-
mediated signaling and regulation of cell production in well-
watered and water-stressed maize primary roots remains to
be investigated.

Is the Decrease in Cell Production in
Water-Stressed Roots of Adaptive
Advantage?
As noted in the Introduction, previous studies of water-stressed
maize primary roots have shown that although local elongation
rates were maintained in the apical region of the growth
zone (Sharp et al., 1988; Liang et al., 1997), rates of cell
production were decreased substantially (Fraser et al., 1990; Saab
et al., 1992; Sacks et al., 1997). In the present study, similarly,
local elongation rates were unaffected by water stress in the
apical 2 mm of the growth zone in the CK44 wild-type line
(compare Figures 5E and F), whereas cell production rate was
substantially decreased (Table 2). These findings illustrate that
the responses of cell elongation and proliferation to water stress
are not coordinately regulated, and it has been speculated that
decreased rates of cell production in roots (Sacks et al., 1997)
and leaves (Skirycz et al., 2011; Claeys et al., 2012) may be
of adaptive advantage for plants growing under conditions of
limited water availability. As emphasized by Sacks et al. (1997),
decreased cell production combined with maintenance of local
elongation results in a tendency toward longer cells in the

apical region of water-stressed compared with well-watered roots.
In the present study, this effect was clearly apparent in the
CK44 transgenic line; for example, at 2 mm from the apex,
cell lengths were approximately 60 and 30 µm in the water-
stressed and well-watered roots, respectively (Figures 5A,B).
This response may facilitate symplastic translocation from the
phloem to the meristematic cells because of the smaller number
of plasmodesmata that have to be traversed (Bret-Harte and Silk,
1994; Sacks et al., 1997). In addition, decreased cell production
contributes to the shortening of the growth zone toward the
apex that occurs in water-stressed roots (Sharp et al., 1988),
since fewer cells require less space for expansion. This effect
is evidenced by the further truncation of the growth zone
observed in the CK44 transgenic line compared with the wild-
type (compare Figures 5E and F). This response could also
facilitate solute and water transport to the apical region (Wiegers
et al., 2009), thereby helping to promote osmotic adjustment and
the maintenance of cell expansion (Voetberg and Sharp, 1991;
Verslues and Sharp, 1999).

Intriguingly, however, the results of the present study do not
provide evidence in support of these hypotheses. In particular, if
the decrease in cell production in water-stressed roots provides
an advantage for root growth maintenance, then the partial
restoration of cell production that occurred in the H2O2
scavenger experiments might be expected to have resulted in
inhibition of root elongation. This was not the case; instead,
root elongation increased in association with the increase in cell
production (Table 4). Accordingly, the results indicate that the
normal decrease in cell production under water stress results in
root elongation being more inhibited than would otherwise be
the case, and thus the adaptive significance of the response, if
any, is not clear.

CONCLUSION

The combined results from the characterization of oxalate
oxidase transgenic lines and H2O2 scavenger experiments
present compelling evidence that apoplastic H2O2 positively
and negatively modified primary root elongation under well-
watered and water-stressed conditions, respectively. The effects
of increased H2O2 on root elongation were attributable to
modulation of both cell production rate and changes in the
spatial profiles of cell elongation, although only minor changes
in overall cell elongation occurred. The results are consistent
with the possibility that the effects on cell production were the
primary determinant of the effects on root elongation under
both well-watered and water-stressed conditions. Future studies
will explore the intra-cellular signaling mechanisms involved
in apoplastic H2O2-mediated differential regulation of cell
production under well-watered and water-stressed conditions.
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Should Root Plasticity Be a Crop
Breeding Target?
Hannah M. Schneider and Jonathan P. Lynch*
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Root phenotypic plasticity has been proposed as a target for the development of more
productive crops in variable environments. However, the plasticity of root anatomical and
architectural responses to environmental cues is highly complex, and the consequences
of these responses for plant fitness are poorly understood. We propose that root
phenotypic plasticity may be beneficial in natural or low-input systems in which
the availability of soil resources is spatiotemporally dynamic. Crop ancestors and
landraces were selected with multiple stresses, competition, significant root loss and
heterogenous resource distribution which favored plasticity in response to resource
availability. However, in high-input agroecosystems, the value of phenotypic plasticity
is unclear, since human management has removed many of these constraints to root
function. Further research is needed to understand the fitness landscape of plastic
responses including understanding the value of plasticity in different environments,
environmental signals that induce plastic responses, and the genetic architecture of
plasticity before it is widely adopted in breeding programs. Phenotypic plasticity has
many potential ecological, and physiological benefits, but its costs and adaptive value
in high-input agricultural systems is poorly understood and merits further research.

Keywords: anatomy, architecture, breeding, crop, ideotype, plasticity, root

INTRODUCTION

Unpredictable growth environments, decreasing freshwater availability, altered precipitation
patterns, ongoing soil degradation, and the rising cost of nitrogen and phosphorus fertilizer
demand the development of crop varieties that are resilient to abiotic stress (Tebaldi and Lobell,
2008; Brisson et al., 2010; Woods et al., 2010; Sandhu et al., 2016; Lynch, 2019). Root phenotypic
plasticity is a widespread and important phenomenon for the optimized capture of edaphic
resources. An array of biotic and abiotic constraints limit plant productivity, and phenotypic
plasticity is an important phenomenon to enable plants to adapt to spatiotemporal changes in their
environment. In this article we consider the benefits and tradeoffs of root phenotypic plasticity
in the development of more productive annual agricultural crops. Many studies of phenotypic
plasticity measure the plastic response of allometric traits (length, volume, or biomass), which
display plasticity, but may not be adaptive, as they merely reflect growth itself. Many ecological
studies of phenotypic plasticity focus on comparisons of distinct species, which is not as relevant to
crop improvement as comparisons of genotypes within a species. We will not attempt to provide
a comprehensive review of a large and disparate literature, much of which only has tangential
relevance to annual crops, but instead focus on opportunities and costs of plasticity for root
anatomical and architectural phenotypes in agroecosystems.
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FIGURE 1 | Schematic diagram of plastic responses. In (A) the phene value does not change across environments, however, phene expression varies between
genotypes. In (B) the phene value changes across environments but the reaction norm runs parallel because the response to the environment is the same for both
genotypes. In (C) one genotype does not exhibit plasticity for a specific phene, while another genotype demonstrates significant environmental plasticity. In (D) the
reaction norms cross because there is a strong plastic phenotypic response to different environments for both genotypes.

The classic paradigm is that a phenotype (P) is the product of
genetics or intrinsic developmental processes (G), environment
(E), and the interaction between genetics and the environment
(G × E) (Sultan, 2000). Phenotypic plasticity is the ability of an
organism to alter its phenotype in response to the environment
and may involve changes in physiology, morphology, anatomy,
development, or resource allocation (Figure 1; Sultan, 2000).
Plasticity is not a characteristic of an organism as a whole,
but rather is a characteristic of a given phene (“phene” is to
“phenotype” as “gene” is to “genotype”) (Lynch, 2011; Pieruschka
and Poorter, 2012; York et al., 2013) in response to a given
environment. A phene state is the outcome of complex synergistic
developmental systems, influenced by many genes and gene
products, as well as the environment (Miklos and Rubin, 1996;
Trewavas and Malho, 1997). Plastic responses can affect the
fitness of a genotype and be a response to physical, chemical,
and biological processes or resource limitations (Weiner, 2004).
The phenotypic spectrum, or an array of possible phenotypes a
single genotype can display in a single environment, illustrates
that many factors influence the expression of a phenotype.
For example, the effects of roots of neighboring plants and
priority effects determined by germination time may have

large effects on the expression of a phenotype in a single
environment (Xie et al., 2019). Phenotypic plasticity may include
components of genotype by environment interaction, adaptation,
and acclimation.

Biologists have long been aware of plasticity (which is one
reason that many experiments are performed in controlled
environmental conditions), and for much of the past century
phenotypic plasticity has been regarded as “noise” and was
thought to obstruct the true or native phenotype of an organism.
In a paper entitled “The problem of environment and selection,”
Falconer argued that environmental effects were a major problem
in breeding programs since they interfered with the artificial
selection of a trait (Falconer, 1952). However, it is now
understood that plasticity is genetically controlled, heritable, and
important for the evolution of the species (Bradshaw, 2006).
Phenotypic plasticity is now recognized as a significant source of
phenotypic variation and diversity and is an important aspect of
how organisms develop, function, and evolve (Sultan, 2000).

Phenotypic plasticity may be adaptive, maladaptive, or neutral
in regard to fitness. In the heterogenous matrix of soil, many
phenes and combinations of phene states may have utility
for resource capture and display a wide range of variation,
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providing opportunity for plastic responses to evolve. Phenotypic
plasticity has utility in enabling a genotype to produce better
adapted phenotypes and phenotype-environment combinations
across more environments than would be otherwise be possible.
However, if no tradeoffs or constraints existed, organisms should
be able to exhibit perfect or infinite plasticity by expressing
the more adaptive phene or combinations of phenes in every
environment with no cost. Costly, but maladaptive or neutral
phenotypic responses are expected to go extinct (Dewitt et al.,
1998) and we would only expect costly forms of plasticity to
persist if they have fitness value.

A plastic response does not imply an adaptive response,
although many types of plasticity have important adaptive
effects. Adaptive plasticity (positively associated with fitness)
and apparent plasticity [lacking adaptive value (e.g., specific
types of allometry or stress responses); Correa et al., 2019] are
both types of plasticity. Maladaptive plasticity can occur when
a plastic response that was adaptive in an evolutionary context
is counterproductive in a novel environment. This is especially
relevant for crop breeding, since many agroecosystems, especially
high-input agroecosystems, differ sharply from ancestral
selection environments, as discussed below. By definition,
allometric responses to the environment may be considered
plastic responses, however, they are often just a function of
alterations in plant size (or development), and they may not
necessarily be adaptive. For example, maize plants with greater
biomass had increased stele cross-sectional area and number of
metaxylem vessels, which is not necessarily an adaptive response
(Yang et al., 2019). However, changes in allometric partitioning
(e.g., changes in root to shoot partitioning) may be adaptive
by refocusing plant resources to address resource shortfalls
(Bloom et al., 1985). In order to interpret differences in biomass
allocation, it is necessary to distinguish these sources of variation.
It is difficult to distinguish apparent plasticity from plasticity that
may be adaptive.

By definition, edaphic stress reduces plant growth, which is
a plastic response but is not necessarily adaptive. For example,
reduced grain yield or total root biomass under drought is not
an adaptive response, but is a plastic response to stress (Ehdaie
et al., 2012) and different growing environments and/or different
genotypes may display different rates or types of developmental
retardation in response to the same stress. In contrast, the
plastic response of genotypes during stress recovery may be
adaptive. Phenotypic plasticity encompasses a wide range of
environmental responses.

Here we focus on understanding the fitness landscape
(i.e., how phenes affect crop performance in an array of
environments and phene combinations) of root anatomical
and architectural phenotypes in agroecosystems. We discuss
the benefits and trade-offs to plasticity and the utility of root
plasticity in monocots and dicots, acid soils, high and low input
environments, and polycultures. We also review the genetic
architecture and potential breeding strategies of root phene
plasticity. Additionally, we highlight future research directions
for root plasticity to enable a comprehensive understanding of
the fitness landscape and integration into breeding programs.

ROOT PHENES ARE IMPORTANT FOR
RESOURCE CAPTURE

Root phenes have important roles in soil resource capture,
especially in environments with suboptimal water and nutrient
availability. Root anatomical and architectural phenes determine
the temporal and spatial distribution of root foraging in specific
soil domains and hence the capture of mobile and immobile
resources (Lynch, 1995, 2013, 2019; Hirel et al., 2007; Lynch
and Brown, 2012; Lynch and Wojciechowski, 2015). Mobile
soil resources, including nitrate and water, are generally more
available in deeper soil domains over time due to crop uptake,
evaporation, and leaching throughout the growth season. In
contrast, immobile soil nutrients, including phosphorus and
potassium, are more available in the topsoil (Lynch and Brown,
2001; Lynch and Wojciechowski, 2015). Plants that are able
to acquire edaphic resources at reduced metabolic cost will
have increased productivity and performance by permitting
greater resource allocation to growth, continued soil resource
acquisition, and reproduction (Lynch, 2013, 2015, 2018, 2019).
For example, root growth angle influences root depth, and
therefore plant performance in nutrient and water stress
conditions (Bonser et al., 1996; Uga et al., 2011; Trachsel et al.,
2013; York et al., 2013; Dathe et al., 2016) since steep growth
angles enable deeper rooting and the capture of mobile nutrients
in deep soil domains (Trachsel et al., 2013; Dathe et al., 2016)
while shallow growth angles are more beneficial for the capture
of immobile resources in the topsoil (Bonser et al., 1996; Lynch
and Brown, 2001; Ho et al., 2005; Zhu et al., 2005c).

Root anatomical phenes improve plant growth and
performance in edaphic stress by reducing the nutrient and
carbon costs of tissue construction and maintenance (Lynch,
2013, 2015, 2018, 2019). Root cortical aerenchyma are air-filled
lacunae that result from programmed cell death in root cortical
cells (Drew et al., 2000). Air-filled lacunae replace living cortical
parenchyma, thereby reducing root segment respiration and
nutrient demand (Saengwilai et al., 2014a; Chimungu et al.,
2015; Galindo-Castañeda et al., 2018). The reduction in tissue
maintenance costs associated with the formation of root cortical
aerenchyma enable roots to explore deeper soil domains and
improve the capture of water and nitrogen, and thereby improve
plant growth and yield in environments with low water and
nitrogen availability (Zhu et al., 2010a; Jaramillo et al., 2013;
Saengwilai et al., 2014a; Lynch, 2015; Chimungu et al., 2015).
Similar to root cortical aerenchyma, a reduction in the number
of cortical cell files or an increase in cortical cell size also results
in a reduction in tissue maintenance and/or construction costs
which enables deeper rooting and improved plant growth
in drought environments (Chimungu et al., 2014a,b). In
temperate small grains, root cortical senescence enables greater
exploration of deeper soil domains and greater plant growth
in edaphic stress due to reduced cortical burden (Schneider
et al., 2017a,b; Schneider and Lynch, 2018). In common bean,
reduced secondary growth resulted in reduced specific root
respiration and subsequently greater shoot mass and root length
in phosphorus-stress conditions (Strock et al., 2018). Plastic
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responses of root phenes may have large implications in the
capture of edaphic resources.

In the field, plants may be exposed to successive or multiple,
simultaneous stresses. For example, in conditions of terminal
drought, seeds are planted in moist soil but the soil progressively
dries from the surface due to drainage, evaporation, and plant
water uptake, resulting in relatively greater water availability
in deeper soil strata and progressively harder topsoils in most
agroecosystems (Lynch, 2013; Lynch et al., 2014). Root tissue
construction and maintenance demand significant resources,
and in bean cumulative tissue maintenance demands may
exceed root tissue construction costs after 1 week of growth
(Nielsen et al., 1994, 2001). The investment of those carbon and
nutrient resources in tissue construction and maintenance early
in plant growth limits the opportunity for the construction of
additional roots in different soil domains as resource availability
changes. For example, if roots proliferate early in the growth
season in the moist topsoil, this limits the opportunity for the
construction of roots in deeper soil domains where resources
are likely to be located later in the growth season. In addition,
early root proliferation in topsoil may not have utility in
hard, dry soils later in the season. Root deployment therefore
implies opportunity costs, especially during multiple successive
or simultaneous stresses.

Root architectural and anatomical phenes have important
roles in the capture of soil resources in specific environments,
for example sustained nitrogen or phosphorus stress (Lynch,
2013, 2018, 2019), however, root phene states can be functionally
maladaptive in fluctuating environments or environments with
multiple simultaneous stresses (Ho et al., 2005; Poot and
Lambers, 2008). For example, shallow growth angles can improve
topsoil foraging and improve the capture of phosphorus, but may
be functionally maladaptive for the capture of deep resources like
water (Ho et al., 2005). In common bean, shallow growth angle
and greater number of basal root whorls and hypocotyl-borne
roots increase total root length in the topsoil resulting in greater
phosphorus acquisition (Rangarajan et al., 2018). However, as the
number of axial roots and/or basal root whorl number increase,
the resulting carbon limitation leads to a reduced root depth
and therefore trade-offs for the capture of deep resources, such
as nitrogen (Rangarajan et al., 2018). In monocots, in which
axial roots emerge from shoot nodes, shallow roots lack the
ability to forage for deep resources, while deep rooting permits
the capture of deep resources like nitrogen and water while
also being capable of capturing shallow resources, thus creating
asymmetric phenotypic trade-offs for the capture of deep and
shallow resources (Lynch, 2013). No single phene state is optimal
across a range of environments and management practices
(Dathe et al., 2016; Tardieu, 2018; Rangarajan et al., 2018).

MANY ROOT PHENES ARE PLASTIC

Plasticity has been observed for a number of root anatomical
and architectural phenes (Figures 2, 3). In soybean grown under
drought, metaxylem vessel number increased, thereby improving
root hydraulic conductivity, while reducing total cortical area

which reduced the metabolic cost of accessing water in deep soil
domains (Prince et al., 2017). In drought and low phosphorus
environments, increased plasticity of root architecture traits
correlated with high yield stability in rice (Sandhu et al., 2016). In
water stress, plasticity in root length and root cortical aerenchyma
formation has been observed in rice and was associated with
greater shoot biomass and yield (Niones et al., 2012, 2013).
In water stress in wheat and rice, xylem vessel diameter and
number and stele diameter were highly plastic (Kadam et al.,
2017). Greater phenotypic plasticity in wheat root anatomical
traits may be associated with greater stress tolerance compared
to rice (Kadam et al., 2017). In common bean, plasticity in
secondary root growth influenced root depth and shoot growth
in low phosphorus environments (Figure 4; Strock et al., 2018).
In rice, plasticity in lateral root length and density (Kano et al.,
2011; Kano-Nakata et al., 2013), root length density, and total
root length (Kano-Nakata et al., 2011; Tran et al., 2014) correlated
with greater shoot biomass, water uptake, and photosynthesis in
drought. The number of nodal roots in rice (Suralta et al., 2010)
and maize (Gao and Lynch, 2016), lateral branching density and
length in maize (Zhan et al., 2015), and deep rooting in wheat
(Ehdaie et al., 2012; Wasson et al., 2012), millet (Rostamza et al.,
2013), rice (Hazman and Brown, 2018), and maize (Nakamoto,
1993) also have displayed plastic responses to water deficit.
A plastic response of lateral root proliferation was induced
in barley in response to patches of nitrogen (Figure 5; Drew
et al., 1975) and in maize in response to phosphorus patches
(Yano and Kume, 2005). Hydropatterning is a plastic response
involving the development of lateral branches, root hairs, and
aerenchyma toward available water (Bao et al., 2014). Maize
genotypes with plastic root hairs that became longer under
low phosphorus had better performance under low phosphorus
availability than genotypes with constitutively long root hairs
(Figure 6; Zhu et al., 2010b). Root anatomical and architectural
phenes express a wide range of plastic responses in a wide range
of environments. However, it is unclear which plastic responses
are adaptive and how phenes interact to create adaptive responses
to edaphic stress.

POTENTIAL BENEFITS AND TRADEOFFS
OF PHENOTYPIC PLASTICITY

There are many examples of adaptive plasticity of root phenes,
including the increased development of root cortical aerenchyma,
fewer lateral root branches in water deficit, or deeper distribution
of lateral root branches, and it has been proposed that phenotypic
plasticity may be the future of crop breeding since it would
enable the development of more efficient crops that could adapt
to changing environments (Gifford et al., 2013; Hazman and
Brown, 2018; Lobet et al., 2019). Adaptive plasticity may promote
establishment and persistence in novel environments and allows
genotypes to have broader tolerance and greater fitness across
environments. It has been proposed that understanding the
genetic and mechanistic basis of root phenotypic plasticity will
enable the rapid development of more productive crop varieties
that will be robust and stable in future climates (Topp, 2016).
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FIGURE 2 | Adaptive root phene plasticity to optimize soil resource capture in edaphic stress. A number of root phenes have been demonstrated to have an
adaptive plastic response to edaphic stress. In phosphorus stress, plants with many nodal roots with a steep angle, many short lateral branches, root exudation, root
cortical aerenchyma formation, and long, dense root hairs are adaptive or proposed adaptive responses for stress tolerance. In nitrogen and water stress, few crown
roots with a steep angle, few long lateral branches, root cortical aerenchyma formation, and long root hairs are adaptive or proposed adaptive responses for stress
tolerance.

The adaptation of taxa to sudden environmental changes, like
those caused by human disturbance, could also be an advantage
of plasticity since these changes generally occur at too rapid of
a pace for an evolutionary response, or the development of new
crop cultivars through breeding.

However, “perfect” plasticity is unattainable due to an inability
to consistently produce the optimum phenotype, fluctuating
environmental signals, and/or because phenotypic plasticity
comes at a cost (León, 1993; Via and Lande, 2006). A cost of
plasticity is when a plastic organism exhibits less fitness while
producing the same phene state as a fixed organism. Costs of
plasticity have been identified in a variety of systems (Relyea,
2002; Merilä et al., 2004). Maintenance cost of phenotypic
plasticity may be incurred if facultative development requires
the maintenance or construction of sensory and regulatory
machinery that fixed development does not require.

Genetic costs of plasticity also exist. Phenotypic plasticity may
manifest because structural genes or their products are directly
affected by the external environment (i.e., allelic sensitivity) or
because regulatory genes are affected by the environment which
in turn affect the expression of structural genes (Via et al.,
1995). However, genetic linkage may cause genes associated
with plasticity to be linked with genes conferring reduced
fitness, plasticity genes may have negative pleiotropic effects on
phenes other than the plastic phene, or epistasis may cause

the regulatory loci producing the plastic response to modify
expression of other genes. With little known about the molecular
mechanisms and genetic control of the plastic response, linkage
and pleiotropic effects could severely limit the productivity of
plastic crop varieties.

In specific environmental scenarios, plasticity may limit plant
productivity. For example, if environmental information is not
reliable, plastic organisms can produce maladapted phenotypes
when environmental cues are incorrectly interpreted, or when
correct signals are interpreted about the initial environment,
but the environment fluctuates or is highly variable. In many
cases, especially with developmental or morphological plasticity,
the development of tissues takes time and often there is a
lag time between environmental cues and the development of
tissues expressing the plastic response. For example, nitrogen,
phosphorus, and water are all growth regulators but have
different mobilities in soil. Nitrogen and water are mobile and
can move faster through the soil profile than plants are able to
respond by constructing new tissues or modifying established
tissues. Even in the case of phosphorus, an immobile soil
resource, changes in phosphate uptake kinetics contribute more
to increased phosphorus acquisition than root proliferation in
heterogeneous soil environments (Jackson et al., 1990; Caldwell
et al., 1992). It also has been suggested that genotypes with fixed
development (i.e., non-plastic phenes) may be able to express
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FIGURE 3 | Gentoypes vary in their plastic response to environment, nitrogen stress, and drought. Architectural and anatomical images are presented from a single
genotype in response to different environments and edaphic stress conditions. Phenotypic plasticity is shown for root architecture, root anatomy, and lateral
branching length and density. Scale bar represents 2 cm (root crown and lateral branch) and 1 mm (anatomy).

FIGURE 4 | Secondary root growth in common bean (Phaseolus vulgaris) is
plastic in response to phosphorus availability. Comparison of basal root
anatomy under high P and P stress in greenhouse conditions at 46 DAP. A11
cross-sections are at the same scale. Modified and reproduced with
permission from Strock et al. (2018).

more extreme phene states than plastic genotypes since there
may be a trade-off between the developmental range that can be
expressed across habitats and the magnitude of expression within
an environment (Wilson and Yoshimura, 1994; DeWitt, 1998).

FIGURE 5 | Lateral root proliferation of barley in response to a nutrient patch.
(A) A plant supplied with a uniform treatment of nitrate has a uniform lateral
branching density and length along the axial root. (B) A plant supplied with
nitrate through a banded treatment displays lateral root proliferation in the
banded region. Modified and reproduced with permission from Drew (1975).

Costly, but maladaptive or neutral phenotypic responses are
expected to go extinct (Dewitt et al., 1998) and we would only
expect costly forms of plasticity to persist if they have fitness
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FIGURE 6 | Root hair length is plastic in response to 10W phosphorus
environments. Root hairs become longer in low phosphorus environments
and are associated with greater shoot biomass. Root hair image courtesy of
Anica Massas.

value in some seasons or environments. We speculate that
plasticity was a useful mechanism for crop ancestors to grow
and develop in novel environments and thrive in unmanaged,
unfertilized, and non-irrigated natural ecosystems. In low-input
systems, plasticity may be advantageous by exploiting resource
patches with increased lateral root proliferation which may
confer a competitive advantage (Lynch, 2018). However, in
modern agricultural environments with high-inputs, plasticity
may come at a greater cost than a benefit. Indirect evidence for
this is the observation that during selection of modern temperate
maize breeding, regions of the genome contributing to G × E
variance and plasticity were not directly or indirectly selected to
increase plant productivity and yield stability (Gage et al., 2017).

Short duration plasticity, or physiological plasticity, in
variable environments may be advantageous in specific
environments, however, plasticity may be maladaptive in
high-input environments with intensive fertilization and greater
nutrient availability. In high-input environments, constraints
for soil resource acquisition and plant growth in stress are
mitigated and strategies that evolved in environments with

biotic and abiotic stress influencing root function may not have
utility in these high-input environments (Lynch, 2018). Root
phenotypes that explore deep soil domains, whether plastic
or not, enhance the capture of deep resources like water and
nitrogen in most agricultural systems, despite the fact that water
and nitrogen availability are sometimes greater in surface soils of
high-input systems (Manschadi et al., 2006; Gowda et al., 2011;
Henry et al., 2011).

If a population is exposed to a novel environment and
becomes successful, but becomes restricted to that environment,
alleles that contributed to plastic responses in the new
environment should trend toward fixation in the absence of gene
flow from other populations and therefore their ability to confer
plasticity is also reduced (Mitchell-Olds et al., 2007; Anderson
et al., 2017; Gage et al., 2017). The utility of phenotypic plasticity
in successful and highly productive modern crop varieties in
heavily managed high-input environments is limited and not
required for the survival or migration of the species.

PLASTICITY IN THE CONTEXT OF
TEMPORAL RESOURCE DURATION

The expression of plant phenes as a result of plasticity may
be of variable duration and plastic responses may be long-
or short-term. Short-term plasticity, is also referred to as
physiological plasticity, allows plants to adjust to temporally
variable aspects of the environment such as water or nitrogen
availability. For example, the expression of aquaporins or nitrate
transporters fluctuates as a short-term response to water or
nitrogen availability (Feng et al., 2011; Zargar et al., 2017).
In contrast, changes due to morphological or developmental
plasticity may be of longer duration (Sultan, 2000). For example,
the size and number of cortical cells or initial root angle
is established near the growing root apex, and potential for
change in mature tissues is limited. Phenotypic plasticity that
is established early in development, such as root growth angle,
may be beneficial in conditions of sustained edaphic stress
(e.g., low phosphorus availability), but may be maladaptive in
stresses that fluctuate on shorter time scales (e.g., drought,
low nitrogen availability) by creating sustained responses to
ephemeral conditions (Lynch, 2013). In addition, the timing of
development itself, and its response to the environment, may
be plastic. Developmental plasticity may be limited to early
growth stages, or its timing may vary in different genotypes
or species (Pigliucci and Schlichting, 1995). For example, the
development of root cortical senescence has the greatest utility
in edaphic stress conditions when development occurs relatively
early in plant growth, however, genotypic contrasts exist for
the rate and timing of its development in root cortical tissues
(Schneider et al., 2017b).

In response to heterogeneous soil conditions, root plasticity
can also vary spatially. Lateral root branches have been
documented in some species and genotypes to proliferate in
response to localized patches of nutrient availability (Figure 5;
Drew, 1975; Zhu and Lynch, 2004). Lateral root proliferation in
response to nutrient patches has been proposed as a beneficial
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strategy for enhanced nitrogen acquisition (Mi et al., 2010),
however, if mobile resources move faster through the soil profile
than roots can proliferate, this response may be maladaptive. In
some species, plasticity of lateral root branching in response to
local nutrient patches may enhance nutrient resource capture in
environments with sustained nutrient sources or in conditions
of interspecific competition (Robinson et al., 1999). However,
this can be detrimental when proliferation in response to
local nutrients diverts resources from other soil domains with
greater resource availability, particularly deeper soil domains
in leaching precipitation regimes later in the growing season
(Lynch, 2013, 2018).

UTILITY OF ROOT PLASTICITY VARIES
BETWEEN DICOTS AND MONOCOTS

Monocots and dicots have different foraging strategies for
edaphic resources. Throughout the growth season, monocots
continually produce new roots from stem nodes, and tillers. In
contrast, new roots of dicots are predominately lateral roots
arising from older root axes. Dicots do have younger hypocotyl-
borne roots that emerge throughout the growth season, however,
they normally do not comprise a large portion of the root
system, which usually consists of relatively few axial roots of
larger diameter with a highly developed lateral root system having
multiple orders of lateral branching. Monocots may have superior
topsoil foraging, as new flushes of roots are continuously pushed
down through shallow soils, whereas in dicots many new roots
form in deeper soil domains (Lynch, 2013). In addition, in
tillering monocot species, an optimum number of tillers should
exist to enhance capture of edaphic resources as the number
of tillers is directly related to the number of adventitious roots
(Hecht et al., 2016). Reduced crown root number improves
plant growth with low nitrogen (Saengwilai et al., 2014b) and
drought (Gao and Lynch, 2016) by reducing inter- and intra-
plant competition for internal and external resources, thereby
increasing root depth and acquisition of deep soil resources.
However, greater crown root number improves plant growth
in low phosphorus soil by reducing axial root elongation and
improving topsoil foraging (Sun et al., 2018). We speculate that
the number of tillers (and therefore the number of adventitious
roots originating from tillers), and its plastic response to plant
density and stress, is important for edaphic stress tolerance in
monocot species.

There are important differences between the anatomy of
monocot and dicot roots. Roots of dicot species radially expand
through secondary growth, which has important implications for
edaphic stress tolerance. Phosphorus stress reduces secondary
growth in Phaseolus vulgaris in a genotype-dependent manner,
and genotypes with greater reduction of secondary growth
had reduced metabolic costs, increased root length, improved
phosphorus capture, and increased shoot biomass in low
phosphorus soil (Figure 4; Strock et al., 2018). In monocots,
temperate small grain species develop root cortical senescence
(RCS), a type of programmed cell death. Simulation studies
suggest that RCS may be an adaptive trait for water and nutrient

acquisition. RCS reduces the carbon and nutrient costs of soil
exploration by destroying living cortical tissue, thereby reducing
carbon and nutrient costs of maintaining a living cortex. The
development of RCS may be plastic as limited phosphorus
and nitrogen availability accelerate the development of RCS
(Schneider et al., 2017a,b). After the development of RCS in
monocots or secondary growth in dicots, assimilates that would
have been partitioned to the root for maintenance of the cortex
may be used for the growth of shoots or new roots, which can
increase soil exploration. Monocots and dicots have different
foraging and resource acquisition strategies and therefore may
have different adaptive plastic responses for soil resource capture.

UTILITY OF ROOT PLASTICITY FOR
ACID SOILS

Acid subsoils (generally defined as having a pH < 5) present
several challenges to root growth and resource acquisition
including aluminum (Al) toxicity, deficiency of phosphorus (P),
calcium (Ca), magnesium (Mg) and potassium (K), and possibly
manganese (Mn) toxicity. In acid soils, the solubility of Al
increases and injury to root apices occurs, therefore reducing root
growth, soil exploration, and subsequent resource acquisition.

Commonly, acidic soils are located in humid environments
with weathered soils, and acidity increases with soil depth.
Plasticity of root phenes that increase topsoil foraging would
be beneficial by improving the capture of resources that have
greater availability in the topsoil, including P, Ca, Mg, and K
(Lynch, 2019), while also avoiding subsoils with greater acidity
and Al toxicity (Lynch and Wojciechowski, 2015). The tradeoff
of reduced access to deep soil water would probably be less
important in humid environments because of greater water
availability in shallower soil domains. Topsoil foraging can be
improved through a shallower axial root growth angle (Bonser
et al., 1996; Liao et al., 2001), greater production of axial roots
(Walk et al., 2006; Miguel et al., 2013; Rangarajan et al., 2018;
Sun et al., 2018), denser lateral roots (Postma et al., 2014; Jia
et al., 2018), and greater root hair length and density (Zhu et al.,
2010b; Miguel et al., 2015). Reduced root metabolic cost improves
growth in soils with low phosphorus availability. In maize, the
formation of root cortical aerenchyma reduces root respiration
and the phosphorus cost of maintaining root tissue therefore
improving plant growth in low phosphorus (Postma and Lynch,
2011; Galindo-Castañeda et al., 2018). In bean, phosphorus stress
inhibits secondary growth of roots which reduces root costs
and improves phosphorus capture and plant growth in low
phosphorus soils (Strock et al., 2018). Plastic root phenes that
improve topsoil foraging may be beneficial for improved capture
of phosphorus in acidic soils.

Plasticity in carboxylate exudation may also be an important
mechanism for phosphorus uptake in acidic soils. Carboxylate
exudation into the rhizosphere solubilizes phosphorus from
metal complexes (Ryan et al., 2012). Carboxylates also can
precipitate toxic levels of aluminum in the soil (Lambers et al.,
2003). Exudation of carboxylates in plant roots is a common
phenomenon in many plants including rice (Kirk et al., 1999),
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wheat (Ryan et al., 1995), and lupin (Gardner et al., 1983). The
exudation of carboxylates including citrate and malate into the
rhizosphere can incur a large carbon cost (Lambers et al., 2013).
Plasticity in the spatiotemporal control of carboxylate exudation,
i.e., exudation triggered by aluminum toxicity and phosphorus
stress may permit a reduction in the metabolic burden of the root.

Low Ca availability is a major challenge to root growth in acid
subsoils (Foy et al., 1969). Differences in cell wall composition
may influence tissue Ca requirements and plants with reduced
internal Ca requirement therefore may be more productive in
acid soils (Lynch and Wojciechowski, 2015). Cortical cell size,
file number, and aerenchyma all influence the amount of cell
wall material per root volume and therefore affect tissue Ca
requirement. Genotypes with reduced pectin content, which has
a reduced demand for Ca, may also reduce the Ca requirement
of the root (Marschner, 1995). We propose that plasticity
of phenes that reduce tissue Ca requirements, like increased
cortical cell size, reduced file number, reduced pectin content,
and increased aerenchyma formation may be beneficial in acid
soils. Crops with a reduced Ca tissue requirement may be
able to continue to explore acidic subsoils, despite reduced Ca
availability and Al toxicity.

ROOT PLASTICITY IN THE CONTEXT OF
HIGH AND LOW INPUT ENVIRONMENTS

It has been proposed that wild crop ancestors and landraces
produce more roots than directly needed for the capture of
edaphic resources to compensate for root loss from biotic
stress, edaphic stress, and competition for soil resources
with neighboring plants (Lynch, 2018). We speculate that
plasticity was a useful mechanism for crop ancestors in
natural ecosystems. Short duration plasticity, or physiological
plasticity, in variable environments may be advantageous in
specific environments, however, plasticity may be maladaptive
in high-input environments with intensive fertilization, greater
nutrient availability, and reduced biotic stress. In high-input
agroecosystems, parsimonious, non-plastic root phenotypes
including e.g., fewer axial roots, reduced density and length of
lateral roots, reduced cortical cell file number, and reduction
of cortical parenchyma through formation of aerenchyma and
senescence may be beneficial by permitting deeper rooting and
the capture of deep resources like water and nitrogen (Lynch,
2018). Plastic responses to increase topsoil foraging in response
to shallow localization of water and N early in the growth
season may optimize resource capture in natural systems or
low-input agroecosystems, characterized by intense belowground
competition from neighboring plants. However, in high-input
monocultures, where immobile resources like P and K are
likely to be non-limiting, non-plastic phenotypes would be
advantageous since eventually water and N would be localized
at depth regardless of early season patterns, and resources lost
to neighboring plants would still contribute to stand-level fitness
(i.e., yield) in high density monocultures (Lynch, 2018). We
propose that in low-input systems, highly plastic root phenotypes
with a variable number of axial and lateral roots, variable

root growth angle, variable length and density of root hairs,
variable formation of root cortical aerenchyma and cortical cell
files, would be beneficial for the capture of heterogeneous soil
resources in environments with significant root loss due to biotic
factors. However, in high-input systems, a sparser root system
with fewer axial roots may be more beneficial, since the negative
effects of biotic stress is diminished (Lynch, 2018).

PLASTICITY IN THE CONTEXT OF
POLYCULTURES

In many low-input agroecosystems, which traditionally
consist of polycultures and generally experience greater
weed competition, interplant competition with other species has
important implications in plant performance. For example, the
maize/bean/squash polyculture used in small-scale subsistence
farming has a yield advantage over the average yield of the
respective monocultures (Mt. Pleasant and Burt, 2010). Maize,
bean, and squash have contrasting root architectures (Postma
and Lynch, 2012; Zhang et al., 2014) and differences in root
architecture and vertical root distribution result in differences
in spatial niches and allows polycultures to be productive when
plants are competing for soil resources (Zhang et al., 2014). In
these polyculture systems, species co-optimize, and spatial niches
allow a yield advantage by reducing competition for edaphic
resources. In polyculture or multiline systems, highly plastic
root architectural phenes could disrupt complementary spatial
niche foraging strategies (Zhang et al., 2014). If these species had
highly plastic root architectural phenotypes, this would create
more competition for the same soil resources, which would
be detrimental. For example, if roots of all species proliferate
in response to localized patches of nutrient availability,
this creates greater inter-plant and species competition. In
this scenario, phenotypic plasticity may not be adaptive, as
complementary spatial niches are needed for the success of all
species or the population.

PROGENY MAY BE PRIMED FOR A
PLASTIC RESPONSE

Plants cannot only respond to environmental signals by adjusting
their own phenotypes, but also can influence the phenotypes
of their offspring, through changes in the quantity and quality
of seed production and the structure and quality of the seed
coat and fruit tissues (Sultan, 2000). The phenotype of offspring
can be influenced by the parental environment. For example,
plants can respond to specific environments by changing the
structure of thickness of the seed coat while maintaining the
quantity and quality of the embryo and endosperm tissues
(Sultan, 1996; Lacey et al., 1997). Genotypes may vary in the
extent to which seedling and mature root phenes are affected
by parental stress. For example, progeny of some common bean
genotypes from drought-stressed parents developed fewer and
shorter basal roots with smaller diameters (Lorts et al., 2019).
Progeny from some genotypes from phosphorus stress parents
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developed fewer shoot-borne roots and had a greater basal root
whorl number (Lorts et al., 2019). Progeny of nutrient-deprived
plants increase allocation to root biomass compared to progeny of
plants with ample nutrients (Wulff and Bazzaz, 1992). Offspring
of light-deprived plants reduce root elongation relative to shoot
growth compared to progeny of plants grown in high light
(Sultan, 2000). In addition, epigenetic processes, including DNA
methylation and histone modification, may alter gene expression
and therefore may be important drivers in phenotypic plasticity
(Chinnusamy and Zhu, 2009; Nicotra et al., 2010). These plastic
changes may enable offspring to maintain critical aspects of
plant growth and function, even if the initial seedling biomass is
reduced by parental stress.

GENETIC ARCHITECTURE OF
PLASTICITY AND BREEDING
STRATEGIES

Some genetic loci have been associated with root phenes
including root stele and xylem vessel diameter in rice (Uga et al.,
2008, 2010), xylem vessel phenes in wheat (Sharma et al., 2010),
root cortical aerenchyma in Zea species (Mano et al., 2006, 2007),
areas of cross section, stele, cortex, aerenchyma, and cortical cells,
root cortical aerenchyma, cortical cell file number, and length,
number, and diameter of nodal roots in maize (Burton et al.,
2014a,b). However, genes associated with phene expression are
distinct from those associated with plasticity for that expression.
Genes associated with plasticity have been identified for root
hair length (Zhu et al., 2005a) and lateral root branching and
length (Zhu et al., 2005b) in low phosphorus availability in maize,
root length density and root dry weight (Sandhu et al., 2016)
in rice in response to drought, lateral root branching in rice in
response to fluctuating moisture levels (Niones et al., 2015), and
wheat and rice root anatomical phenes in response to drought
(Kadam et al., 2017). In maize, genes associated with plasticity in
response to water deficit and different environments are distinct
for cortical phenes, root angle, and lateral branching phenes
(Schneider et al., 2020a,b; Table 1). Understanding the genetic
architecture of plasticity could provide useful breeding targets
for crop improvement in specific environments and improve
our understanding of phenotypic plasticity. Plasticity is heritable,
and this enables selection for or against plasticity in manmade
populations (Pigliucci, 2005). Historically, breeding programs
have focused on selecting crop varieties based on uniformity
and yield stability in specific environments and management
practices, and plasticity has often considered to be a breeding
obstacle (Basford and Cooper, 1998; Cooper et al., 1999). Large
and complex genotype by environment interactions complicate
the design and implementation of breeding strategies (Cooper
et al., 1999) and breeders often select for a low genotype
by environment contribution to enable genotypes to perform
predictably in specific environments. Crop breeding has made
huge advancements in the development of productive varieties
that are stable across diverse conditions and recent studies have
suggested that plasticity was not directly or indirectly selected
for in the development of modern crop varieties (Gage et al.,

2017). It is important to note that maladaptive plasticity in a
specific environment may be adaptive in different environments,
including future climates. Plasticity that is not currently adaptive
can provide sources of variation that may be important for
phenotypic evolution or variation for breeding (Lande, 2009).

The genetic architecture of plasticity is highly complex and
quantitative. Many genes with small effects control plastic
responses and distinct genes control plastic responses of
different root phenes and in response to different stresses
and environments (Schneider et al., 2020a,b). This can pose a
challenge for breeding programs that use conventional tools like
single-trait breeding strategies and marker assisted selection, as
hundreds of genes would need to be stacked for the development
of desirable root ideotypes for specific environments. However,
modern breeding methods, like genomic selection enable the
selection of multiple loci.

In addition, genes controlling root anatomical and
architectural phenes and their plastic responses are probably
highly pleiotropic. For example, multiple root anatomical and
architectural phenes are regulated by ethylene (Takahashi et al.,
2015; Schneider et al., 2018). Ethylene signaling induces root
cortical aerenchyma and RCS formation via programmed cell
death (Evans, 2003; Schneider et al., 2018) and presumably
common signaling pathways (e.g., ethylene) control expression
of other root phenes under a range of edaphic stresses [i.e.,
lateral root formation (Negi et al., 2008)]. For example, the
upregulation of an ethylene-related gene may be intended
to increase aerenchyma formation for adaptation in drought
environments, however, increased ethylene production may also
have unintended effects such as reduced axial root elongation
which may be maladaptive in these environments. We must fully
understand the genetic architecture of phene plasticity as well as
the function of phenes and phene aggregates in order to develop
adaptive crop cultivars for specific environment.

In breeding programs with capabilities to use genomic
selection, selection should include phenes and integrated
phenotypes (and their plastic responses), not just selection
for yield. Selection for individual phenes has merits
compared with brute-force yield selection for edaphic
stress (Lynch, 2019). In training sets for genomic selection,
consideration must be given to wild germplasm and
landraces, since elite germplasm has been developed through
selection in high-input environments and often against
plasticity. Landraces and wild germplasm presumably
express more phenotypic plasticity than uniform, stable
elite crop germplasm and could provide unique sources of
phenotypic variation.

Phenotypic selection for plasticity may also be a viable
strategy for breeding programs, however, selection must occur
in specific targeted environments or under specific edaphic
stresses. A genotype that displays adaptive plastic responses
to water stress may not express an adaptive (or any) plastic
responses to other edaphic stresses such as limited nutrient
availability. The phenotyping of plasticity should be evaluated
for individual phenes, as plasticity in a variety of phenes and
phene combinations can result in similar yield or measures of
plant performance.
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TABLE 1 | Summary of identified genetic loci associated with root plasticity and architecture.

Species Root trait Response References

Soybean Root length, Number of adventitious roots, Number of root tips Waterlogging Ye et al., 2018

Rice Root diameter, Stele diameter, Cortical diameter, Metaxylem vessel
number and diameter, Root length, Specific root length, Root volume,
Root surface area

Drought Kadam et al., 2017

Rice Lateral root branching Drought Niones et al., 2015

Rice Root length density and root dry weight Drought Sandhu et al., 2016

Arabidopsis Root volume, Weight, Deep root weight Drought Li et al., 2017

Arabidopsis Root length and dry weight Drought El-Soda et al., 2015

Maize Lateral root branching and length Low Phosphorus Zhu et al., 2005b

Maize Root hair length Low Phosphorus Zhu et al., 2005a

Maize Root cortical aerenchyma, Cortical cell size and file number, Metaxylem
vessel area, Cortical area, Stele area, Root cross-sectional area

Drought Schneider et al., 2020a

Maize Root angle, Lateral root branching length and density, Distance to the
first lateral branch

Drought Schneider et al., 2020b

Several genes have been identified in many different species for a number of anatomical and architectural phenes.

The adaptive value of plasticity in breeding programs
is limited by distinct genetically controlled plasticity
responses to different environmental conditions. Breeders
may need to target a specific plastic response of a specific
phene or set of phenes to a specific abiotic or biotic
stress or environment, rather than just breed for a variety
that highly expresses phenotypic plasticity. Genotypes
that have a plastic response to water deficit are not the
same set of genotypes with a plastic response to different
environments (i.e., G × E) (Schneider et al., 2020a,b).
Breeding efforts to develop varieties that are plastic
to a wide range of environments and stresses, may be
maladaptive in environments with multiple stresses or
stresses that fluctuate on short time scales or that vary
throughout the growth season. The development of new
crop varieties can take decades, and the utility of phene
states in the current target environment may change
in future environments and climates. Since each plastic
response to an environmental cue has distinct genetics,
use of plasticity as a selection criterion is challenging for
breeders who must target each plastic response to a specific
environment or stress.

FUTURE RESEARCH DIRECTIONS

Should root plasticity be a breeding target? The answer is
complex. The fitness landscape of root phenotypic plasticity
is dependent on specific agroecologies and management
practices, and the genetic control of plasticity is in general
highly quantitative and is dependent on many loci having
small effects. To better understand and interpret plasticity,
first we need a comprehensive understanding of the utility
of individual phenes. Numerous studies evaluate plasticity
of specific root length, root biomass, or yield. However,
specific root length may depend on the expression of many
individual phenes including the formation of root cortical
aerenchyma, cortical cell file number, and stele area. Previous

studies have demonstrated that phenotypic plasticity is phene-
specific, not necessarily genotype-specific (Schneider et al.,
2020a,b) so it is important to measure individual phenes as
opposed to phene aggregates. When plasticity of a phene
aggregate, or combinations of multiple elemental phenes,
is measured, it may reflect a plastic response of one or
multiple phenes. In addition, when phene aggregates are
measured, phenotypic plasticity may be masked by different
responses of elemental phenes. For example, the diameter
of the root may not exhibit plasticity, but the stele size,
cortical cell file number, or size of cortical cells may have
changed their phenotype. Many combinations of elemental
phenes have the potential to produce the same expression of
combinations of phenes.

Contrary to earlier neo-Darwinian views of plasticity
as trivial “noise,” plasticity is now considered to be an
important source of phenotypic variation. Root systems
consist of multiple phenes, each under distinct genetic
control, that interact with each other and the environment
to determine fitness. The fitness landscape of root phenes
and their plastic responses that vary among genotypes,
species, and environment is poorly understood. Plants
are not equipped with unlimited phenotypic plasticity,
which suggests that there are constraints to its expression
(Schlichting, 1986).

Several recent studies have focused on the utility of specific
phenes in edaphic stress (Trachsel et al., 2013; Chimungu et al.,
2014a,b; Saengwilai et al., 2014a,b; Schneider et al., 2017a;
Strock et al., 2018), however, the utility of many other root
phenes in edaphic stress remains to be explored. In addition,
recent studies have explored interactions between root phenes
which may be synergistic or antagonistic in nature (Miguel
et al., 2015; Rangarajan et al., 2018). For example, in dicots
tradeoffs exist between shallow and deep soil foraging (Ho
et al., 2005). Recent studies suggest that plasticity is phene-
specific and a single genotype may produce an adaptive plastic
response for one phene and maladaptive plastic response for
a different phene on the same plant (Schneider et al., 2020a).
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Presumably, genes controlling adaptive phenotypic plasticity
would have to be stacked in breeding programs to create a
suite of adaptive synergistic phenes. Understanding the utility
of root phenes and their interactions will have important
implications in understanding adaptive or maladaptive plasticity
under specific edaphic stresses. In many cases, more detailed
and refined phenotyping methods are needed to be able to
characterize and phenotype phene states, rather than phene
aggregates. In many knockout collections, the annotation of “no
visible phenotype” is common and is partly due to the lack of
capacity for the plant science community to analyze subtle and
complex elemental phenes. Field phenotyping is a bottleneck in
crop breeding programs and high-throughput, industrial-scale
phenotyping often does not allow for the identification and
understanding of subtle, complex phene states. In the context
of plant roots, there are many combinations of phenes that
affect fitness of a plant in a specific environment. In order
to interpret the adaptive value, utility of phenotypic plasticity,
and consider plasticity in breeding programs we must first
understand the fitness landscape of individual phenes and
phene combinations.

To understand patterns of plasticity, we need to better
understand and monitor local environments and changes in
the environment. Subtle changes in the environment, such as
localized nutrient patches, may induce a phenotypic response
and if the environment is not carefully monitored, it makes
interpretation of the plastic responses challenging (Schneider
et al., 2020a). Field environments are often heterogeneous and
difficult to monitor and replicate. In silico approaches enable the
evaluation of many environment and phenotype combinations
including those that do not exist in nature (Dunbabin et al.,
2013). The use of modern in silico approaches will be necessary to
understand the complex interactions of the root fitness landscape
that are not possible empirically.

Growth differences between controlled and field
environments are often overlooked. Planting density, light,
temperature, and other growing conditions have large effects
on plant growth and are often dramatically different in the
field compared to controlled environments and phenotypic
correlations between lab and field data are often poor (Poorter
et al., 2016). Controlled environments and growing systems
do not represent the heterogeneous matrix of the soil and
therefore are difficult to use to discover true plant responses.
There is a clear need to employ abiotic conditions that are
overall more similar to those which the plants experience in the
field (e.g., more natural soils, appropriate planting densities,
light intensity). Many previous studies on phenotypic plasticity
have focused on environmental responses in straightforward
traits including biomass and root-shoot ratios (Bradshaw and
Hardwick, 1989) and numerous studies have observed plastic or
genotype by environment responses of below- and above-ground
plant phenes (Robinson et al., 1999; Gage et al., 2017; Rabbi et al.,
2017). Now that we have a basic understanding of plasticity,
we can move to understanding more complex and subtle
aspects of phenotypic plasticity. Single-factor experiments have
been important in understanding plastic responses, however,
more realistic environmental complexity is needed in studies

(e.g., multiple, simultaneous dynamic stresses). For example,
understanding plastic responses to multiple constraints is
important. Very few studies have tested plastic responses to
multiple simultaneous abiotic and biotic stresses.

Short-term or dynamic plasticity is an important but poorly
understood component of plasticity that includes the rate of
phenotypic response or patterns of development. Plasticity
of short duration may be important in maintaining fitness,
particularly in fluctuating environments. Dynamic plasticity is
challenging to measure, as it requires phenes to be measured over
time in many individuals in different environments. Common
phenotyping tools require destructive harvests at fixed times or
at fixed growth stages and are slow and costly. However, this
is critical to understanding plasticity, as the determination of
whether plasticity is adaptive or maladaptive depends strongly on
its temporal expression.

The extent of variation in expression of plasticity still remains
to be explored in many root phenes. Phenotypic plasticity may
be an important source of genetic variation to be exploited
for the development of crop varieties for future environments.
However, breeding for genotypes with plastic responses will be
complicated by their complex genetic architecture, genetic and
metabolic costs of plasticity, and potential maladaptive responses
in many environments.

We propose that some of the main ideas discussed
here regarding root phenotypic plasticity are applicable to
shoot phenotypic plasticity. In high-input environments, shoot
architecture and anatomy is optimized for enhanced plant
performance. Similar to root plasticity, we speculate that in high-
input environments, shoot plasticity may not be advantageous,
since human management has removed many constraints to
shoot function. However, shoot phenotypic plasticity ideotypes,
benefits, and trade-offs in many ways are not equivalent to root
plasticity as soil resources are spatially and temporally dynamic
and much more complex than above-ground environments. Like
root phenes, we must fully understand the fitness landscape
of shoot phenotypic plasticity before its integration into
breeding programs.

To harness the power and knowledge of genomic information
and agricultural application of plasticity, we need to be able
to comprehensively link genetic information to “real world”
phenotypes in “real world” environments. We need to measure
the adaptive significance of patterns in plasticity and understand
the complex pathways that lead from environmental cues to
a plastic response. The fitness landscape of plasticity is highly
complex, yet poorly understood and merits further research to
understand the utility of plasticity for edaphic stress tolerance.
The study of phenotypic plasticity involves many disciplines
including ecology, physiology, development morphology,
genetics, in silico biology and evolution and offers many research
opportunities to understand links among these areas.
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The family of NudC proteins has representatives in all eukaryotes and plays essential
evolutionarily conserved roles in many aspects of organismal development and stress
response, including nuclear migration, cell division, folding and stabilization of other
proteins. This study investigates an undescribed Arabidopsis homolog of the Aspergillus
nidulans NudC gene, named NMig1 (for Nuclear Migration 1), which shares high
sequence similarity to other plant and mammalian NudC-like genes. Expression of
NMig1 was highly upregulated in response to several abiotic stress factors, such as
heat shock, drought and high salinity. Constitutive overexpression of NMig1 led to
enhanced root growth and lateral root development under optimal and stress conditions.
Exposure to abiotic stress resulted in relatively weaker inhibition of root length and
branching in NMig1-overexpressing plants, compared to the wild-type Col-0. The
expression level of antioxidant enzyme-encoding genes and other stress-associated
genes was considerably induced in the transgenic plants. The increased expression
of the major antioxidant enzymes and greater antioxidant potential correlated well
with the lower levels of reactive oxygen species (ROS) and lower lipid peroxidation.
In addition, the overexpression of NMig1 was associated with strong upregulation of
genes encoding heat shock proteins and abiotic stress-associated genes. Therefore, our
data demonstrate that the NudC homolog NMig1 could be considered as a potentially
important target gene for further use, including breeding more resilient crops with
improved root architecture under abiotic stress.

Keywords: NudC gene, NMig1, abiotic stress, reactive oxygen species, heat shock proteins, Arabidopsis thaliana

INTRODUCTION

Nuclear distribution C (NudC) genes encode proteins with high structural and functional
conservation from yeast to human (Osmani et al., 1990; Fu et al., 2016). NudC has been
identified in the filamentous fungus Aspergillus nidulans as an essential gene required for the
microtubule-dependent migration of cell nuclei and for normal colony growth (Osmani et al., 1990;
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Chiu et al., 1997). NudC proteins play roles in diverse cellular
processes, including cell division, cell cycle progression, neuronal
migration, dynein-dependent functions (Aumais et al., 2003;
Zhou et al., 2003; Fu et al., 2016). Homologs of NudC from
mammals, Drosophila, Caenorhabditis elegans and Arabidopsis
thaliana complement nudC3 mutation in A. nidulans, and
result in the normal movement of nuclei and colony growth
(Cunniff et al., 1997; Morris et al., 1997; Dawe et al., 2001).
These observations suggest that some functions of NudC
are evolutionarily and functionally conserved in different
eukaryotic organisms.

The levels of NudC mRNA and protein correlate with the
proliferative activity in different cell types and tissues. The
human NudC homolog is highly expressed in proliferating cells
(Gocke et al., 2000) and participates in spindle formation during
mitosis (Zhang et al., 2002). Depletion of NudC leads to the
occurrence of multiple spindles during metaphase and induces
lagging chromosomes during anaphase (Zhou et al., 2003).
Either depletion or overexpression of NudC components induces
cytokinesis defects in mammalian cells (Aumais et al., 2003; Zhou
et al., 2003). NudC is also intimately involved in the regulation of
actin dynamics by stabilizing cofilin 1, a key regulator of actin
polymerization and depolymerization (Zhang et al., 2016).

The NudC homologs possess a core CS domain (a domain
shared by CHORD-containing proteins and SGT1) that occurs
preferably in proteins with chaperone or co-chaperone activities
(Lee et al., 2004; Zheng et al., 2011). The CS domain in
the NudC family has a molecular architecture similar to
small heat shock chaperones, such as p23 and HSP20/alpha-
crystallin proteins (Garcia-Ranea et al., 2002). One of the most
important functions of p23 and HSP20 is to simultaneously
interact with HSP90 and specific client proteins (Lee et al.,
2004; Botër et al., 2007). The CS domain is considered as a
binding module for HSP90, implying that CS domain-containing
proteins are involved in recruiting heat shock proteins (HSPs) to
multiprotein complexes (Lee et al., 2004). Experimental evidences
support both the HSP90 co-chaperone and intrinsic chaperone
functions of the NudC family. For instance, the microtubule-
associated C. elegans NudC homolog, NUD-1, has shown
chaperone activity in vitro, inhibiting heat-induced aggregation
and precipitation of citrate synthase and luciferase (Faircloth
et al., 2009). Human NudC stabilizes Lis1 (lissencephaly protein
1) through HSP90-mediated pathways and exhibits intrinsic
chaperone activity in vitro preventing aggregation of citrate
synthase (Yang et al., 2010; Zhu et al., 2010). There have been
only few studies aimed at exploring the functions of NudC
proteins in plants (Jurkuta et al., 2009; Perez et al., 2009; Ishibashi
et al., 2012; Silverblatt-Buser et al., 2018; Liu et al., 2019).
In A. thaliana, a gene named BOBBER1 (BOB1), encodes a
small 34.5 kDa protein that interacts genetically with two 26S
proteasome subunits and maintains a functional proteostasis
network enabling proper plant development (Silverblatt-Buser
et al., 2018). A partial loss-of-function mutation in BOB1 results
in numerous developmental defects, including obstructed root
growth (Perez et al., 2009). BOB1 displays features typical for
canonical small heat shock proteins (sHSPs), such as in vitro
chaperone activity, heat stress induction and the availability of an

α-crystallin-like NudC domain (Haslbeck et al., 2005; Perez et al.,
2009). At high temperatures, BOB1 colocalizes with HSP17.6 and
incorporates into heat shock granules that are formed mainly
in the cytoplasm of heat-exposed plant cells (Kirschner et al.,
2000; Miroshnichenko et al., 2005). It has been demonstrated
that heat exposure of a partial loss-of-function mutant bob1-
3 during germination and at seedling stage leads to reduced
thermotolerance, compared to wild-type seeds. This defect can
be complemented by a functional BOB1 transgene, confirming
that the phenotype is a result of the reduced BOB1 function
(Perez et al., 2009).

In search of regulators of root development, we identified a
previously undescribed Arabidopsis homolog of the Aspergillus
NudC gene, named NMig1 (for Nuclear Migration 1), which
shares structural similarity to other plant and mammalian
NudC-like members. Since NMig1 is a BOB1 homolog and
given the presence of the CS domain, we hypothesized the
putative role of NMig1 in root development and modulation of
plant defense systems under stress. Accordingly, we generated
Arabidopsis plants overexpressing NMig1 and compared their
root phenotypic features and responses to abiotic stress
conditions (heat shock, drought, and high salinity) with those
in the wild-type plants. Evaluation of the antioxidant status,
accumulation of reactive oxygen species (ROS) and lipid
peroxidation, as well as analysis of the expression levels of
stress-related genes were undertaken. The results obtained
strongly suggest a potential regulatory function of NMig1 in root
development and tolerance to abiotic stress.

MATERIALS AND METHODS

Bioinformatics Analysis
The NMig1 (At5g58740) sequence was used as a query to
search for NMig1 homologs from the NCBI database through
BLAST analysis. The amino acid sequence of NMig1 and some
of its homologs were aligned using Clustal Omega (Pundir
et al., 2016), and the alignment image was generated using
BoxShade version 3.21 (K. Hofmann, Koeln, Germany and M.
Baron, Surrey, United Kingdom). The accession numbers are as
follows: Q8VXX3, NP_200682.1 (Arabidopsis thaliana); Q9LV09,
NP_200152.1 (A. thaliana); Q9STN7, NP_194518.1 (A. thaliana);
NP_001357629 (Zea mays); XP_002467510.1 (Sorghum
bicolor); XP_015617572.1 (Oryza sativa); XP_003579589.1
(Brachypodium distachyon); NP_001236519.1 (Glycine max);
XP_002525640.1 (Ricinus communis); XP_002274773.1 (Vitis
vinifera), and CAL37614 (Homo sapiens). The conserved motifs
and domain structure of NMig1 protein were analyzed using
InterPro scan program1 (Supplementary Figure S1).

Generation of Constructs and
Transformation of Arabidopsis thaliana
The recombinant plasmids were obtained through the
GATEWAYTM recombination cloning technology (Invitrogen
Life Technologies). The Entry Clones were generated by inserting

1https://www.ebi.ac.uk/interpro/
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the coding sequence of NMig1 into the pDONR221 donor vector,
then the Entry Clones were recombined into the destination
vectors pK7WG2 or pK7FWG2 [with C-terminal translational
green fluorescent protein (GFP) fusion] under the control of
CaMV 35S promoter and neomycin phosphotransferase II (nptII)
gene for plant selection (Karimi et al., 2007). The generated
35S:NMig1 and 35S:NMig1-GFP constructs were introduced into
Agrobacterium tumefaciens strain C58C1 (pMP90), harboring
the helper plasmid pSoup. The positive clones were selected
on agar solidified YEB nutrient medium supplemented with
100 mg l−1 rifampicin, 100 mg l−1 spectinomycin and 50 mg l−1

gentamicin, and subsequently transformed into wild-type Col-0
plants by the floral-dip method (Clough and Bent, 1998).
The primary transformants (T0) were selected on 50 mg l−1

kanamycin and their progeny genotyped with gene specific and
nptII gene primers. The positive transformants were further
tested by kanamycin selection and five representative transgenic
lines (L1 – L5) were generated. All analyses were carried out with
homozygous T3 seedlings.

Plant Material and Growth Conditions
Arabidopsis thaliana seeds were surface sterilized, stratified for
2 days in the dark at 4◦C, and grown on half-strength Murashige
and Skoog (1/2MS) (Murashige and Skoog, 1962) medium
(pH 5.7) solidified with 1.0% agar at 22◦C. To evaluate the
root phenotypes of wild-type and transgenic (T3 generation)
plants, approximately 30–35 seeds from each independent
transgenic line and controls were plated at least in triplicate
and cultivated in a growth chamber under a 16-h light/8-h
dark cycle and a light intensity of ∼150 µmol m−2 s−1. For
all phenotypic analyses, plants were vertically grown on square
plates (Greiner Labortechnik) for 10 days unless otherwise stated.
For comparison of the root phenotype of transgenic and wild-
type plants, NMig1-overexpressing lines were co-cultivated with
the wild-type plants on the same agar plates divided into two
equal parts. Each plate contained seedlings of one individual
transgenic line and Col-0. To analyze responses to abiotic stress,
5-day-old seedlings were transferred to plates containing solid
1/2MS medium supplemented with or without 150 mM sorbitol
or 150 mM NaCl and scanned every day. Heat stress was
applied by exposure of 8-day-old seedlings to 42◦C for 1 h and
subsequently transferred into a growth chamber for 2 additional
days of growth under optimal conditions. Untreated wild-type
and transgenic plants were used as controls and these were
grown at the same time as the individuals subjected to the
stress treatments.

Morphological Characterization of Roots
Plates were scanned every day with an Epson Perfection V850 Pro
scanner. Root length was quantified using the image processing
software ImageJ 1.48 (National Institutes of Health, Bethesda,
MD, United States), and the visible lateral roots were counted and
calculated per seedling. Non-emerged lateral root primordia were
quantified on the roots of 10-day-old seedlings after root clearing
(Malamy and Benfey, 1997). The stress-induced inhibition
of primary root growth, formation of lateral root primordia
and emerging lateral roots was calculated in percentages for

each genotype as a difference between growth and branching
under control and stress conditions. The density of lateral root
formation events was quantified by dividing the total number of
emerged lateral roots plus lateral root primordia by the primary
root length, and expressed as lateral root formation events per
cm of primary root. In each experiment, the root system of at
least 30 plants was examined under an Olympus BX51 upright
microscope with a differential interference contrast (DIC) and
XC50 digital microscope camera.

Confocal Microscopy and Image
Analysis
Fluorescent images were acquired on an inverted laser scanning
confocal microscope Zeiss LSM 710 using the ZEN software
package (Carl Zeiss, Germany) after excitation by a 488 nm argon
laser and detected using the bandpass 505–530 nm emission
filter setting. Autofluorescence of photosynthetic pigments was
observed after excitation with a 543 nm helium-neon (He-Ne)
laser and detected using the bandpass 560–615 nm emission filter.
The root apical meristem was imaged on an Andor Dragonfly
spinning disk confocal system equipped with the Fusion software
(Andor Technologies, Inc.) and iXon897 EMCCD camera at
488 nm laser excitation. Confocal images were processed with
ImageJ1.52r or the CellTool software2 (Danovski et al., 2018).

Determination of Free Radical
Scavenging Activity and Antioxidant
Status
Fresh plant material (200 mg) was frozen in liquid nitrogen,
grinded to fine powder in TissueLyser LT (QIAGEN) and mixed
with 500 µl ice-cold 80% ethanol. The samples were centrifuged
at 10 000 rpm for 30 min at 4◦C and the supernatants were
used for determination of antiradical activity by 2,2′-diphenyl-
1-picrylhydrazyl (DPPH) Radical Scavenging assay, according to
Brand-Williams et al. (1995), and antioxidant capacity by Ferric
Reducing Antioxidant Power (FRAP) assay, as decribed by Benzie
and Strain (1999).

The antiradical activity of the plant extract (40 µl) was
measured by mixing it with DPPH solution (960 µl) in methanol
(6.10−5M). The absorbance of the reaction solution at 515 nm
was determined after 30 min of incubation at room temperature
in the dark. The rate of antiradical activity was calculated by
Trolox standard curve and the results were represented as µmol
Trolox g−1 FW.

The antioxidant capacity assay is based on the reduction
of ferric tripyridyl-s-triazine (Fe3+-TPTZ) complex to the blue
colored ferrous (Fe2+) form by the antioxidants present in the
plant extract. Briefly, 50 µl of the supernatant was mixed with
1.5 ml of freshly prepared FRAP reagent (0.3 M acetate buffer,
0.01 M TPTZ in 0.04 M HCl and 0.02 M FeCl3.6H2O in 10:1:1
proportion) and 150 µl distilled water. The optical density was
spectrophotometrically determined after 15 min at 593 nm.
Antioxidant capacity was expressed as µmol FRAP g−1 FW.

2dnarepair.bas.bg/software/CellTool
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Measurement of Lipid Peroxidation and
Hydrogen Peroxide Content
Fresh plant material (200 mg) was frozen in liquid nitrogen,
grinded to fine powder in TissueLyser LT (QIAGEN) and
mixed with 0.1% trichloroacetic acid (w/v) (TCA). The samples
were centrifuged at 10 000 rpm for 30 min at 4◦C and the
supernatant was used for determination of lipid peroxidation and
H2O2 content.

Lipid peroxidation was determined by the thiobarbituric
(TBA) method, which quantifies the amount of malondialdehyde
(MDA) as the end product of the lipid peroxidation (Hodges
et al., 1999). Reaction mixture contained 500 µl supernatant,
500 µl 0.1 M phosphate buffer (pH 7.3) ant 1 ml TBA (0.5% w/v).
The samples were placed in a boiling water bath for 45 min. After
cooling on ice, the sample absorbance was read at 440, 532, and
600 nm. The MDA extinction coefficient (ε = 155 mM−1 cm−1)
was used for calculations of MDA concentration and expressed as
nmol g−1 FW.

Hydrogen peroxide (H2O2) content was determined
according to Wolff (1994). One ml of 0.1% TCA extract was
mixed with 1.9 ml reagent (composed by 100 µM xylenol orange,
250 µM ammonium ferrous sulphate, and 100 mM sorbitol in
25 mM H2SO4). The absorbance of the reactions was evaluated
spectrophotometrically at 560 nm after 30 min incubation at
room temperature and H2O2 extinction coefficient used for the
calculations was ε = 2.24× 105 M−1 cm−1.

In situ ROS Assays
In situ detection of reactive oxygen species (ROS) accumulation
was performed by nitroblue tetrazolium (NBT) and
diaminobenzidine (DAB) staining methods, according to
Kumar et al. (2014) with slight modifications, as described
in Nguyen et al. (2017). For tissue-specific detection of the
superoxide anion (O2−) abundance, 6-day-old A. thaliana plants
grown on 1/2MS, were stained in freshly prepared 0.05% NBT
(w/v) in 50 mM sodium phosphate buffer (pH 7.4) for 30 min,
covered with aluminum foil and incubated on a lab shaker
(80 rpm) at room temperature. To detect H2O2 content, the
seedlings were stained for 1 h in 1 mg ml−1 DAB dissolved in
10 mM Na2HPO4 (freshly prepared). After the incubation in
NBT and DAB solutions, the seedlings were transferred into
bleaching solution (ethanol: acetic acid: glycerol in ratio 3:1:1)
and kept at 4◦C overnight. The analyzes of the samples were
performed on the following day on an Olympus BX51 upright
microscope coupled to an XC50 digital microscope camera.

RNA Extraction and Gene Expression
Analysis
Total RNA was extracted using the Trizol reagent (Invitrogen),
followed by clean-up with RNeasy Mini Kit (Qiagen), including
DNase I (Qiagen) treatment, according to the manufacturer’s
protocols. The quantity and quality of RNA samples were
evaluated with Thermo Fisher Scientific NanoDrop 1000
Spectrophotometer. Complementary DNA (cDNA) was
synthesized from 1 mg of total RNA with the iScript cDNA
Synthesis Kit (Bio-Rad), according to the manufacturer’s

instructions. The quantitative PCR analysis was carried out in
a BioRad CFX96 real time C1000 thermal cycler with SsoFast
EvaGreen supermix (BioRad) or in a LightCycler 480 system
(Roche Diagnostics) with the SYBR Green I Master kit (Roche
Diagnostics), according to the manufacturer’s instructions.
Conventional PCR analysis was performed with the same
cDNA templates in a PCR Eppendorf Mastercycler (Eppendorf,
Germany). Primer pairs were designed with Beacon Designer
4.0 (Premier Biosoft International) or Primer 3.0 (Untergasser
et al., 2012). Efficiency curves were generated for each primer
set and amplification efficiency between 98 and 102% was
considered acceptable for a quantitative gene expression analysis
(Raymaekers et al., 2009). Expression levels were normalized
to those of EF1α and CDKA1;1. The average Cycle threshold
(Ct) values of the reference genes EF1α and CDKA1;1 were
calculated using three untreated biological replicates. Delta Ct
(1Ct) values were obtained by subtracting from the average
reference Ct values the individual Ct values of each treated and
untreated sample within a specific gene dataset. The relative
quantity (RQ = 2ˆ1Ct) and the normalization factor [NF = RQ
(EF1α + CDKA1;1)] were used to calculate the normalized
expression of the genes of interest. In semi-quantitative analyses,
EF1α was used as a reference gene. Each individual sample was
analyzed in triplicate. The list of specific primer sets for the
monitored genes is provided in Supplementary Table S1.

Statistical Analysis
All values reported in this study are the means of at least three
independent experiments with three replicates, unless otherwise
stated. Mean data from all plants on a single plate were used to
generate a single replicate. The significance of the results and
statistical differences were analyzed using Statgraphics Plus 5.1
software (Statistical Graphics, Warrenton, VA, United States).
The data were evaluated by multifactor analysis of variance and
expressed as mean ± standard error (SE). A p-value equal to or
lower than 0.05 was considered statistically significant.

Accession Numbers
The Arabidopsis Information Resource (TAIR) locus identifiers
for the genes mentioned in this study are At5g58740 for NMig1,
At5g53400 for BOB1, At4g27890 for BOB2, At3g53990 for USP17,
At4g27320 for USP21, At1g08830 for SOD1, At1g20630 for CAT1,
At4g35090 for CAT2, At1g07890 for APX1, At2g33210 for HSP60,
At4g24190 for HSP90, At1g74310 for HSP101, At5g52310 for
RD29A, At2g01980 for SOS1, At1g07940 for EF1a, and At3g48750
for CDKA1;1.

RESULTS

NMig1 Is a Small HSP With NudC Domain
Proteins belonging to the NudC family contain a highly
conserved NudC domain of approximately 140 amino acids
that share significant sequence similarity in different species
(Supplementary Figure S1). The A. thaliana NMig1 (locus
At5g58740) gene is located in chromosome 5 (Chr5: 23725675-
23727628), and consists of five exons and four introns. The
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deduced protein sequence (accession number AED97093.1)
is annotated in the databases as a “HSP20-like chaperones
superfamily protein.” The coding sequence of NMig1 is 477 bp in
length and encodes a protein of 158 amino acids with a molecular
mass of 18.2 kDa (pI 5.77) (Aramemnon database; Schwacke
et al., 2003).

According to the Arabidopsis developmental and root maps
in the eFP Browser (electronic Fluorescent Pictograph3), NMig1
is expressed in an organ specific manner (Supplementary
Figure S2). The developmental map showed that the highest
expression level (expression potential) in the leaves, stem, flowers,
pollen and seeds was about 510 absolute signal value (a.s.v.)
(Supplementary Figure S2A). In the root, the NMig1 expression
potential reached about 2766 a.s.v. depending on the growth
conditions. At tissue resolution within the root, the highest level
of NMig1 expression was found in the lateral root cap and
columella cells (Supplementary Figure S2B).

In the A. thaliana genome, besides NMig1, two additional
genes encode proteins with NudC domain, BOB1 (At5g53400)
and BOB2 (At4g27890) (Supplementary Figure S1; Jurkuta
et al., 2009; Perez et al., 2009). BOB1 and BOB2 show weak
sequence similarity to NMig1. BOB1 displays 42.1% similarity,
27.3% identity, gaps 48.6% and overlap in 40 amino acids
when compared to NMig1. BOB2 has 41.4% similarity, 30.7%
identity, gaps 47% and overlap in 42 amino acids [The European
Bioinformatics Institute, Pairwise Sequence Alignment, accession
numbers: AAO23639.1 (BOB1), AEE85405.1 (BOB2)].

In addition, protein sequence analysis revealed the presence
of a CS (CHORD-containing proteins and SGT1) domain
(PF04969) that is typical for proteins functioning as independent
sHSPs or co-chaperones of other HSPs (Zheng et al., 2011).
The CS domain encompasses almost all of NMig1 protein and
consists of approximately 100 amino acids. Comparison of NudC
family members in different species displayed conservation of CS
domain sequences across monocots and dicots, and also human
(Supplementary Figure S1).

Expression Patterns and Root System
Architecture of NMig1 Overexpressors
To investigate the biological functions of NMig1, we constructed
five transgenic lines (L1, L2, L3, L4, and L5) that stably
expressed NMig1 under the control of CaMV 35S promoter.
In lines L4 and L5, the NMig1 gene was fused upstream
of a reporter gene encoding the green fluorescent protein
(GFP) (Figure 1). Quantification of NMig1 expression in the
generated homozygous lines revealed strong upregulation of
NMig1 transcripts, which increased between 35- and 50-fold
compared to the wild-type values (Figure 2). Based on the
obtained results, the lines with the highest NMig1 expression
levels (L2, L3 for 35S:NMig1 and L5 for 35S:NMig1-GFP), were
chosen for further phenotypic analyses and assessment of abiotic
stress response.

Examination of the transgenic lines harboring the 35S:NMig1-
GFP construct demonstrated very strong expression in the
primary roots, as the most intense signal was seen in the root

3http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi

FIGURE 1 | Representative confocal images showing localization of
overexpressed NMig1 gene in the root and leaf tissues of 6-day-old
Arabidopsis thaliana. Expression pattern of 35S:NMig1-GFP in: (A) primary
root, (B) primary root meristem, (C) cells from root elongation zone, (D) and
(E) leaf epidermal cells and chlorophyll autofluorescence (red). Scale bars: (A)
100 µm; (B), (D) and (E) 20 µm; (C) 50 µm.

apical meristem (Figure 1A). At the cellular level, high strength
of the GFP signal was detected in the cytoplasm, in the nuclei,
excluding the nucleolus (Figure 1B), as well as in the membrane
and endomembrane systems (Figure 1C). Confocal imaging
also showed intense GFP signal in the leaf epidermis, which
was particularly strong in stomatal guard cells (Figures 1D,E).
Overlap of NMig1-GFP and red chlorophyll autofluorescence in
the leaf chloroplasts could be seen as yellow patches (Figure 1D).

After 10 days of growth, a detailed phenotypic analysis
was carried out to compare root growth and branching in
the lines with ectopic expression of NMig1 and the wild-type
plants (Figures 3A–D). Under favorable growth conditions, all
transgenic lines, overexpressing NMig1, displayed significantly
greater primary root length (between 18 and 28%), as compared
to the wild-type Col-0 (Figure 3C). The number of lateral roots
was also enhanced, as the increase ranged between 33 and 50% in
the different transgenic lines. To assess whether this increase was
caused by enhanced lateral root initiation events, we additionally
quantified the number of non-emerged lateral root primordia
in the roots of NMig1 overexpressors and the wild-type Col-0
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FIGURE 2 | Expression analysis of the NMig1 gene in 10-day-old wild-type
seedlings and homozygous transgenic lines overexpressing NMig1 (L1-L5).
Expression levels were normalized to those of EF1a and CDKA1;1, as
described in Materials and Methods. Data represents the mean values ± SE
from at least three biological replicates. Different lowercase letters indicate
statistically significant difference (p ≤ 0.05).

(Figure 3D). The results showed an increased number of lateral
root primordia (between 24 and 66%) in transgenic lines, as
compared to the controls. Calculation of the density of all events

associated with lateral root development that include emerged
lateral roots and developing non-emerged primordia estimated
as a function of primary root length, revealed 26% greater density
of the formative events in L2 and L5, compared to the wild-type
Col-0. In L3, despite that the number of all events associated
with lateral root development increased about 30%, the calculated
density did not show statistically significant difference from the
control (Figure 3D).

Differential Expression of NMig1 Under
Exposure to Abiotic Stress
Given the presence of the CS domain, which has structural
homology to the HSP90 co-chaperone p23 (Botër et al., 2007),
we checked the possibility of involvement of NMig1 in abiotic
stress responses. To study this experimentally, we quantified
the NMig1 transcript abundance after exposure of the wild-type
Col-0 plants to heat shock, drought or high salinity (Figure 4).
Expression of NMig1 was significantly upregulated by all the
applied stress treatments between 1.5- and 2.5-fold, compared
to the control (Figure 4A). The degree of the NMig1 stress
induction was compared with that of two genes encoding
universal stress proteins (USPs), USP17 and USP21. The USPs
are involved in a wide range of stress responses, and in general,
their overexpression enhances stress tolerance and alleviates the
oxidative damage through the activation of oxidative stress-
responsive genes and the removal of intracellular ROS (Chi
et al., 2019). Both USP genes studied were upregulated by the

FIGURE 3 | Primary root length and lateral root development of 10-day-old wild-type Col-0 seedlings (A), and transgenic lines overexpressing NMig1 (L2, L3, and
L5) (B) under optimal growth conditions: (C) average length of the primary root and number of lateral roots; (D) number of lateral root primordia and density of lateral
root formation events. Different lowercase letters indicate statistically significant difference (p ≤ 0.05). Scale bar = 1.0 cm.
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FIGURE 4 | Quantitative RT-PCR (A–C) and semi-quantitative RT-PCR analysis (D) of the expression levels of NMig1 (A), and the universal stress proteins USP17
(B), and USP21 (C) in 10-day-old wild-type seedlings subjected to heat shock, drought and high salinity. Expression levels were normalized to those of EF1a and
CDKA1;1, as described in Materials and Methods. For semi-quantitative RT-PCR analysis EF1α was used as a reference gene. Data represents the mean
values ± SE from at least three biological replicates. Different lowercase letters indicate statistically significant difference (p ≤ 0.05).

applied stress treatments (Figures 4B–D) with increases of 2.6-
to 5.6-fold for USP17 and 2.0- to 3.1-fold for USP21, compared to
those of untreated controls. Thus, the stress-induced expression
changes of NMig1 were of similar magnitude and direction to
those found for the studied USPs. The transcript abundance
of the reference gene EF1α did not change under different
experimental conditions (Figure 4D).

Overexpression of NMig1 Promotes Root
Growth and Branching Under Abiotic
Stress
The response of transgenic plants to abiotic stress factors was
analyzed in NMig1 overexpressors and the wild-type Col-0
grown under the above-mentioned stress conditions, heat stress,
drought and high salinity (Figure 5). Evaluation of the root
system morphology when compared showed that all NMig1-
overexpressing lines were more tolerant toward the tested abiotic
factors since the stress-mediated reduction of root growth
and branching was significantly lower, compared to the wild-
type Col-0 (Figures 5A,B and Supplementary Figures S3A–
L), as visualized by presenting the relative inhibition of the
primary root growth and branching under each stress treatment
within the tested genotypes (Figures 5A,B). The most obvious
beneficial effect of the NMig1 overexpression was seen for the
number of lateral root primordia (Figure 5C) and density of

all branching events under heat stress and salinity (Figure 5D).
The heat- and salt-mediated reductions in these parameters were
significantly lower in NMig1-overexpressing lines, compared
to Col-0. Exposure to heat stress resulted in more than 20%
inhibition in the density of all initiation and formative events
associated with lateral root development in Col-0, whereas in
the overexpressors L2 and L3, this parameter was inhibited by
only about 6% (Figure 5D). Similarly, the inhibitory effect of
drought and salinity on the density of all lateral root initiation
events was at least twice lower in L2 and L3 than that observed
in the wild-type.

NMig1 Overexpression Improves Free
Radical Scavenging Activity and
Antioxidant Status
To further elucidate the abiotic stress responses of the transgenic
plants, the effect of NMig1 overexpression on the antioxidant
status was monitored using two antioxidant assays, DPPH
(Figure 6A) and FRAP (Figure 6B). Both analyses displayed
that antioxidant status did not differ in unstressed transgenic
and wild-type plants. The DPPH radical scavenging activity was
increased by the overexpression of NMig1 under all applied stress
factors (Figure 6A). The assessment of antioxidant activity also
showed higher stress-induced levels in the transgenic lines, as
compared to the wild-type Col-0. Thus, both antioxidant assays
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FIGURE 5 | Inhibitory effect of various abiotic stress factors (heat shock, drought and salinity) on primary root length and lateral root development of 10-day-old
wild-type seedlings and transgenic lines overexpressing NMig1 (L2, L3, and L5): (A) inhibition of the primary root length, (B) inhibition of the number of lateral roots,
(C) inhibition of the number of lateral root primordia, and (D) inhibition of the density of lateral root formation events. Different lowercase letters indicate statistically
significant difference (p ≤ 0.05).

showed similar trends of change manifested by lower values in
the stress-treated wild-type seedlings and higher values in the
transgenic lines (Figures 6A,B).

Hydrogen peroxide is one of the most common and early
produced ROS in stress-treated plants and comparison of H2O2
content in NMig1-overexpressing and Col-0 plants displayed
considerably reduced H2O2 production in the transgenic lines
(Figure 6C). The most obvious difference between NMig1-
overexpressors and Col-0 plants was observed under heat stress.
Exposure of Col-0 to heat shock led to more than 2-fold higher
H2O2 accumulation, compared to transgenic plants. Under
salinity stress, the content of O2•−H2O2 greatly increased in
both the wild-type Col-0 and NMig1 overexpressors. However,
this increase was less pronounced in the transgenic than in the
wild-type seedlings.

Since ROS usually induce the peroxidation of membrane
lipids, a quantitative assay was carried out to compare the
level of lipid peroxidation, determined by the amount of MDA
(Figure 6D). At control conditions, no significant difference in
MDA content was detected between the NMig1-overexpressing

and wild-type plants. However, the applied abiotic stresses
induced greater accumulation of MDA in Col-0, as compared to
that in NMig1 overexpressors. Exposure to high salinity increased
about 4.0-fold the content of MDA in Col-0 and less than 2.0-
fold in the transgenic lines, compared to the respective controls.
Similarly, under heat shock and drought NMig1 overexpressors
accumulated lower levels of MDA, compared to the wild-
type Col-0.

In addition, to evaluate the effect of NMig1 overexpression
on the stress-induced production of reactive oxygen species
(ROS) in plant roots, the formation of superoxide anion (O2•−)
and hydrogen peroxide (H2O2) was monitored using NBT
(Figure 7) and DAB staining (Figure 8), respectively. Under
benign growth conditions, both staining procedures showed that
the O2•− and H2O2 levels in transgenic and wild-type plants
exhibited no differences (Figures 7A,E, 8A,E). Abiotic stresses,
however, led to a higher accumulation of O2•− and H2O2
in Col-0, where in the plant roots strong blue (Figures 7B–
D) and brown (Figures 8B–D) staining was visualized. The
most obvious difference between the NMig1-overexpressing
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FIGURE 6 | Determination of antioxidant-related parameters in 10-day-old wild-type seedlings and transgenic lines overexpressing NMig1 (L2 and L3) after exposure
to heat shock, drought and high salinity: (A) free radical scavenging activity, (B) antioxidant capacity, (C) hydrogen peroxide (H2O2) content, and (D)
malondialdehyde (MDA) level. Different lowercase letters indicate statistically significant difference (p ≤ 0.05).

plants and the wild-type Col-0 was detected under heat stress
(Figures 7B,F, 8B,F). The accumulation of O2•− in the heat-
treated roots of Col-0 was very strong (Figure 7B), whereas
in the NMig1 overexpressors, the NBT staining intensity was
compatible to the control level (Figure 7F). Exposure to
drought and salinity also showed distinct staining patterns
in Col-0 (Figures 7C,D, 8C,D) and in the transgenic plants
(Figures 7G,H, 8G,H), but the difference in O2•− and
H2O2 contents between treated and untreated seedlings was
considerably lower.

Overexpression of NMig1 Changed the
Expression of Stress-Related Genes
To explore the molecular mechanisms behind ROS detoxification
under stress conditions, mediated by NMig1 overexpression,
we compared the expression levels of several genes encoding
major enzymes involved in antioxidant defense (Figure 9) and
other stress-related maker genes (Figure 10) in the transgenic
plants and the wild-type Col-0. Very low expression of the genes
SOD1, CAT1, CAT2, and APX1, encoding the ROS scavenging
enzymes superoxide dismutase 1, catalase 1, catalase 2 and
ascorbate peroxidase 1, respectively, was detected in the control
plants (Figures 9A–D). The quantitative expression analysis

revealed profound stress-induced upregulation of these genes in
both the wild-type and NMig1 overexpressors. More specifically,
exposure of wild-type plants to heat shock, drought and salinity,
increased the level of SOD1 transcripts by 3.3-, 13-, and 14.8-
fold, respectively, compared to untreated controls (Figure 9A).
The expression levels of CAT1 and CAT2 also showed differential
responses depending of the stress type (Figures 9B,C). In both
the wild-type and NMig1 overexpressors, CAT1 was maximally
induced by drought and salt stress (Figure 9B), while CAT2 had
the highest expression levels (more than 30-fold upregulation)
under heat shock in the transgenic lines (Figure 9C). Similar
expression pattern was observed for APX1 after the plant
exposure to heat shock, where the APX1 expression increased by
12.5-fold in the wild-type but reached more than 25.0-fold in L2
and L3 (Figure 9D). When challenged with drought and salinity,
the transgenic lines also showed higher accumulation of APX1
transcripts, but the relative increase in the gene expression was
lower, as compared to the control.

Additionally, the applied stress factors led to upregulation of
genes encoding heat shock proteins, HSP60, HSP90, and HSP101
(Figures 10A–C), and the abiotic stress-responsive genes RD29A
and SOS1 (Figures 10D,E). Exposure to stress of the wild-type
plants resulted in an increase of all studied genes, however, this
increase was much lower than that observed in the transgenic
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FIGURE 7 | In situ detection of O2•− by nitroblue tetrazolium (NBT) staining in
6-day-old wild-type (A–D) and NMig1-overexpressing (E–H) seedlings under
optimal growth conditions (A,E), and after exposure to heat shock (B,F),
drought (C,G) and high salinity (D,H). Representative images from three
independent experiments are shown. Scale bars = 50 µm.

lines (Figures 10A–E). In NMig1-overexpressing plants, the heat
stress induced greater accumulation of HSP60 and HSP101
transcripts, between 3.3-fold and 28.5-fold, compared to the
transcript abundance in the same lines under benign growth
conditions (Figures 10A,C). Sorbitol-mediated drought stress
and high salinity led to an increase in the expression of HSP60,
RD29A and SOS1 between 3.3-fold and 7.25-fold, compared to
the expression levels detected under optimal conditions.

DISCUSSION

In the present study, we identified a heretofore uncharacterized
Arabidopsis gene, designated NMig1 (for Nuclear Migration
1), which encodes NudC domain-containing protein.

FIGURE 8 | In situ detection of H2O2 by 3,3-diaminobenzidine (DAB) staining
in 6-day-old wild-type (A–D) and NMig1-overexpressing (E–H) seedlings
under optimal growth conditions (A,E), and after exposure to heat shock
(B,F), drought (C,G), and high salinity (D,H). Representative images from
three independent experiments are shown. Scale bars = 50 µm.

Overexpression of NMig1 resulted in increased primary root
growth and formation of more lateral branches, demonstrating
that the studied root traits positively correlated with the
higher level of NMig1. Consistent with these findings are
the developmental defects including obstructed root growth
due to a partial loss-of-function mutation in the NudC
protein BOB1 (Perez et al., 2009). The stimulating effect on
lateral root formation was nearly twice stronger than that on
primary root growth. These results led us to further explore
how overexpression of NMig1 contributes to remodeling
of root system architecture. Quantification of all branching
events in the transgenic and the wild-type Col-0 plants
indicated increased density of both emerging lateral roots
and developing non-emerged primordia. Hence, NMig1
exerts a dual function in Arabidopsis root development,
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FIGURE 9 | Analysis of the expression levels of major antioxidant genes in 10-day-old wild-type seedlings and transgenic lines overexpressing NMig1 (L2, L3, and
L5) after exposure to heat shock, drought and high salinity: (A) SOD1, (B) CAT1, (C) CAT2, and (D) APX1. Expression levels were normalized to those of EF1a and
CDKA1;1, as described in section “Materials and Methods.” Data represents the mean values ± SE from at least three biological replicates. Different lowercase
letters indicate statistically significant difference (p ≤ 0.05).

increasing lateral root initiation events and promoting
lateral root emergence.

Generally, plants can adjust their root system in correlation
with variable environmental conditions and it is very likely
that every change in root architecture may contribute to plant
performance under stress (Rellán-Álvarez et al., 2016; Motte and
Beeckman, 2019). Overexpression of NMig1 positively affected
root growth and branching under heat shock, drought and
salinity stress manifested by longer primary roots and more
lateral branches in the transgenic plants compared to the
wild-type Col-0. These beneficial root traits suggest that high
expression levels of NMig1 could at least partially counteract
the inhibitory effect of different environmental extremes. In
agreement with this observation is the transcriptional activation
of NMig1 upon exposure of the wild-type Col-0 to different stress
factors. The level of NMig1 induction by stress was compared to
that of the genes encoding the universal stress proteins USP17
and USP21. The USPs exhibit a redox-dependent chaperone
function and are involved in plant protection from abiotic stress
(Jung et al., 2015; Bhuria et al., 2016). The magnitude and profile
of the stress-induced expression of both USP genes were similar
to those of NMig1, which indicate that molecular adjustment of
Arabidopsis to stress requires transcriptional activation of these
three genes at comparable levels.

A common plant response to internal and external stimuli is
the generation of ROS that can potentially lead to oxidative injury
of cell components (You and Chan, 2015). Plant cells control

the levels of ROS by balancing ROS generation and scavenging
through antioxidant enzymes and molecules, such as superoxide
dismutase, catalase, peroxidase and other antioxidants that
protect cells from oxidative damage (Mittler, 2017). Under
benign conditions, ROS are efficiently reduced by non-enzymatic
and enzymatic antioxidant components, whereas under stress
the production of ROS surpasses the capacity of the antioxidant
defense systems to remove them, which causes oxidative stress
(Vanderauwera et al., 2005). In our experiments, the expression
of four genes, SOD1, CAT1, CAT2, and APX1, encoding major
antioxidant enzymes was induced by the applied stress factors
with especially high expression rates in the transgenic lines.
This suggests that overexpression of NMig1 largely upregulated
antioxidant defense components in transgenic plants providing
better protection against ROS damages. The overexpression of
NMig1 was also associated with greater total antioxidant activity
and ROS scavenging potential, assessed by DPPH and FRAP
assays. These observations correlate well with the reduced H2O2
levels in the stress-treated transgenic plants when compared
with the wild-type Col-0. Additional histochemical detection
of the accumulation of O2•− and hydrogen peroxide (H2O2)
specifically in the roots of the transgenic and wild-type seedlings
also displayed a greater stress-induced staining in the wild-type
Col-0, which was utmost under heat stress. In transgenic plants,
a visible increase in staining intensities was not documented, in
particular after the heat treatment. In addition, the degree of
lipid peroxidation, a generally used marker for oxidative stress,
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FIGURE 10 | Analysis of the expression levels of genes encoding the heat shock proteins HSP60, HSP90 and HSP101, and the stress-responsive genes RD29A
and SOS1 in 10-day-old wild-type seedlings and transgenic lines overexpressing NMig1 (L2, L3, and L5) after exposure to heat shock, drought and high salinity:
(A) HSP60, (B) HSP90, (C) HSP101, (D) RD29A, and (E) SOS1. Expression levels were normalized to those of EF1a and CDKA1;1, as described in section
“Materials and Methods.” Data represents the mean values ± SE from at least three biological replicates. Different lowercase letters indicate statistically significant
difference (p ≤ 0.05).

quantified by the level of MDA concentration (Yadav et al.,
2016) was considerably reduced in the transgenics compared
to the wild-type.

Taken together, these results suggest that under stress
conditions, different components of antioxidant defense system
were mobilized by the overexpression of NMig1, which led to
a decrease in ROS accumulation and reduction of oxidative
damage in the transgenic plants. Hence, NMig1 overexpressors
possess a more efficient antioxidant system compared to the
wild-type plants. Since the level of antioxidants in plant tissues

is closely related to plant stress tolerance (Xing et al., 2007;
Sofo et al., 2015), we can suggest that overexpression of
NMig1 confers tolerance to multiple abiotic stresses through
optimization of antioxidant defense system (Zhang et al., 2013;
Yong et al., 2017).

Furthermore, since NMig1 encodes a HSP20-like chaperone
superfamily protein, it could be expected that its overexpression
is associated with increased accumulation of other HSPs. In
general, various HSPs are coordinately expressed and operate in
chaperone networks (Haslbeck et al., 2005; Waters, 2013). Many
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studies have shown a correlation between HSP induction and
plant adaptation to stress (Jacob et al., 2017). We quantified the
transcript levels of HSP60, HSP90 and the well-known stress
responsive gene HSP101 (Queitsch et al., 2000) in the transgenic
plants and Col-0 under abiotic stress. Although some expression
differences depending on the nature of the stress imposed
were detected, all tested HSPs followed a similar expression
pattern, featuring substantial increase in NMig1 overexpressors
and lower detected levels in Col-0. Based on these results, we
suggest that the NMig1-mediated induction of the studied HSPs
could represent another mechanism contributing to abiotic stress
tolerance in Arabidopsis. However, the exact molecular link
between the HSP accumulation and protective role of NMig1-
induced expression under various stress conditions still needs to
be studied and defined.

It should be also noted that the impact of NMig1
overexpression in promoting plant tolerance varied depending
on the nature of the stress imposed. Exposure to heat shock
coincided with the highest expression of the studied HSPs.
Drought and high salinity led to a stronger induction of the
stress-related marker genes RD29A and SOS1 (Shi et al., 2000;
Magwanga et al., 2019). This observation could be associated
with the specific stress response mechanisms triggered by each
particular stress factor and the involvement of NMig1 in the
concrete molecular relays. Nevertheless, overexpression ofNMig1
positively regulated the accumulation of defense gene transcripts,
such as HSPs, RD29A, and SOS1, which is consistent with the
higher stress tolerance of the transgenic plants.

In conclusion, the present work has provided novel insights
into the involvement of plant NudC proteins in Arabidopsis root
growth and in plant protection against abiotic stress factors. The
proposed functions of NMig1 and the insufficient information on

the precise biological roles of plant NudC proteins are challenging
aspects that require further investigation.
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Low phosphate (Pi) availability limits crop growth and yield in acid soils. Although
root-associated acid phosphatases (APases) play an important role in extracellular
organic phosphorus (P) utilization, they remain poorly studied in soybean (Glycine max),
an important legume crop. In this study, dynamic changes in intracellular (leaf and
root) and root-associated APase activities were investigated under both Pi-sufficient
and Pi-deficient conditions. Moreover, genome-wide identification of members of the
purple acid phosphatase (PAP) family and their expression patterns in response to Pi
starvation were analyzed in soybean. The functions of both GmPAP7a and GmPAP7b,
whose expression is up regulated by Pi starvation, were subsequently characterized.
Phosphate starvation resulted in significant increases in intracellular APase activities in
the leaves after 4 days, and in root intracellular and associated APase activities after
1 day, but constant increases were observed only for root intracellular and associated
APase activities during day 5–16 of P deficiency in soybean. Moreover, a total of 38
GmPAP members were identified in the soybean genome. The transcripts of 19 GmPAP
members in the leaves and 17 in the roots were upregulated at 16 days of P deficiency
despite the lack of a response for any GmPAP members to Pi starvation at 2 days. Pi
starvation upregulated GmPAP7a and GmPAP7b, and they were subsequently selected
for further analysis. Both GmPAP7a and GmPAP7b exhibited relatively high activities
against adenosine triphosphate (ATP) in vitro. Furthermore, overexpressing GmPAP7a
and GmPAP7b in soybean hairy roots significantly increased root-associated APase
activities and thus facilitated extracellular ATP utilization. Taken together, these results
suggest that GmPAP7a and GmPAP7b might contribute to root-associated APase
activities, thus having a function in extracellular ATP utilization in soybean.

Keywords: phosphorus deficiency, soybean, root-associated APase, purple acid phosphatase, ATP utilization

Abbreviations: APase, acid phosphatase; P, phosphorus; PAP, purple acid phosphatase; Pi, phosphate; qRT-PCR, quantitative
real-time polymerase chain reaction.
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INTRODUCTION

Phosphorus (P), an important macronutrient, is involved in
many biochemical and metabolic processes in plants, such as
photosynthesis, nucleotide synthesis, membrane remodeling, and
protein modification (Liang et al., 2010; Zhang et al., 2014; Ham
et al., 2018). However, a large proportion of P exists in immobile
forms (i.e., organic P esters and inorganic complexes) and is
thus unavailable for plant utilization in most soils, especially in
acid soils (Chiou and Lin, 2011; Tian et al., 2012b; Plaxton and
Lambers, 2015). Therefore, Pi fertilizer application is required
to meet the Pi requirements for crop production. However,
excess application of Pi fertilizer causes serious environmental
eutrophication (Conley et al., 2009; Veneklaas et al., 2012; Abel,
2017; Wang and Liu, 2018). Thus, breeding cultivars with high
P efficiency and optimizing field P management practices are
necessary to maintain sustainable agricultural development (Tian
et al., 2012b; Abel, 2017). It has been well documented that
plants have evolved complex adaptation strategies to increase
Pi foraging and recycling, such as altering root morphology
and architecture, increasing organic acid and PAP exudation,
and enhancing root–microbe interactions (Chiou and Lin, 2011;
Liang et al., 2014; Ham et al., 2018; Jung et al., 2018).

In terms of adaptive strategies, plant PAPs are believed
to play a vital role in Pi mobilization (Tran et al., 2010a;
Plaxton and Lambers, 2015; Tian and Liao, 2015; Wang and
Liu, 2018). It is generally observed that plant PAPs harbor a
binuclear metal center binding either Fe (III)-Zn (II) or Fe
(III)-Mn (II) ions and comprise five conserved motif blocks
(DXG/GDXXY/GNH(D/E)/VXXH/GHXH) (Tran et al., 2010a;
Tian and Liao, 2015). With the aid of genome sequence
availability for plant species, a variety of PAPs have been
identified and annotated. For example, there are 29 annotated
PAP members in Arabidopsis (Arabidopsis thaliana), 26 in rice
(Oryza sativa), 33 in maize (Zea mays), 25 in chickpea (Cicer
arietinum), and 25 in physic nut (Jatropha curcas) (Li et al.,
2002; Zhang et al., 2010; Gonzalez-Munoz et al., 2015; Bhadouria
et al., 2017; Venkidasamy et al., 2019). Plant PAPs are widely
divided into two major groups on the basis of PAP mass and
structure: low molecular-mass monomeric PAPs, with a mass
of approximately 35 kD, and high molecular-mass oligomeric
PAPs, with a subunit mass of approximately 55 kD (Olczak
et al., 2003; Tran et al., 2010a; Plaxton and Lambers, 2015;
Tian and Liao, 2015).

It has been documented that P deficiency enhances the
expression levels of most plant PAPs. For example, in rice, 10
out of 26 PAP members (OsPAP1a, 1d, 3b, 9b, 10a, 10c, 20b,
21b, 23, and 27a) are upregulated in the roots under P-deficient
conditions (Zhang et al., 2010). Similarly, Pi starvation enhanced
transcripts of PAP members are also observed in 11 of 33 PAP
members in maize, at least 20 of 25 PAP members in physic
nut, 11 of 29 PAP members in Arabidopsis, 23 of 35 PAP
members in soybean (Glycine max), and 12 of 25 PAP members
in chickpea (Del Pozo et al., 1999; Haran et al., 2000; Li C. C. et al.,
2012; Wang et al., 2014; Gonzalez-Munoz et al., 2015; Bhadouria
et al., 2017; Venkidasamy et al., 2019). Therefore, it is suggested
that increased transcription levels of PAPs could contribute

to significant increases in intracellular and extracellular APase
activities in plant species, such as Arabidopsis, wheat (Triticum
aestivum), soybean, and tomato (Lycopersicon esculentum) (Del
Pozo et al., 1999; Li et al., 2002; Kaida et al., 2003; Zimmermann
et al., 2004; Liang et al., 2010; Chiou and Lin, 2011).

Recently, accumulating evidence has suggested that most
PAP members participate in extracellular organic P utilization,
including adenosine triphosphate (ATP), deoxynucleotide
triphosphate (dNTPs), and phytate-P (Tran et al., 2010a; Plaxton
and Lambers, 2015; Tian and Liao, 2015; Wang and Liu, 2018).
A pioneer study on PAP function in extracellular ATP utilization
has been conducted in common bean (Phaseolus vulgaris) in
which overexpression of Pi starvation-enhanced PvPAP3 resulted
in significant increases of fresh weight and P content in bean
hairy roots cultured in media supplemented with ATP as the sole
P source (Liang et al., 2010). Similar functions have also been
observed for other PAP members, such as OsPAP10a, OsPAP21b,
OsPAP26, and OsPAP10c in rice (Tian et al., 2012a; Lu et al., 2016;
Gao et al., 2017; Mehra et al., 2017). In addition to extracellular
ATP utilization, plant PAP members have also been suggested to
participate in extracellular dNTP utilization, including PvPAP1/3
from common bean, SgPAP7/10/26 from stylo (Stylosanthes spp.)
and GmPAP1-like from soybean (Liang et al., 2012; Liu et al.,
2016; Wu et al., 2018). Recently, some PAP members exhibiting
phytase activity have been suggested to mediate extracellular
phytate utilization, including SgPAP23 from stylo, OsPHY1
from rice, MtPHY1 from Medicago (Medicago truncatula),
and GmPAP4 and GmPAP14 from soybean (Ma et al., 2009;
Li R. J. et al., 2012; Kong et al., 2014, 2018; Liu et al., 2018),
suggesting diverse functions of PAP members in P scavenging
and recycling in plants.

Soybean is an important legume crop species and an
important oil and high-protein food or forage crop species
worldwide (Conner et al., 2004; Herridge et al., 2008). In
the face of low Pi availability conditions, soybean has evolved
strategies to maintain Pi homeostasis, including the formation
of a shallower root system, increased organic acid exudation
and APase activities, and the formation of symbiotic associations
with arbuscular mycorrhizal (AM) fungi (Tian et al., 2003;
Zhao et al., 2004; Liao et al., 2006; Liu et al., 2008; Wang
et al., 2010; Li et al., 2019). Furthermore, a functional analysis
of several Pi starvation-responsive genes, such as GmEXPB2,
GmPHR25, GmPT5/7, and GmSPX1/3, has highlighted molecular
mechanisms underlying soybean adaptation to Pi starvation (Li
et al., 2014, 2015; Yao Z. et al., 2014; Xue et al., 2017; Chen
et al., 2018). However, the dynamic changes in intracellular and
root-associated APase activities in soybean in response to Pi
starvation, and the functions of GmPAP in extracellular ATP
utilization remain unclear. Therefore, in this study, dynamic
changes of intracellular (leaves and roots) and root-associated
APase activities were investigated under both Pi-sufficient and
Pi-deficient conditions. Moreover, genome-wide identification of
members of the PAP family, and their expression patterns in
response to Pi starvation were analyzed in soybean. Furthermore,
the functions of the Pi starvation responsive GmPAP7a and
GmPAP7b genes are suggested to participate in extracellular ATP
utilization in soybean.
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MATERIALS AND METHODS

Plant Materials and Growth Conditions
The soybean genotype YC03-3 was used in this study. To
analyze dynamic changes in APase activities at two P levels,
soybean seeds were surface-sterilized and rolled in absorbent
papers, which are soaked with one-fourth strength nutrient
solution as described previously (Liang et al., 2010). After
5 days of germination, uniform seedlings were transferred to
a nutrient solution comprising the following components (in
µM): 1500 KNO3, 1200 Ca(NO3)2, 400 NH4NO3, 25 MgCl2,
500 MgSO4, 300 K2SO4, 0.3 (NH4)2SO4, 1.5 MnSO4, 0.5
CuSO4, 1.5 ZnSO4, 0.16 (NH4)6Mo7O24, 2.5 NaB4O7, 40 Fe-
Na-EDTA, and 5 (−P) or 250 (+P) KH2PO4, as previously
described (Wu et al., 2018). The nutrient solution was aerated
hourly and refreshed weekly. Moreover, the pH value of the
nutrient solution was adjusted to 5.8 every 2 days. The fresh
weight of the soybean shoots and roots was determined daily
within 7 days after P treatments were applied, and at 10,
13, and 16 days after P treatments were applied. Moreover,
the roots were harvested to determine total P concentration,
intracellular and root-associated APase activities. Primary leaves
were also harvested to determine total P concentration and
intracellular APase activities except at 0 and after 1 days of P
treatment. To assay the temporal expression patterns of GmPAP
members in response to Pi starvation, the primary leaves and
roots after 2 days and 16 days of P treatments were also
separately harvested for further analysis. All experiments had
four biological replicates.

Total P Concentration and APase Activity
Analysis
The total P concentration was measured as described
previously (Murphy and Riley, 1963; Xue et al., 2017;
Mo et al., 2019). Briefly, approximately 0.1 g of dry
samples was ground and digested using H2SO4-H2O2
reagent. Afterward, the mixtures were reacted with
ammonium molybdate reagent and measured 30 min
later at 700 nm.

To determine intracellular APase activities, the reaction
product hydrolyzed by APase, ρ-nitrophenol (ρ-NP),
was measured at an absorbance of 405 nm as described
previously (Liang et al., 2010; Liu et al., 2016; Wu et al.,
2018). Briefly, approximately 0.1 g of leaves and roots was
ground and homogenized with 1.2 mL 0.1 M Tris–HCl (pH
8.0), and then the mixtures were centrifuged at 12,000 g
for 30 min. After centrifugation, the supernatants were
mixed with 1.8 mL of 45 mM Na-acetate buffer (pH 5.0)
consisting of 1 mM ρ-nitrophenyl phosphate (ρ-NPP) as
the substrate at 37◦C for 15 min. After adding 1 M NaOH,
the released ρ-NP was measured spectrophotometrically
at 405 nm. The protein content in the supernatants was
quantified using the Coomassie brilliant blue method
(Bradford, 1976). Intracellular APase activities were
expressed as the amount of ρ-NP produced per minute per
milligram protein.

To analyze root-associated APase activities, seedlings grown
in a nutrient solution containing 250 µM (+P) or 5 µM (−P)
KH2PO4 were rinsed in a 0.2 M CaCl2 solution once and
deionized water three times. After that, the whole roots of
seedlings subjected to 0–7 days of P treatments and detached
partial lateral roots of seedlings at 10–16 days of P treatment
were transferred separately into tubes containing 40 mL of
reaction buffer containing 45 mM Na-acetate buffer (pH 5.0)
and 1 mM ρ-NPP. The reactions were incubated at 25◦C
for 2 h to allow the reactions to occur, and they were then
terminated by the addition of 1 M NaOH. The absorbance
of the reaction mixtures was separately measured at 405 nm
(Liu et al., 2016). Moreover, the fresh weight of the roots
was also determined. Root-associated APase activities were
calculated as the amount of released ρ-NP per minute per
gram of fresh roots.

To visualize root-associated APase activities, the roots
were incubated in solid Murashige and Skoog (MS) media
containing the substrate 5-bromo-4-chloro-3-indolyl-phosphate
(BCIP) (Sigma-Aldrich, United States) as described previously
(Wang et al., 2014). Briefly, the detached roots were placed on
solid MS media containing 0.03% agar and then covered with
solid MS media containing 0.06% agar and 0.1% (w/v) BCIP.
After incubation at 28◦C for 2 h, the cleavages of BCIP showed a
bright blue color, which was imaged by a single-lens reflex camera
(Canon, Japan). Each experiment was conducted for at least four
biological replicates.

Bioinformatic and Phylogenetic Tree
Analysis of PAPs
For bioinformatic analysis, the sequences of PAP members
from soybean were extracted from the NCBI1 and Phytozome2

databases. After multiple sequence alignment using ClustalX
and conserved domain (metallophos domain) searches using
the SMART tool3 (Bhadouria et al., 2017), GmPAP members
were identified and named on the basis of their homology
with corresponding PAP members in Arabidopsis. Detailed
information about the GmPAP members, including their protein
mass, number of amino acids, subcellular localization, and
N-glycosylation site prediction, was retrieved separately from
servers, including the ExPASy4, TargetP 1.15 and NetNGlyc 1.0
server6 as described previously (Bhadouria et al., 2017; Xue et al.,
2017; Yin et al., 2019). Moreover, a group of PAP members with
known functions from other species, such as common bean,
rice, maize, Arabidopsis, lupinus (Lupinus luteus), sweet potato
(Ipomoea batatas), wheat, tobacco (Nicotiana tabacum), barely
(Hordeum vulgare), stylo, Medicago, white lupin (Lupinus albus),
potato (Solanum tuberosum), and chickpea, were retrieved from
the NCBI database (Kaida et al., 2003; Li and Wang, 2003;
Ma et al., 2009; Dionisio et al., 2011; Li C. C. et al., 2012;

1https://www.ncbi.nlm.nih.gov/pubmed
2https://phytozome.jgi.doe.gov/pz/portal.html
3http://smart.embl-heidelberg.de/smart/set_mode.cgi?NORMAL=1
4https://web.expasy.org/protparam/
5http://www.cbs.dtu.dk/services/TargetP-1.1/index.php
6http://www.cbs.dtu.dk/services/NetNGlyc/
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FIGURE 1 | Dynamic changes in soybean growth and P concentration at two P levels. (A) Shoot fresh weight. (B) Root fresh weight. (C) Leaf P concentration.
(D) Root P concentration. Soybean seedlings were grown in nutrient solution supplemented with 5 µM (–P) or 250 µM (+P) KH2PO4. Fresh weight and P
concentration were dynamically measured. The data are the means of four replicates with standard errors. The asterisks indicate significant differences between the
–P and +P treatments according to Student’s t-test: ∗P < 0.05; ∗∗ 0.001 < P < 0.01; ∗∗∗P < 0.001.

Madsen et al., 2013; Bhadouria et al., 2017; Liu et al., 2018).
A phylogenetic tree was constructed using MEGA 5.01 with 1000
bootstrap values using the neighbor-joining method as described
previously (Xue et al., 2017).

RNA Extraction and Quantitative RT-PCR
Analysis
Total RNA was extracted and purified as described previously
(Xue et al., 2018). To eliminate genomic DNA contamination,
the total RNA was further treated with RNase-free DNase I
(Invitrogen, United States), and the purity was evaluated via
A260/A280 ratios by using a Nanodrop spectrophotometer
(Thermo, United States). Approximately 1 µg of RNA was
reversely transcribed using MMLV-reverse transcriptase
(Promega, United States) following the manufacturer’s protocols.
Synthesized first-strand cDNA was used for SYBR Green-
monitored quantitative RT-PCR (qRT-PCR) analysis on a
Rotor-Gene 3,000 real-time PCR system (Corbett Research,
Australia). The primers used for GmPAP members and the
housekeeping gene GmEF1-α (Glyma.17G186600) are detailed

in the Supplementary Table S1. Relative transcript levels of
soybean GmPAP members were also presented using a heatmap
generated by TBtools software.

Subcellular Localization and
Histochemical Localization of
GmPAP7a/7b
The full-length GmPAP7a/7b coding sequence without a stop
codon was separately amplified using the gene specific primers
GmPAP7a/7b-GFP-F/R (Supplementary Table S1) and then
cloned into a pEGAD vector to generate 35S:GmPAP7a/7b-
GFP fusion constructs. The constructs fusion with GFP
and the plasma membrane marker AtPIP2A-mCherry were
co-transformed into tobacco epidermal cells as described
previously (Liu et al., 2016). The fluorescent signals were
observed via a Zeiss LSM7 Duo confocal microscope (Zeiss,
Germany) at 488 nm for GFP and 568 nm for mCherry
(Liu et al., 2018). Fluorescent images were further processed
using Zen2011 software (Carl Zeiss Microscopy, Germany).
A 3.0 kb upstream sequence of GmPAP7a/7b from the start
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FIGURE 2 | Dynamic changes in intracellular and root-associated APase activities in soybean. (A) Leaf intracellular APase activities. (B) Root intracellular APase
activities. (C) Root-associated APase activities. (D) Root-associated APase activities detected by BCIP staining. Soybean seedlings were grown in nutrient solution
supplemented with 5 µM (–P) or 250 µM (+P) KH2PO4. Intracellular and associated APase activities were dynamically measured. Data are means of four replicates
with standard errors. Asterisks indicate significant differences between the –P and +P treatments by according to Student’s t-test: ∗P < 0.05; ∗∗ 0.001 < P < 0.01;
∗∗∗P < 0.001. The bars = 1 cm.

of codon was amplified using primers GmPAP7a/7b-GUS-F/R
(Supplementary Table S1) and then inserted into a pTF102
plasmid containing β-glucuronidase (GUS). The plasmids were
subsequently transformed into soybean hairy roots for analysis of
their histochemical localization. Transgenic soybean hairy roots
were cultivated in MS media supplied with 1250 µM (+P) or
5 µM KH2PO4 (−P) for 1 week and then incubated in GUS
staining solution (0.1 M Na2HPO4/NaH2PO4 buffer, pH 7.0,
1 mM X-Gluc) for 8 h at 37◦C as described previously (Jefferson
et al., 1987). After GUS staining, the root samples were separately
observed under a light microscope (Leica, Germany).

Purification and Biochemical
Characterization of GmPAP7a/7b
The entire coding sequences of both GmPAP7a and GmPAP7b
were separately cloned into a pGEX-6P-3 vector (GE Healthcare,
United States) constructs fusion to a GST tag using an in-fusion
cloning kit (TAKARA, United States) with primersGmPAP7a/7b-
GST-F/R (Supplementary Table S1). The expression constructs
were introduced into Escherichia coli (E. coli) strain BL21.

Recombinant proteins were extracted using BeaverBeadsTM

GSH magnetic beads (Beaver Nano, China) and recognized by
immunoblot analysis using anti-GST antibodies as described
previously (Liu et al., 2018). Purified proteins were used to
analyze their enzymatic properties. The effects of different pH
values (ranging from 3.0 to 9.0) on GmPAP7a/7b activities were
estimated separately by the addition of 5 mM ρ-NPP to the
reaction buffers for 15 min at 37◦C as described previously (Liu
et al., 2018). The reaction buffer included 45 mM of glycine-HCl
buffer (pH 3.0–4.5), Na-acetate buffer (pH 5.0–5.5), Tris–HCl
2-(N-morpholino)-ethanesulfonic acid (MES) buffer (pH 6.0–
7.0), and Tris–HCl buffer (pH 7.5–9.0). Moreover, the effects
of different temperatures (over a range of 20–80◦C) on the
enzymatic activities were also measured in 45 mM Na-acetate
buffer (pH 5.0) with 5 mM ρ-NPP used as a substrate. The relative
activities of GmPAP7a/7b were calculated as the percentages of
their activities out of the highest activities under different pH
values or temperatures. Moreover, a broad range of substrates
were added to 45 mM Na-acetate buffer (pH 5.0) to test their
substrate specificities, including the following (at concentrations
of 5 mM): phytate-P, ATP, adenosine diphosphate (ADP),
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TABLE 1 | General information of GmPAP members in soybean.

Name Locus Chromosomal
location

Length of
ORF (bp)

Number of amino
acids (aa)

Protein size
(kD)

Subcellular
location

N-glycosylation
sites

GmPAP1a Glyma.02G117000.1 2 1926 642 72 – 5

GmPAP18a Glyma.02G290100.1 2 1365 454 51 S 1

GmPAP22a Glyma.03G194100.1 3 1476 491 55 C 2

GmPAP20a Glyma.03G194200.1 3 1293 432 48 S 3

GmPAP27c Glyma.04G195600.1 4 1560 519 59 M 0

GmPAP27a Glyma.05G047900.1 5 1875 524 70 S 5

GmPAP7d Glyma.05G138300.1 5 933 310 35 S 0

GmPAP7a Glyma.05G138400.1 5 1008 335 37 S 2

GmPAP17d Glyma.05G247800.1 5 1065 354 40 S 1

GmPAP17a Glyma.05G247900.1 5 996 331 37 S 1

GmPAP12a Glyma.06G028100.1 6 1135 444 51 – 5

GmPAP12b Glyma.06G028200.1 6 1425 474 54 S 4

GmPAP27b Glyma.06G170300.1 6 1872 623 70 S 5

GmPAP17b Glyma.08G056400.1 8 987 328 37 S 1

GmPAP7e Glyma.08G093300.1 8 969 322 36 S 2

GmPAP7c Glyma.08G093500.1 8 999 332 38 S 1

GmPAP7b Glyma.08G093600.1 8 1008 335 38 S 1

GmPAP1b Glyma.08G291600.1 8 1856 616 69 S 3

GmPAP18b Glyma.08G314800.1 8 1410 469 53 – 1

GmPAP15a Glyma.08G351000.1 8 1644 547 62 S 4

GmPAP27d Glyma.09G225000.1 9 1923 640 71 S 5

GmPAP10a Glyma.09G229200.1 9. 1395 464 53 S 5

GmPAP22b Glyma.10G071000.1 10 1266 421 48 S 3

GmPAP15b Glyma.11G255700.1 11 1398 466 52 M 7

GmPAP10b Glyma.12G007500.1 12 1395 464 53 S 5

GmPAP27e Glyma.12G012000.1 12 1980 659 73 S 6

GmPAP10c Glyma.12G221100.1 12 1410 469 54 S 4

GmPAP26a Glyma.13G161900.1 13 1428 475 54 S 2

GmPAP10d Glyma.13G280500.1 13 1416 471 54 S 4

GmPAP18c Glyma.14G024700.1 14 1383 460 52 S 1

GmPAP26b Glyma.17G109400.1 17 1539 512 59 M 4

GmPAP15c Glyma.18G001300.1 18 1719 572 56 S 6

GmPAP1c Glyma.18G132500.1 18 1851 616 69 S 3

GmPAP23 Glyma.19G026600.1 19 1764 587 65 S 5

GmPAP22c Glyma.19G193900.1 19 1473 490 55 C 1

GmPAP20b Glyma.19G194000.1 19 1290 429 48 S 1

GmPAP17c Glyma.20G011900.1 20 984 327 37 S 3

GmPAP9 Glyma.20G026800.1 20 1989 662 74 S 6

For predicted subcellular location, “S”, “C”, “M”, and “–” mean secretory, chloroplast, mitochondrial, and any other location, respectively.

adenosine monophosphate (AMP), glucose-6-phosphate (G-6-
P), glycerol-2-phosphate (G-2-P), guanosine monophosphate
(GMP), inosine monophosphate (IMP), phospho-threonine (P-
Thr), phospho-serine (P-Ser), and ρ-NPP. The relative activities
were shown as the amount of Pi released from different substrates
against the Pi released from ρ-NPP as the substrate. To determine
the effects of different metal ions on GmPAP7a/7b activities,
a total of nine different metal ions were applied at a final
concentration of 5 mM: Mg2+, Fe2+, Al3+, Mn2+, Zn2+, Cu2+,
Ba2+, Ca2+, and Co2+. The metal ions and GmPAP7a/7b
proteins were separately incubated in reaction mixtures which
consisted of 45 mM Na-acetate buffer (pH 5.0) and 5 mM
ρ-NPP to analyze their activities. The relative activities were
expressed as the activities with different metal ions divided by

the activities without the addition of metal ions. Furthermore,
the Vmax and Km values of GmPAP7a/7b toward ATP substrate
were determined using a Lineweaver–Burk double reciprocal plot
at different ATP concentrations. The units were expressed as the
amount of Pi released per minute per milligram protein. All the
data are shown as the means of three independent experiments.

Functional Analysis of GmPAP7a/7b in
Soybean Hairy Roots
The open reading frame of GmPAP7a/7b was separately amplified
using specific primers (GmPAP7a/7b-OX-F/R) and subsequently
cloned into a pTF101s binary vector. This enables glufosinate
ammonium selection for positive transformants. Agrobacterium
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FIGURE 3 | Phylogenetic analysis of PAPs in different plant species. The first two letters of each PAP indicate the abbreviated species name. At: Arabidopsis
thaliana, Gm: Glycine max, Pv: Phaseolus vulgaris, Os: Oryza sativa, Zm: Zea mays, Ll: Lupinus luteus, Ta: Triticum aestivum, Nt: Nicotiana tabacum, Hv: Hordeum
vulgare, Sg: Stylosanthes guianensis, Mt: Medicago truncatula, La: Lupinus albus, St: Solanum tuberosum, Ib: Ipomoea batatas, Ca: Cicer arietinum. The
phylogenetic tree was constructed by MEGA 5.01 program using the neighbor-joining method, with 1000 bootstrap replicates. The bootstrap values are indicated
for major branches as percentages. GmPAP7a and GmPAP7b are indicated by red arrows.

rhizogenes-mediated soybean hairy root transformation was
performed as described previously (Wu et al., 2018). Briefly,
YC03-3 seeds were surface sterilized and germinated on half-
strength MS media for 4 days. The cotyledons were wounded
and then transferred to MS media containing 100–200 µg L−1

glufosinate ammonium and 500 µg mL−1 carbenicillin disodium.
After 14–20 days of growth, 18 independent transgenic lines,
including nine overexpression lines and nine empty controls
(verified by qRT-PCR), were selected for ATP utilization analysis
as described previously (Liang et al., 2010). Briefly, approximately
0.1 g of transgenic soybean hairy roots was transferred to

new solid MS media containing 0.4 mM ATP (Sigma-Aldrich,
United States) or 6.25 µM KH2PO4 (−P), separately. After the
root grew for 14 days, intercellular and root-associated APase
activities, root fresh weight, and total P content were measured.

Statistical Analyses
Data analyses and standard error calculations were statistically
performed using Microsoft Excel 2016 (Microsoft Company,
United States), and t-tests were performed with the SPSS program
(v21.0; SPSS Institute, United States).
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FIGURE 4 | Heatmap analysis of the expression patterns of GmPAP members
in leaves and roots in response to P deficiency. (A) Leaves. (B) Roots.
Soybean seedlings were grown in nutrient solution supplemented with 5 µM
(–P) or 250 µM (+P) KH2PO4. The leaves and roots were harvested for
qRT-PCR analysis after 2 and 16 days of P treatment. Log2(–P/+P) represents
the binary logarithm of the fold changes of the relative expression of GmPAP
members under Pi-deficient and Pi-sufficient conditions. The data are the
means of four replicates. GmPAP7a and GmPAP7b are indicated by red
arrows.

RESULTS

Dynamic Effects of Pi Starvation on
Soybean Biomass and P Concentration
To investigate the effects of low Pi availability on soybean growth,
the fresh weight of soybean shoots and roots and the total P
concentration in both the leaves and roots were determined
on different days after two P treatments. Although both shoot
and root fresh weight increased during the period of the two P
treatments, Pi availability exhibited different effects on dynamic
changes in shoot and root fresh weight (Figures 1A,B). For
shoot fresh weight, there was no difference between the +P and

FIGURE 5 | Histochemical and subcellular localization of GmPAP7a/7b.
(A) GUS staining of transgenic soybean hairy roots harboring the GmPAP7a
promoter (i–iv). (B) GUS staining of transgenic soybean hairy roots harboring
the GmPAP7b promoter (i–iv). Transgenic soybean hairy roots were grown on
MS media supplemented with 1250 (+P) µM or 5 µM (–P) KH2PO4 for 7 days,
and then incubated with GUS staining for further analysis. Bars = 50 µm.
(C) Subcellular localization of GmPAP7a and GmPAP7b. Transient expression
of empty vector control (35S:GFP) or 35S:GmPAP7a/7b-GFP constructs in
tobacco leaf epidermal cells. Both GFP and mCherry-PM fluorescence were
observed using confocal microscopy. mCherry-PM indicated the plasma
membrane AtPIP2A-mCherry marker. Bars = 20 µm.

−P treatments during the early period of P treatments (i.e., 0–
10 days), but shoot fresh weight under −P conditions was 10%
and 17% less than that under +P conditions at 13 days and
16 days, respectively (Figure 1A), suggesting that Pi starvation
significantly inhibited shoot growth after 13 days of P treatment.
However, root fresh weight increased in response to Pi starvation
at 10 days and reached the highest at 16 days, which was 99%
more than that under +P conditions (Figure 1B), suggesting
that Pi starvation enhanced soybean root growth. In contrast,
significant decreases in total P concentration were observed in
both the leaves and roots in response to Pi starvation, as reflected
by the 48.1% decrease in the leaves at 5 days and the 46.1%
decrease in the roots at 1 day (Figures 1C,D). Furthermore, the
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ratios of leaf P concentration at low P levels to that at high P levels
were approximately 0.9 at 4 days and 0.3 at 16 days, but the ratios
in the roots were 0.6 at 4 days and 0.2 at 16 days (Figures 1C,D).
This suggests that Pi homeostasis in roots seems more susceptible
to Pi availability than that in the leaves.

Phosphate Starvation Increases APase
Activities in the Leaves and Roots
Dynamic changes in intracellular and root-associated APase
activities were further investigated in both leaves and roots at
two P levels. Distinct changes in APase activities were observed
between leaves and roots under two P conditions. In the leaves,
intracellular APase activities reached their highest levels at 4 and
5 days under low- and high-P conditions, respectively, followed
by significant decreases with increased duration of P treatment
(Figure 2A). Furthermore, leaf intracellular APase activities at
low P levels were significantly higher than those at high P
levels at 4, 13, and 16 days (Figure 2A), strongly suggesting
that low Pi availability significantly affected intracellular APase
activities in the leaves. Unlike changes in leaf intracellular APase
activities, root intracellular APase activities were significantly
enhanced at 1 day and increased by approximately 7-fold at
16 days in response to by Pi starvation (Figure 2B). Furthermore,
root intracellular APase activities were gradually enhanced
with increased duration of Pi starvation, but they remained
unchanged after 5 days of high P treatment (Figure 2B).
Although changes of root-associated APase activities exhibited
a similar trend between the two P levels, Pi starvation led to
more increases of root-associated APase activities after 10 days
of P treatment (Figure 2C). Especially at 16 days, root-associated
APase activities at low P levels were approximately 4-fold higher
than those at high P levels (Figure 2C). When BCIP served as the
substrate, root-associated APase activities were also visualized.
A more intense blue color was detected on root surface under
low-P conditions than that under high-P conditions, especially
at 10, 13, and 16 days (Figure 2C), strongly suggesting that Pi
starvation enhanced root-associated APase activities in soybean.

Bioinformatic and Phylogenetic Analyses
When sequence homology alignment and conserved PAP domain
analysis were used, compared to the 35 GmPAP members
identified previously (Li C. C. et al., 2012), five new GmPAP
members were identified, and two GmPAP members were not
found in the updated soybean genome database. Therefore, a
total of 38 GmPAP members were annotated and named in terms
of sequence homology with corresponding AtPAP members by
using multiple alignments and phylogenetic analysis. The general
information of GmPAP members, including chromosomal
location, length of coding sequence (CDS), and protein mass, is
summarized in Table 1. The GmPAP members were found to
be localized on different chromosomes (Table 1). The protein
mass of the GmPAP family varied from 35 kD (GmPAP7d) to
74 kD (GmPAP9), and the full length of the CDS and number
of amino acids varied from 933 to 1,989 bp, and from 310
to 662 aa, respectively (Table 1). Most GmPAP members were
predicted to be involved in the secretory pathway. However,

GmPAP22a and GmPAP22c were localized in the chloroplasts;
GmPAP26b, GmPAP15b, and GmPAP27c in the mitochondria;
and GmPAP1a, GmPAP12a, and GmPAP18b in other subcellular
organelles (Table 1). Moreover, all GmPAP members except
GmPAP27c and GmPAP7d were predicted to be modified by
glycans (Table 1).

An unrooted phylogenetic tree was constructed by MEGA
5.01 using the neighbor-joining method; PAPs were identified in
various plant species, including common bean, rice, Arabidopsis,
sweet potato, soybean, maize, lupinus, wheat, tobacco, barely,
stylo, Medicago, white lupin, potato, and chickpea (Figure 3).
It was observed that all plant PAPs could be mainly divided
into three main groups comprising eight subgroups, all of which
encompassed GmPAP members except subgroup III a (Figure 3).
The molecular weights of the plant PAPs in group I and group
II were approximately 55 kD and 75 kD, respectively, which
were higher than those in the group III, of which the PAPs
had a molecular weight of approximately 35 kD (Table 1 and
Figure 3). Twenty out of 38 GmPAP members were assigned to
group I. Notably, nine GmPAP members (GmPAP1a, 1b, 1c, 9,
27a, 27b, 27c, 27d, and 27e) were clustered into group II, and
nine GmPAP members (GmPAP7a, 7b, 7c, 7d, 7e, 17a, 17b, 17c,
and 17d) belonged to subgroup III b (Figure 3). Furthermore,
GmPAP7a and GmPAP7b were close to PvPAP3 in common bean
(Figure 3), which was reported to be involved in extracellular
ATP utilization.

Transcripts of GmPAPs in Response to Pi
Starvation
Relative expression levels of GmPAP members in the leaves and
roots were analyzed at 2 and 16 days at two P levels through
qRT-PCR analysis. Transcripts of all GmPAP members were
detectable at both P levels, except for those of four members
in the leaves (i.e., GmPAP27c, GmPAP27e, GmPAP7c, and
GmPAP15b) and for those of five in the roots (i.e., GmPAP10a,
GmPAP15b, GmPAP17c, GmPAP27c, and GmPAP27e) (Figure 4
and Supplementary Table S2). At 2 days of P treatment,
transcripts of the detected GmPAP members were not influenced
by Pi availability in either the leaves or the roots (Figure 4
and Supplementary Table S2), suggesting that GmPAP members
exhibited no response to early Pi starvation in soybean.
However, at 16 days of P treatments, the transcript levels
of nineteen genes (GmPAP1a, 1b, 1c, 7a, 7b, 9, 10b, 12a,
12b, 15a, 17d, 18b, 22a, 22b, 22c, 23, 26b, 27a, and 27b)
were enhanced by more than 1-fold in the leaves of plants
under Pi-deficient conditions compared with those under Pi-
sufficient conditions (Figure 4A and Supplementary Table
S2). Furthermore, five GmPAP members (GmPAP7a, GmPAP7b,
GmPAP12a, GmPAP12b, and GmPAP22b) exhibited the highest
expression levels in the leaves at low P level and clustered
together (Figure 4A and Supplementary Table S2). In the
roots, transcripts of 17 GmPAP members (GmPAP1a, 1b, 1c,
7a, 7b, 10b, 10c, 12a, 12b, 17b, 17d, 20a, 22b, 26a, 23, 27b,
and 27d) were found to be significantly upregulated under
Pi-deficient conditions (Figure 4B and Supplementary Table
S2). Furthermore, five GmPAP members (GmPAP7a, GmPAP7b,
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FIGURE 6 | Enzymatic properties of GmPAP7a and GmPAP7b. (A) Effects of pH on the relative activities of GmPAP7a and GmPAP7b. (B) Effects of temperature on
the relative activities of GmPAP7a and GmPAP7b. (C) Effects of metal ions on the relative activities of GmPAP7a and GmPAP7b. (D) Relative activities of GmPAP7a
and GmPAP7b against different substrates. The data are the means of three replicates with standard errors. nd indicates that no activity was detected.

GmPAP12b, GmPAP17d, and GmPAP23) exhibited the highest
expression levels in the roots at low P level (Figure 4B and
Supplementary Table S2). Overall, the expression levels of 12
GmPAP members (GmPAP1a, 1b, 1c, 7a, 7b, 10b, 12a, 12b, 17d,
22b, 23, and 27b) were observed to be commonly increased in
response to Pi starvation in both the leaves and roots, and this
was especially the case for GmPAP7a, GmPAP7b, and GmPAP12b
(Figure 4 and Supplementary Table S2).

Tissue Expression Patterns and
Subcellular Localization of GmPAP7a/7b
To further determine the tissue-specific expression patterns of
GmPAP7a/7b in response to Pi starvation, ProGmPAP7a:GUS
and ProGmPAP7b:GUS constructs were separately generated
and introduced into soybean hairy roots subjected to P
deficiency. Pi starvation led to higher GUS activity in both
transgenic soybean hairy roots (Figures 5A,B), suggesting
that Pi starvation could enhance GmPAP7a/7b transcript
levels in the roots. Furthermore, under high P conditions,
GUS activity was detected in both the root tips and steles
of soybean hairy roots transformed with ProGmPAP7a:GUS
and only in the stele for ProGmPAP7b:GUS (Figures 5A,B),

suggesting that different tissue expression patterns might be
present between GmPAP7a and GmPAP7b in roots under high
P conditions. However, under low P conditions, GUS activity
was separately detected in the whole roots transformed with
two constructs (Figures 5A,B), suggesting that GmPAP7a
and GmPAP7b exhibited similar expression patterns in
roots at low P level.

To investigate their subcellular localization, GmPAP7a
and GmPAP7b were separately fused to GFP and transiently
over-expressed in tobacco leaves. The GFP signals of both
35S:GmPAP7a-GFP and 35S:GmPAP7b-GFP were detected
mainly in the plasma membrane and cytoplasm (Figure 5C).
However, the GFP signals of the control (35S:GFP) were detected
throughout whole cells, including the plasma membrane,
cytoplasm, and nucleus (Figure 5C). The results suggested that
both GmPAP7a and GmPAP7b were located predominantly in
the plasma membrane and cytoplasm (Figure 5C).

Biochemical Characterization of
GmPAP7a/7b
To determine the enzymatic properties of GmPAP7a/7b,
recombinant proteins GmPAP7a-GST and GmPAP7b-GST were
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FIGURE 7 | Kinetic parameters of GmPAP7a and GmPAP7b against ATP.
(A) Kinetic parameter of GmPAP7a. (B) Kinetic parameter of GmPAP7b. The
Km and Vmax of GmPAP7a and GmPAP7b were calculated from
Lineweaver–Burke plots of enzyme activities at different concentrations of ATP.
The data are the means of three replicates.

separately expressed and successfully purified from E. coli
lysates (Supplementary Figure S1). The optimum pH and
temperature for GmPAP7a/7b catalytic reactions were analyzed
in vitro using ρ-NPP as the substrate, and it was observed that
both GmPAP7a and GmPAP7b exhibited similar properties for
optimum pH and temperature, as reflected by the maximum
relative activities that were separately observed at pH 8.0
and 60◦C (Figures 6A,B). However, GmPAP7a activities seem
more sensitive to high temperature than GmPAP7b because
the relative activities of GmPAP7a and GmPAP7b were 2%
and 30% at 80◦C, respectively (Figure 6B). In addition,
the effects of metal ions on the activities of GmPAP7a
and GmPAP7b were separately investigated (Figure 6C). The
relative activities of both GmPAP7a and GmPAP7b were
reduced by more than 50% by application of Mn2+, Al3+,
Zn2+, Fe2+, and Cu2+, especially Cu2+, which inhibited their
relative activities by 90% (Figure 6C). However, significant
inhibition of relative activities was observed only for GmPAP7b
and not for GmPAP7a, when Mg2+, Co2+ or Ca2+ was
applied (Figure 6C).

In a test of substrate specificity, the relative activities
of both GmPAP7a and GmPAP7b were highest against

ATP, followed by phosphate-serine for GmPAP7a and
ADP for GmPAP7b (Figure 6D). Furthermore, activities
against AMP were observed only for GmPAP7a, not for
GmPAP7b. Similarly, activities against GMP were observed
only for GmPAP7b and not for GmPAP7a (Figure 6D).
When ATP served as the substrate, kinetic analyses showed
that Km and Vmax values were 0.11 mM and 235.3 µmol
min−1 mg−1 protein for GmPAP7a and 0.066 mM and
31.5 µmol min−1 mg−1 protein for GmPAP7b, respectively
(Figure 7), suggesting that the catalytic properties differ between
GmPAP7a and GmPAP7b.

Overexpressing GmPAP7a/7b Enhanced
Exogenous ATP Utilization
To investigate the functions of GmPAP7a and GmPAP7b in
exogenous ATP utilization, transgenic soybean hairy roots
overexpressing GmPAP7a or GmPAP7b were generated
(Figure 8). The increased expression levels of GmPAP7a or
GmPAP7b in transgenic hairy root lines (OX-GmPAP7a/7b)
were verified through qRT-PCR analysis, as reflected by
more than 11-fold increases compared to those of the
control (CK) lines (Supplementary Figure S2a). Moreover,
overexpression of GmPAP7a and GmPAP7b led to significant
increases in intracellular APase activities (Supplementary
Figure S2b) and root-associated APase activities under
P-deficient conditions and ATP application (Figure 8).
Furthermore, the fresh weight and the total P content
were approximately 50% and 28% higher, respectively, in
the soybean hairy root lines with GmPAP7a or GmPAP7b
overexpression than in the control lines with ATP
application, while no difference was observed in the −P
treatments (Figure 8), strongly suggesting that GmPAP7a
and GmPAP7b might participate in extracellular ATP
utilization in soybean.

DISCUSSION

Phosphorus is an essential macronutrient participating in many
biochemical and metabolic processes (Liang et al., 2010; Zhang
et al., 2014; Ham et al., 2018). Low Pi availability imposes
serious limitations on crop growth and production (Vance
et al., 2003; Zhang et al., 2014; Dissanayaka et al., 2018). It
is generally observed that P deficiency alters root system to
increase the root surface area and exploitable soil volume for
Pi uptake (Pérez-Torres et al., 2008; Lambers et al., 2011;
Lynch, 2011). In this study, enhanced soybean root growth
was also observed in soybean in response to Pi starvation,
as reflected by increased soybean root fresh weight after
10 days of Pi starvation (Figure 1), strongly suggesting that
significant changes in the soybean root system occur under
P-deficient conditions.

In addition to changes in root morphology and architecture,
Pi starvation also results in increases in intracellular and
extracellular APase activities in plants (Zimmermann et al., 2004;
Plaxton and Lambers, 2015; Tian and Liao, 2015; Wang and Liu,
2018). Furthermore, accumulating evidence has suggested that
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FIGURE 8 | Effects of GmPAP7a and GmPAP7b overexpression on APase activities, total P content and fresh weight of transgenic soybean hairy roots. (A) Image of
transgenic hairy roots supplied with different P sources. Bars = 1 cm. (B) Root-associated APase activities. (C) Fresh weight of transgenic soybean hairy roots.
(D) Total P content in transgenic soybean hairy roots. Transgenic soybean hairy roots were grown for 14 days on MS media supplemented with 6.25 µM KH2PO4

(–P) or 0.4 mM ATP as the sole P source. Fresh weight and total P content were separately measured. CK represents transgenic hairy root lines transformed with an
empty vector. OX-GmPAP7a and OX-GmPAP7b indicate transgenic hairy root lines overexpressing GmPAP7a and GmPAP7b, respectively. The data are the means
of nine replicates with standard errors. The asterisks indicate significant differences between the overexpression and CK lines according to Student’s t-test:
∗P < 0.05, ∗∗P < 0.01.

increases in APase activities are mainly due to an enhanced PAP
transcripts under low P conditions in plants, such as PvPAP3 in
bean, AtPAP10/12 in Arabidopsis, OsPAP10a and OsPAP21b in
rice (Liang et al., 2010; Tran et al., 2010b; Wang et al., 2011; Tian
et al., 2012a; Mehra et al., 2017). In this study, root intracellular
and associated APase activities were significantly enhanced by Pi
starvation at 16 days (Figure 2), accompanied by significantly
increased transcripts of 17 GmPAP members in the roots
(Figure 4B and Supplementary Table S2), strongly suggesting
that increased transcripts of GmPAP members could lead to
enhanced APase activities in soybean. However, increases of root
intracellular APase activities were also detected after 2 days of Pi
starvation, while the transcript abundance of no GmPAP member
changed in response to Pi starvation in either the leaves or roots
(Figures 2, 4), suggesting that there must be other molecular
mechanisms underlying APase activity regulation in addition to
controlling the transcript levels of GmPAP members. In soybean,
36 out of 38 GmPAP members were predicted to exhibit more
than one glycosylation site (Table 1). Moreover, it has been
suggested that the enzymatic properties of plant PAPs could be

impacted by their glycosylation (Navazio et al., 2002; Olczak
and Olczak, 2007; Tran et al., 2010b). Therefore, it is plausible
that glycosylation modification of GmPAP members may play
a role in regulating APase activities in response to 2 days of Pi
starvation, which merits further analysis.

With the aid of genome sequence availability in various plant
species, increased transcripts of PAP members in response to Pi
starvation have been found in plant species, such as Arabidopsis,
rice, maize, and chickpea (Zhang et al., 2010; Wang et al.,
2014; Gonzalez-Munoz et al., 2015; Bhadouria et al., 2017).
Similarly, the expression levels of 19 and 17 GmPAP members
increased in response to Pi starvation in the leaves and roots,
respectively (Figure 4 and Supplementary Table S2), suggesting
that increased PAP transcription is a common response to Pi
starvation in plants. Moreover, a group of plant PAP members
have been suggested to be downstream genes of PHR1 (or its
homologs), which is the central regulator in the P signaling
network; these PAPs include AtPAP17 in Arabidopsis, 10 OsPAP
members in rice, and PvPAP3 in bean (Rubio et al., 2001;
Bari et al., 2006; Zhang et al., 2010; Yao Z. F. et al., 2014).
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These findings suggest that GmPAP members might also be
regulated by PHR1 or its homologs in soybean. Consistently,
GmPAP14 (i.e., GmPAP7e) and GmPAP21 (i.e., GmPAP22b) have
been suggested to be downstream genes of GmPHR25 because
GmPHR25 overexpression leads to increased transcript levels
in roots of GmPHR25 overexpression composite plants (Xue
et al., 2017). However, the regulatory mechanisms of other Pi
starvation-responsive GmPAP members remain unclear.

Root-associated PAPs are well known to play a role in the
utilization of extracellular organic P sources, such as ATP,
phytate-P and dNTPs (Liang et al., 2010, 2012; Wang et al.,
2011, 2014; Robinson et al., 2012; Liu et al., 2016, 2018; Lu
et al., 2016; Gao et al., 2017; Mehra et al., 2017; Wu et al.,
2018). For example, AtPAP10/12/26 are suggested to participate
in the utilization of extracellular DNA and ADP in Arabidopsis
(Wang et al., 2011, 2014). However, the functions of PvPAP3
in bean and OsPAP10a/21b/26/10c in rice are suggested to
mediate extracellular ATP utilization (Liang et al., 2010; Tian
et al., 2012a; Lu et al., 2016; Gao et al., 2017; Mehra et al.,
2017). In this study, phylogenetic tree analysis revealed that
PvPAP3, GmPAP7a, and GmPAP7b belonged to group III b
(Figure 3), suggesting they might have similar functions in plants.
Moreover, both GmPAP7a and GmPAP7b exhibited relatively
high activities against ATP in vitro (Figure 6D) and localized
to the plasma membrane and cytoplasm (Figure 5C), which
was similar to that occurred for PvPAP3 (Liang et al., 2010).
Furthermore, the fresh weight and total P content in soybean
hairy roots with GmPAP7a and GmPAP7b overexpression were
significantly higher than those of control lines with ATP
application (Figure 8), strongly suggesting that GmPAP7a and
GmPAP7b could utilize extracellular ATP. Interestingly, pH
optima of GmPAP7a and GmPAP7b activity was 8.0 in vitro
(Figure 6A). Similarly, pH optima of several plant PAP activity
was found to be above 7.0 despite how the pH optima of activity
for most plant PAPs is generally below 7.0 (Tran et al., 2010a;
Plaxton and Lambers, 2015; Tian and Liao, 2015; Wang and Liu,
2018). For example, pH optima of PvPAP3 against ρ-NPP and
KbPAP against ATP was 7.0 or above (Cashikar et al., 1997; Liang
et al., 2010). Therefore, these results suggest that some plant
PAPs might have functions as an alkaline phosphatase, which
merits further study.

Remobilization of internal phosphorylated metabolites (e.g.,
phosphorylated carbon) is generally considered to be an adaptive
strategy plants in responses to Pi starvation (Chiou and Lin,
2011; Tian et al., 2012b; Plaxton and Lambers, 2015; Abel,
2017). Consistently, decreased accumulation of phosphorylated
compounds was widely observed in plants under Pi-deficient
conditions (Chiou and Lin, 2011; Tian et al., 2012b; Plaxton and
Lambers, 2015; Mo et al., 2019). Given that plant PAPs exhibit
activity against a set of phosphorylated metabolites, it is suggested
that internal plant PAP might play a role in metabolic processes of
internal phosphorylated metabolites (Tian et al., 2012b; Plaxton
and Lambers, 2015). In this study, since transcript levels of both
GmPAP7a and GmPAP7b were also significantly upregulated in
leaves after 16 d of P deficiency, it is plausible that GmPAP7a
and GmPAP7b might participate in the recycling of internal
phosphorylated metabolites in leaves.

In summary, a total of 38 GmPAP members were identified in
the soybean genome. However, the transcript levels of 19 and 17
GmPAP members were upregulated by 16 days of P deficiency in
the leaves and roots, respectively. Among them, both GmPAP7a
and GmPAP7b had the highest activities against ATP in vitro.
Furthermore, overexpressing GmPAP7a and GmPAP7b resulted
in significant increases in root-associated APase activities and
total P content in soybean hairy roots when ATP was supplied
as the sole P source. Taken together, these results suggest that
Pi starvation responsive GmPAP7a and GmPAP7b may mediate
root-associated APase activities and thus control extracellular
ATP utilization in soybean in response to P deficiency.
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We investigated if subsoil constraints to root development imposed by coarse sand were
affected by drought and biochar application over two seasons. Biochar was applied to the
subsoil of pots at 20–50 cm depth in concentrations of 0%, 1%, 2%, and 3% (B0, B1, B2,
and B3). Maize was grown in the same pots 1 week and 12 months after biochar
application. The maize plants were fully irrigated until flowering; thereafter, half of them
were subjected to drought. A new method for observing root growth dynamics and root
length density in situ, the Rootsnap sensor system, was developed. The sensors were
installed at 50 cm depth just below the layer of biochar-amended subsoil. Using data from
a smaller experiment with grass, the calculated root length densities from the sensors
were compared with data from scanning of manually washed roots. In year 2, we
investigated the effect of aged biochar on root growth using only the root wash and
scanning method. The Rootsnap sensor revealed that the arrival time of the first root in B3
at the 50 cm depth averaged 47 days after planting, which was significantly earlier than in
B0, by 9 days. The tendency for faster root proliferation in biochar-amended subsoil
indicates that biochar reduced subsoil mechanical impedance and allowed roots to gain
faster access to deep soil layers. A linear regression comparing root length density
obtained from the Rootsnap sensor with the scanning method yielded an r2 of 0.50. Our
analysis using the scanning method further showed that under drought stress, maize
roots responded with reduced root diameter and increased root length density at 50–70
cm depth in the first and second year, respectively. The trend under full irrigation was less
clear, with significant decrease in root length density for B1 and B2 in year 2. Overall,
reduction in subsoil mechanical impedance observed as early arrival of roots to the subsoil
may prevent or delay the onset of drought and reduce leaching of nutrients in biochar-
amended soil with positive implications for agricultural productivity.

Keywords: maize root, straw biochar, subsoil, in situ root method, drought stress
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INTRODUCTION

The plant root is a principal water absorbing organ, that plays a
crucial role in the development of plants, especially when water is
limited (Upchurch and Ritchie, 1983). Under drought
conditions, dehydrating roots synthesize abscisic acid (ABA),
which is transported to the shoot to signal the level of drying in
the soil (Zhang and Davies, 1989). This results in the partial
closure of stomata to prevent water loss (Zhang and Outlaw,
2001) and consequently decrease photosynthesis, often to a
smaller degree, thus enhancing water use efficiency (Liu et al.,
2005). In maize, the accumulation of ABA results in the
maintenance of root elongation and inhibition of shoot
elongation at low water potentials (Saab et al., 1990). This is an
example—out of many—of how abiotic stress influences root
system architecture (Koevoets et al., 2016) as well as
shoot growth.

Quantification of plant root geometry, in particular
parameters such as root length, root length density or root
diameter, is pivotal to understand many plant physiological
functions (Pierret et al., 2013) and responses under stress
conditions. Most plant studies have, however, focussed on
aboveground parameters because root studies are quite
cumbersome and labour intensive. Over the years, several
methods have been developed and used for root assessment
such as soil coring, trench wall and root mapping techniques,
core break, minirhizotron, pinboard, excavation, and washing
methods (Smit et al., 2000). In samples obtained from soil coring,
roots can be washed free of soil and analyzed with software such
as the WinRHIZO (Regent Instruments Inc., Canada) after
scanning or the length can be estimated with the Newman
(1966) counting method. Alternatively, the core-break method
may be employed by breaking the retrieved soil core at the depth
of interest (Bohm, 1979). Roots visible from the broken cross-
section are counted with the naked eye and the root intensity
calculated using the cross-sectional area of the soil core. If
perpendicular sides are counted, it is possible to calculate root
length densities directly (Chopart and Siband, 1999). The trench
wall and pinboard techniques, utilize exposed roots from an
evacuated plane, the former involves plotting root ends to a
transparent sheets and the latter, a board containing nails
arranged in a grid that is washed to expose roots (Smit et al.,
2000). All the methods mentioned above with the exception of
the minirhizotrons are destructive, which poses a challenge or
makes it impossible to observe root development over time.

Sandy soils are characterised by low water holding capacity
and excessive drainage below the root zone (Andry et al., 2009)
and therefore considered marginal for agricultural production
especially in dry areas. Nevertheless, many hundred thousands of
hectares of this soil type formed by glacial river deposits is under
cultivation in north-western Europe (Andersen and Aremu,
1991; Andersen et al., 1992; Ahmed et al., 2018). In coarse
sand, lack of soil structure, low moisture content, greater bulk
density and low organic content tend to increase the mechanical
impedance to root growth (Bruun et al., 2012; Wernerehl and
Givnish, 2015). Over the past few years, there have been efforts to
enhance productivity of sandy soils by applying biochar, a
Frontiers in Plant Science | www.frontiersin.org 2101
carbon rich product which is produced by heating biomass to
above 250°C in the absence of or with limited oxygen (Lehmann
and Joseph, 2015). Several studies have reported improvement in
soil water content and root development, decrease in bulk
density, pore volume, and nitrate leaching (Abel et al., 2013;
Bruun et al., 2014; Abiven et al., 2015; Haider et al., 2017) of
sandy soils amended with biochar. Literature describing
biochar’s influence on maize growth have mostly reported on
aboveground biomass (Major et al., 2010; Uzoma et al., 2011;
Zhang et al., 2012; Sänger et al., 2017) with only few studies on
roots. In tropical sandy soil, Abiven et al. (2015) reported an
enhancement of maize root traits such as biomass and surface
area with corncob biochar application. In temperate soil, some
studies (Prendergast-Miller et al., 2011; Bruun et al., 2014;
Ventura et al., 2014; Hansen et al., 2016) have reported effects
of biochar on root development; however, studies on maize roots
in temperate soils are limited. Although use of fresh biochar
dominates research, biochar’s effects may vary over time due the
oxidation of carboxylic groups on the edges of the aromatic
backbone (Glaser et al., 2000) and gradually change soil
properties. Hence, its effect on roots may vary as biochar ages
in the soil.

In this paper, we investigated the effect of wheat straw biochar
on maize subsoil root development and response under drought
conditions using a new method for observing roots in situ and
dynamic changes in root density distribution. The details on how
to assemble the Rootsnap sensor, aimed at providing an accurate
and cost-effective way of analysing roots growth dynamics are
discussed. We assessed whether root length density estimates
from the Rootsnap sensor are comparable with conventional
methods of soil sampling, separation of roots from soil by
washing and measuring root length. Lastly, we investigated the
effect of biochar on root development under full irrigation and
drought with fresh and aged biochar amendment of the subsoil.
MATERIALS AND METHOD

Rootsnap Sensor
The Rootsnap sensor consists of an imaging device (Figures 1A, B)
for taking pictures and videos, a frame component (Figures 1C, D)
and the root-counting component (Figures 1E, F). The imaging
device is a waterproof standard endoscope (Shenzhen FDL
Technology co, PRC) with an image capture resolution of 640 ×
480. The lens (Figure 1A) is surrounded by six white LED lights,
which provide light controlled by an adjustable light switch. The
device is powered through the USB of a computer or external USB
by a cable, which can be either 2, 5, or 10 m (Figure 1B). The view
angle of the camera is 66°. The camera and its housing case have a
diameter of approximately 7 mm. The frame comprises of a plastic
funnel and anti-glare glass (Hengshi Aohong International, PRC).
The funnel’s conical mouth is 6 cm in diameter at its widest point;
the stem is 5.5 cm long and 0.8 cm in diameter. The funnel holds
the endoscope and the other components together. It also holds
silica gel, which protect the lens from condensation. The anti-glare
glass is 4.5 cm in diameter and it functions to prevent roots from
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growing directly on the lens. The root-counting component is a
nylon wire mesh (Shanghai bolting cloth manufacturing, PRC) of
diameter 9 cm with openings of 743 micron. Roots intersecting
with the mesh in the plane of observation were counted for
determining the root length density. The nylon mesh, which
comes originally in white, Figure 1E was coloured red Figure 1F
to enhance contrast.

Assembling the Rootsnap Sensor
The tip of the endoscope camera was coated carefully with epoxy
rapid glue to avoid glue sticking on the lens. It was then placed in
the funnel through the stem and allowed to set for an hour. The
stem of the funnel fitted with the endoscope was filled with a
neutral silicon sealant and allowed to set for 3 days. A clamp was
used to hold the set up together and glue was applied to the sides
of the funnel about 1 cm from the rim. The anti-glare glass was
placed in the funnel and allowed to set for a day. The wire mesh
was placed on the rim of the funnel and melted silicon was
applied to attach the mesh to plastic funnel. The excess mesh was
trimmed after the silicon had solidified. The assembled root
sensor is presented in Figure 2.
Frontiers in Plant Science | www.frontiersin.org 3102
Experimental Set Up
Maize Experiment
The study was conducted at Research Centre Foulum of Aarhus
University (AU-Foulum), Denmark. The research was part of an
experiment reported by Ahmed et al. (2018), who described the
setup and results on aboveground growth and physiology of
maize. Sand-textured soil was sampled from the Jyndevad
research station at depths of 0–25 cm and 25–100 cm to
represent topsoil and subsoil, respectively. Further information
on the soil textural composition can be found in Ahmadi et al.
(2010). The pots that were used had diameter of 36 cm and
height of 70 cm. Prior to filling the pots, the inside was coated
with subsoil mixed with water insoluble wallpaper glue (Bostik
Hernia Vaadrumslim) as done by Bruun et al. (2014) to prevent
preferential root growth along the sides of the pot. The
preparation of the pots started with placing two Rootsnap
sensors in the pots with their USB-cable passing through an
opening in the side of the pot. The cable with the USB-connector
part of the sensor was connected to a USB hub. The part with the
lens was inside, and initially placed on the top edge (opening) of
the pot. Prior to filling the pots, samples of soil and biochar were
both oven dried to measure the water content. This was used to
determine the desired dry weight based proportions, which were
then mixed together for 5 min in a mechanical mixer. The soil
was packed to a bulk density of 1.2 g/cm3 and 1.3 g/cm3 in the
topsoil and subsoil sections, respectively. Packing was done by
pressing the soil down with fingers to marks placed every 10 cm
inside the pots followed by surplus irrigation and allowing
the soil to settle. A diagram of the pot setup is presented in
Figure 3A. After filling the 50–70 cm of the pots with subsoil, the
USB-connector end of the cable was then pulled to position the
sensors at the 50 cm depth. One was facing vertical and the other
facing sideways as shown in Figure 3B. To prevent soil from
FIGURE 1 | Rootsnap sensor components. (A) Imaging device showing the
lens with diameter of 7 mm; (B) entire endoscope with cable and usb
connector; (C) frame component showing the funnel with diameter of 6.0 cm;
(D) antiglare glass with diameter of 4.5 cm; (E) white nylon mesh with
diameter of 6.5 cm; (F) red coloured nylon mesh.
FIGURE 2 | Assembled Rootsnap sensor.
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subsequent layers to go through the mesh, a thin layer of water-
soluble wallpaper glue was brushed on the surface of the vertical
sensor. Thereafter sandy subsoil ( ± biochar) was filled in the 20–
50 cm depth by slowly placing soil and then pressing gently with
the fingers to avoid soil going through the mesh of the vertical
sensor. This procedure may successfully be replaced—where
convenient—by placing thin plastic foil over the mesh, and this
foil is then later removed by carefully pulling it out. Finally, the
topmost layer in all pots was filled with sandy topsoil at the depth
of 8–20 cm in the pots.

The treatments thus comprised biochar applied at
concentrations of 0, 1, 2, and 3% (B0–B3) and irrigation at two
levels. Wheat straw biochar used for the experiment was
produced by slow pyrolysis at a temperature of 600°C (Frich
A/S, Denmark). Biochar properties are shown in Ahmed et al.
(2018). The plants were initially irrigated each time the water
deficit exceeded 25% of the available water content. At tasselling,
pots of each biochar treatment were assigned to one of two
groups. In one of the groups, irrigation was continued as
described (FI) while the second group of pots was subjected to
two drying cycles (D). This resulted in a total of 64 pots (eight
replicates per treatment) of which 32 pots had the Rootsnap
sensors (64 in total) installed. The treatment combinations are
shown in Table 1.

Maize was sown on 7th May 2015 and 20th April 2016 in the
first and second year, respectively. In both years, three seeds were
planted, and then thinned to one plant per pot after emergence.
The growing conditions in the greenhouse was a maximum day
temperature of 28°C and a night temperature of 10°C with no
Frontiers in Plant Science | www.frontiersin.org 4103
artificial lightening. The plants were harvested at 104 days after
planting (DAP) in 2015 and 111 DAP in 2016. The 32 pots with
Rootsnap sensors installed were destructively sampled for bulk
density and root length density analysis in 2015. Samples for root
determination were taken between 45–50 cm soil layer. The
remaining 32 pots without sensors were kept for the second year
experiment and destructively sampled at the end of year
2 experiment.

Grass Experiment
A supplementary grass experiment was conducted at the same
location as the maize experiment from 4th November to 6th

December 2015 with 14 pots of dimensions, 21 cm height and 26
cm in diameter. There were no treatments in this experiment.
The Rootsnap sensors were installed at 5–10 cm depth in pots
filled with sandy loam soil. Grass turf consisting of a mixture of
ryegrass (Lolium perenne L.) and red fescue (Festuca rubra L.)
was transplanted to the surface of the soil. The grass was
B

A

FIGURE 3 | Diagram of the pot set-up (A) and illustration of the sensors positions at 50 cm (B).
TABLE 1 | Treatment combinations.

Biochar concentration (%) Irrigation Level Designation

0 Full B0FI
0 Drought B0D
1 Full B1FI
1 Drought B1D
2 Full B2FI
2 Drought B2D
3 Full B3FI
3 Drought B3D
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subjected to the same growth conditions as the maize. Irrigation
to field capacity was carried out every 3 days.

Measurements
Data From Rootsnap Sensor
The Rootsnap sensors were connected to a computer via a USB
hub. A timer was used to designate times for root images to be
taken automatically with a streamer software on a Linux
operating system. Images were taken six times per day. When
it was time for image capture, the timer switched on electricity
for 15 min. During that period, the cameras took a few rounds of
images and then the system shut down—including the camera
light—until the next scheduled session.

The arrival time of roots at the 50 cm depth was used to
determine the ease of movement of roots through the biochar
amended subsoil. This was apparent from the root images taken
late in the season by capturing the date and time a root had made
its way through the above soil layers and the root tip just
penetrated the mesh of the sensors. Images were collected into
time-lapse videos to give a general overview of the dynamics of
root development for the entire experimental period.

The number of roots intersecting with the mesh (n) was
counted and the time of each intersect noted. The number of root
per square cm (N) was determined by dividing the root count by
the area of the field of view (12 cm2). For the vertical facing
camera, this was labelled NV and for the horizontal facing
camera NH.

The average of root intersects per cm2 for the two cameras
were calculated as:

NA =
NV + NH

2
1

Anisotropy (A) accounts for the non-uniform directional
distribution of roots, which specifically is related to root
gravitropism (e.g., Xiao and Zhang, 2020) and more generally
results from both morphogenetic and environmental factors
interacting during the development of the root systems (Smit
et al., 2000). The extent of this phenomenon was calculated using
Eq. 2 (Van Noordwijk, 1987; Chopart and Siband, 1999):

A = ABS
1 − NV

NH

� �

2� NV
NH

+ 1
� � 2

The root length density (LV, cm cm-3) was then calculated
according to Chopart and Siband (1999) using Eq. 3.

LV = 2� NA 0:5� A2 + 1
� �

3

The results of the root length density of maize and grass
obtained from the Rootsnap sensor was compared to results
obtained from scanning manually washed roots.

Soil Samples
In 2015, the 32 pots of maize containing the Rootsnap sensors
were excavated after harvest for sampling. Soil samples for
determination of bulk density and soil water content were
Frontiers in Plant Science | www.frontiersin.org 5104
extracted using sampling cores of 100 cm3. Thereafter, loose
soil-root samples of c. 1 kg were taken with a sharp shovel from
depths of 20–50 cm and 50–70 cm. In 2016, the remaining 32
pots were excavated and soil-root samples were extracted only
from the 50–70 cm layer. For the grass experiment, samples were
taken from the 5–10 cm depth. The samples were weighed and
stored in a freezer at -18 °C until roots were extracted. Soil bulk
density and the volumetric water content of the soil was obtained
by weighing 100 cm3 samples obtained by the core method,
before and after oven drying the samples at 105°C.

Root Extraction and Scanning
The frozen soil samples were allowed to thaw in a 10°C room
overnight prior to root washing. Samples were divided with a
sample divider and the amount to be washed was weighed. The
soil-root sample was mixed with water and stirred in a bucket
until the soil was fully dispersed. The supernatant was decanted
into a 0.5 mm sieve stacked on top of the 0.25 mm sieve. This was
repeated several times until there were no more visible roots
floating in the bucket. The content of the 0.5 mm sieve was
transferred to a white photo tray leaving the sediment. Debris
and biochar particles were removed using tweezers. White live
roots were separated from dead ones. Roots that were dark and
sank to the bottom were assumed dead and probably derived
from previous crops. The same was repeated with the content of
0.25 mm sieve. All live roots were mixed with 3% acetic acid and
poured into bags for freezing. Prior to scanning, roots were
thawed and stained using a neutral red solution comprising of 0.5
g “neutral red” dissolved in 100 ml 96% ethanol and 900 ml
distilled water. The roots were soaked in the staining solution for
24 h while stored in a refrigerator at 5°C. The surplus colour was
removed by rinsing with demineralized water before scanning.
The resolution of the scanner was set to 600 dpi. After scanning,
the analysis of the image was done with the WinRHIZO software
(Regent Instruments Inc., Canada). The analysis of the root
length was done by excluding the two lowest diameter classes of
0<L ≤ 0.05 mm and 0.05<L ≤ 0.10 mm, which were considered to
be mycorrhiza. The root length was divided by the volume of soil
to obtain the root length density. The average diameter of roots
at the 50–70 cm depth of maize plants was calculated by
summing up the product of the root length in each class and
the average diameter of that class and dividing by total
root length.

Newman Counting
To analyse the effect of biochar on RLD in the subsoil biochar
layer in 2015, root samples from the 20–50 cm depth were
analysed using the Newman (1966) counting method for the
control (B0) and the highest biochar concentration (B3) under
both FI and D. The reason for using this procedure was that these
samples were too cumbersome to clean sufficiently for scanning
and subsequent image analysis. Ten maize root samples, which
had been washed and analysed using the scanning method were
re-analysed using the counting method. The washed roots were
poured into a 0.25 mm sieve and placed in a tray with water
forming a thin film over the mesh. Then the roots were carefully
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spread to make an even distribution over the area of the sieve.
With a binocular microscope, the number of intersections
between roots and a horizontal hairline placed in the
microscope’s eyepiece were counted. The root length, R was
determined using Eq. 4, Newman (1966).

R =
pNA
2H

4

Where N is the number of intersections, A is the area of the
sieve, H is the total length of the lines provided by the hairline of
the microscope.

Statistical Analysis
Statistical analysis was conducted with SigmaPlot 11 (Systat
Software, San Jose, CA). One and two way Analysis of
Variance (ANOVA) was used to analyse the effect of biochar
and irrigation. The Holm-Sidak posthoc test was used to
compare treatments. P values of less or equal to 0.05 was taken
to indicate statistical difference.
RESULTS

Images and Videos From the Rootsnap
Sensor
The newly developed Rootsnap sensor was successfully used to
automatically capture images of maize and grass roots while they
were growing in soil. The images were stored on a computer and
were made accessible remotely via internet connection. Examples
of images obtained from the root sensor are shown in Figures
4A, B for maize and grass, respectively. Some of the root videos
from the maize and grass experiment can be viewed by scanning
Frontiers in Plant Science | www.frontiersin.org 6105
the QR codes Figures 4C, D (QR codes reader can be
downloaded online for both IOS and android mobile and PC
devices). The pictures obtained were processed manually by
looking through the sequence. Each time a new root tip
penetrated the mesh of a sensor, the position and time was
noted in an Excel sheet, which mimicked the mesh. An example
of this is shown in Figure 5.

Effect of Biochar on Root Penetration to
Subsoil Layer
Biochar tended to ease the downward growth of roots in coarse
sandy soil as opposed to the control, which restricted root
penetration. The arrival time of the first root in B3 was
significantly (P ≤ 0.006) earlier than for B0 and B1 treatments
(Figure 6). A similar observation was made for the mean arrival
time of the second root (P ≤ 0.016). The delay offirst control (B0)
root to arrive at the 50 cm layer by up to 9 days may have
implications for crop growth in terms of access to water
especially during drought.

Comparison of Methods With Root Length
Density Estimates
One of the advantages of the Rootsnap sensor is that it can be
used to determine changes in root length density dynamically
over time. The root length density over time in the subsoil tended
to follow the S-shape of a typical growth curve increasing with
time (Figure 7). This was due to spurts of lateral roots observed
in the sideways facing Rootsnap sensor in Figure 5. Compared to
the scanning method, root length density obtained from the
Rootsnap sensor method by using Eq. (3) was significantly
correlated with the scanning method (y = 0.4663x+0.0932, r2 =
0.50, p = 0.01) as shown in Figure 8.
FIGURE 4 | Root images of maize (A) and grass (B), and QR codes for root videos of maize (C) and grass (D). The openings in red nylon wire mesh shown in a
and b are 0.743 mm.
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Effect of Biochar on Root Traits
The root length density at the 20–50 cm depth at harvest time of
maize in 2015, i.e. at maturity, estimated by the Newman
Frontiers in Plant Science | www.frontiersin.org 7106
counting method is presented in Table 2. Only B0 and B3
were analysed at this depth due to the presence of biochar
complicating the analysis of roots. Our results indicate that B3
tended to decrease LV in both irrigation schemes although not
significantly. Also, no interaction among irrigation level and
biochar levels was detected. At the 50–70 cm depth (Table 3),
biochar treatments, with the exception of B2, tended to decrease
LV compared with the control. On the contrary, there was a slight
increment with B2. Again, these differences were not significant.
The results of 2015 at 50–70 cm depth were compared only
between biochar levels due to inadequate number of replicates in
the B2 treatment under full irrigation.

In 2016, biochar application tended to decrease LV at 50–70
cm depth at maturity under both irrigation schemes (Table 4).
With the exception of B3, all treatments tended to have higher LV
June 2020 | Volume 11 | Article 949
FIGURE 5 | Root distribution in field of view of the Rootsnap sensors for
control (B0; top) and biochar 3% (B3; bottom). For counting and registering
the position of the roots, an Excel sheet mimicking the nylon mesh (see
Figures 4A, B) was created. The number and position of roots intersecting
with the mesh was counted and the time of each penetration of the mesh by
a root tip was noted.
FIGURE 7 | Root length density over time for control (B0) and biochar 3%
(B3) averaged over irrigation treatments.
FIGURE 8 | Linear regression of scanning method vs Rootsnap sensor
method.
FIGURE 6 | Day of arrival of first, second and third root to the 50 cm depth
after passing the subsoil layer with different biochar levels. Values are
averaged over irrigation treatments. Error bars indicate standard errors of the
mean (n=5(B0), 3(B1), 3(B2), 5(B3)). Different letters indicate significant
difference. Letters are not shown when there is no significant difference.
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under drought than fully irrigated conditions. Under drought,
the trend was that of lower LV with increasing biochar level
though there was no significant difference between B0D, B1D
and B2D. In contrast B3D was significantly lower (P=0.002) than
B0D. Under FI, the direction was less clear with B0FI and B3FI
being significantly (P ≤ 0.042) higher than B1FI and B2FI. A
comparison between the 2 years showed the same trend of lower
LV with biochar application when comparing B3 with B0
(compare Table 3 with Table 4) and as well in general
appreciably lower LV in 2016 at maturity. The average root
diameter in 2015 in the 50–70 cm soil depth (Table 3) showed an
increase with increasing biochar concentration. The root
diameter in B3 (0.22 mm) and B2 (0.21 mm) were significantly
greater (P ≤ 0.027) than B0 (0.19 mm). In 2016 the picture was,
however, opposite with all biochar treatments having
significantly (P=0.003) lower root diameter than the B0 (Table
4) under drought, whereas there was no significant effect of
biochar level under full irrigation. In B0, full irrigation resulted in
significantly lower root diameter than under drought while the
root diameter in the biochar treatments did not differ between
full irrigation and drought.
DISCUSSION

Images and Video From the Rootsnap
Sensor
The root sensor is an easily assembled tool that was used to take
maize and grass root images in situ. The streamer software on
Linux operating system allows automatically capturing and
storing of images, which can be accessed remotely. The sensor
system seems to have broad applicability also for installation in
Frontiers in Plant Science | www.frontiersin.org 8107
natural soil, where it might be installed into the side of an
excavated wall profile.

Effect of Biochar on Root Penetration to
Subsoil Layer
The average penetration rate of maize roots has been reported
to be 2.4–2.5 cm/day (Hsiao et al., 2009). In sandy loam soils,
Bengough & Mullins (1988) cited in Bengough and Mullins
(1990) found that maize root elongation was reduced by
compaction and mechanical impedance to between 50% and
90% of that of control plants grown in loose sieved soils. This
shows that maize root penetration is very sensitive to soil
physical conditions. In this study, the first root of the control
plant at 50 cm depth arrived at day 56 after planting, giving a
root penetration rate of approximately 0.8 cm/day, and thus
indicating the large extent of mechanical resistance to root
penetration plants experienced in these coarse sandy soils. In
general, high soil bulk density and water stress increases
penetration resistance and slow root elongation (Lampurlanés
and Cantero-Martinez, 2003; Bengough et al., 2011). Studies
(Abel et al., 2013; Basso et al., 2013) have shown that biochar
amendment to sandy soils decreases bulk density and increase
water holding capacity. In Danish coarse sand, Bruun et al.
(2014) assumed that the addition of biochar might reduce
mechanical resistance due to the reduction in subsoil bulk
density. A finding that is consistent with our measurement of
bulk density, which indicate significant decrease of bulk density
at the 20–50 cm layer with increasing biochar application rate
(Table 5). Further to this, using observations from the
Rootsnap sensor, we were able to demonstrate that biochar
decreased penetration resistance as evidenced by the shorter
time (Figure 5) spend by roots to arrive at the 50 cm depth in
the B3 treatment compared to the control. The treatment with
TABLE 2 | Root length density for B0 and B3 in the 20-50 cm layer in 2015 determined by the Newman method.

Treatment B0D B3D B0FI B3FI

Root length density (cm/cm3) at 20-50 cm 4.38 ± 0.70 3.4 ± 0.44 4.02 ± 0.40 3.66 ± 0.90
June 2020 | Volume 11
Mean values ± standard error (n = 4). Letters not shown when there is no significant difference.
TABLE 3 | Root length density and average diameter at 50–70 cm in 2015.

Treatment B0 B1 B2 B3

Root length density (cm/cm3) 2.52 ± 0.20 1.73 ± 0.20 2.75 ± 0.64 2.09 ± 0.29
Average diameter (mm) 0.19 c 0.20 ± bc 0.21 ab 0.22a
Mean values ± standard error (n = 7(B0), 7(B1), 3(B2), 6(B3)).Mean values with no letters in common are significantly different (P < 0.05). Letters not shown when there is no significant
difference.
TABLE 4 | Root length density and average diameter at 50–70 cm for different biochar treatments in 2016.

Treatment B0D B1D B2D B3D B0FI B1FI B2FI B3FI

Root length density (cm/cm3) 0.96 ± 0.30a 0.58 ± 0.09ab 0.58 ± 0.10ab 0.36 ± 0.02b 0.82 ±
0.02a

0.53 ± 0.02b 0.52 ± 0.03b 0.71 ± 0.05a

Average diameter (mm) 0.22 a 0.21 b 0.20 b 0.21 b 0.20 0.20 0.20 0.21
| Article 94
Mean values ± standard error (n = 4). SE not shown whenless than 0.01.Mean values with no letters in common are significantly different (P < 0.05). Letters not shown when there is no
significant difference.
9

https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


Ahmed et al. Biochar Effect on Root Growth Dynamics
the highest biochar concentration, B3, showed the lowest bulk
density and had the fastest emergence time, suggesting that
biochar reduced mechanical resistance in coarse sandy soil.
Other factors may however have contributed to this finding.
The biochar used contained 2.6% K and thus supplied a large
amount of this macronutrient to the plant. Andersen et al.
(1992) found that increasing supply of K to barley under field
conditions significantly increased the root length density in the
subsoil of the same soil type. A meta-analysis by Xiang et al.
(2017) found that biochar addition in general increases root
biomass, length and surface area in annual crops, consistent
with the findings of Abiven et al. (2015) in maize grown in the
field. In chickpea Egamberdieva et al. (2019) likewise found
increased root mass, but only for hydrothermal biochar
amendment and not for a conventionally pyrolysed biochar.
As soil dries at the surface, water may be available deeper in the
profile (Comas et al., 2013) hence the arrival in the deeper layer
may result in better adaptation of biochar plants under drought
conditions. Ahmed et al. (2018) found indications of this, as sap
flow measurements showed transpiration to be higher in
biochar amended plants than in unamended, although soil
water content was similar during the second drying cycle
of 2015.

Rootsnap Root Length Density Estimates
Overall, LV was under-estimated by the Rootsnap sensor method
although it yielded a positive, significant and linear correlation with
the scanning method. It should thus be possible to calibrate the
method to yield unbiased estimates. Root counting with the
Rootsnap sensor resembles the core break method, where a
usually vertical soil core is broken to expose a horizontal cross
section and roots are counted on both surfaces. This is based on the
principle that the same root cannot be exposed on both sides after
breakage (Smit et al., 2000). If roots are assumed to grow
isotropically (i.e. equally in all directions), anisotropy (A) in Eq.
(2) is equal to zero and Eq. (3) simplifies to LV = 2NA. However, it
has often been found that the proportionality factor is higher than 2
(e.g. Andersen et al., 2013), which thus may be taken as an
indication of anisotropic growth. Although our method was
designed to take such phenomena into account, the horizontally
facing Rootsnap sensor (Figure 4) may itself have obstructed roots
from reaching it. This seems likely as the backside of the sensor
cannot be penetrated by roots and thus will induce a “shadowing”
effect, which likely decreased the number of root tips reaching the
mesh on the horizontally facing sensor. Due to gravitopism it seems
more likely that the correct number of root tips will be counted by
the vertically facing sensor.

Different techniques of root length density estimation
produce highly variable results and more often than not, are
Frontiers in Plant Science | www.frontiersin.org 9108
difficult to compare (Pierret et al., 2005). Disparities in results
obtained from comparing different root methods have been
reported by some studies (Majdi et al., 1992; Wahlström et al.,
2015). In their experiment with maize roots Majdi et al. (1992)
showed a significant correlation (r = 0.78) between the
minirhizotron and the line intercept method for estimating
root length density. In contrast, they found no correlation
between LV obtained from minirhizotron and washed root
analysed using computer image processing. They attributed the
higher estimates in LV by the line intercept method to probable
overestimation of actual number of intercepts and lower
estimates from the computer processing to discarding of
smaller root fragments. Wahlström et al. (2015) demonstrated
that LV estimates of three methods were in general only weekly
correlated except for root washing and scanning versus core
break for fodder radish (r2 = 0.77) and core break versus
minirhizotron for winter wheat (r2 = 0.26). The higher
estimate by minirhizotron method was attributed to
preferential growth along the access tubes.

The overestimation by line intercept and minirhizotron
methods presented in the previous paragraph highlights the
fact that each method has its own shortcomings. It is
important to be aware of the shortcomings of each method
and select them based on the root parameters of interest. Our
new method yields a significant positive correlation with the
scanning method, which shows a potential for determining LV in
situ. In addition, it presents the opportunity to study natural
positions and arrangement of roots i.e. clumping phenomena,
which are lost in the root washing method (Judd et al., 2015).
Using Eq. (3) in the isotropic case, it is apparent that the sensor
area of 12 cm2 means that 6 root detections will give an LV equal
to 1 cm cm-3, which constitute an already high root density for
subsoils. Accordingly, sensor estimates of low LV values
inherently have a high coefficient of variation. This variation
could be reduced by increasing the Rootsnap sensor area,
depending on the feasibility of installing more voluminous
sensors in a particular application. Nevertheless, the Rootsnap
sensor seems unsurpassed for detection offirst arrivals of roots to
a certain depth avoiding the problems that seems inherent to e.g.
the minirhizotron method.

Effect of Biochar on Subsoil Root Length
Density and Diameter
A comparison of LV between the 2 years for all treatments
showed lower values in 2016 compared to 2015. This could be
due to weather conditions which also resulted in lower
aboveground biomass reported by Ahmed et al. (2018). There
was no significant difference in LV at 20–50 cm for B0 and B3
under both irrigation schemes in 2015. In addition, there was no
TABLE 5 | Bulk density measured in 2015.

Bulk density (g/cm3) B0 B1 B2 B3

20–50 cm 1.38 ± 0.01a 1.27 ± 0.01b 1.21 ± 0.01c 1.16 ± 0.01d
50–70 cm 1.36 ± 0.02a 1.29 ± 0.02b 1.23 ± 0.02b 1.17± 0.03c
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significant effect of biochar at the 50–70 cm depth in 2015. The
trend in 2016 at the 50–70 cm layer under drought was that of a
decrease in LV with increasing biochar level. This could be due to
maize root adaptation to drought, which results in the
maintenance of root elongation and inhibition of shoot
elongation (Saab et al., 1990) in order to maintain an adequate
water supply. Thus, the significantly lower RLD in B3 probably
indicates that it was the least water stressed. The lack of a clear-
cut trend under full irrigation is similar to that observed by
Bruun et al. (2014), who reported increases in root density at 40–
80 cm depth with 1% and 2% straw biochar. In contrast,
application at 4% resulted in decreased density. As soil dries,
matric potential becomes more negative and soil strength
increases (Bengough et al., 2011). With the tendency of
biochar to decrease soil mechanical resistance and increase soil
water content, roots under FI may not require adaptation
mechanisms such as larger diameter to penetrate the soil, nor
more roots to exploit available water. This may explain the lack
of significant difference in root diameter under FI and the lower
root length densities in the biochar treatments compared with
the control.

In drought stressed maize grown in vermiculite, roots showed
an increase in length but decrease in diameter (Sharp et al.,
1988). In the first year, B2 and B3 significantly increased root
diameter compared to B0. The significantly lower diameter in B0
suggests that they experienced the most drought stress. The
diameter of roots has also been shown to increase with
mechanical resistance (Bengough and Mullins, 1990). Although
the soil used here is coarse sand, we do not expect any differences
in the mechanical resistance between the control and the biochar
treatments at the 50–70 cm depth, as there was no biochar
application in this layer. Therefore, we suspect that the decrease
in diameter especially for B0 in year 1 was a response to drought.
In year 2, however, the soil had been in the pots for a year and
frequent irrigation may have caused biochar particles from the
20–50 cm layer to leach into the 50–70 cm layer. As a result,
mechanical resistance may have been lesser in the biochar
treatments compared with control. Studies on root elongation
of cotton as a function of soil strength and soil water content
showed root elongation was more sensitive to soil strength than
water content (Taylor and Ratliff, 1969 cited in Ball et al., 1994).
We therefore speculate that significantly higher diameter in B0D
compared to the biochar treatment may be due of higher
mechanical resistance.

There is very limited studies on the effect of biochar ageing on
root development. The closest comparable study is by
Prendergast-Miller et al. (2014), who experimented with fresh
and artificially weathered miscanthus and willow biochar. Their
results showed a tendency for spring barley roots in weathered
biochar-amended soils to have less branched roots than the
control and fresh biochar treatments, although this was not
significant. Our determination of LV did not show any change
in trends with biochar ageing as B0 tended to have higher LV
than biochar treatment in both years. However the negative root
geotropism in B3 reported by Ahmed et al. (2018) in year 1 was
not found in year 2.
Frontiers in Plant Science | www.frontiersin.org 10109
CONCLUSIONS

The newly developed Rootsnap sensor presents an easily
assembled, cost effective means of monitoring roots in situ.
The new method was shown to provide estimates of root
length density that had a significant positive correlation to the
conventional root wash and scanning method. Moreover,
temporal changes could be followed and thus e.g. provide
important input to dynamic simulation models in which root
length density is often a key variable and difficult to obtain.
Images obtained from the new method demonstrated that
biochar did reduce mechanical resistance in coarse sandy
subsoils. The early arrival of roots to the 50 cm depth of up to
9 days before the control, indicate that they may gain access to
water available in deeper soil layers that may prevent or delay
onset of drought stress. Indeed this phenomena was indicated by
sap flow measurements on the maize stems (Ahmed et al., 2018).
Maize root respond to drought stress with increased root length
density and thinner diameters. This is evidenced by increased
root diameter for biochar treatments in the first year and
decreased root length density in the second year. There is,
however, the need for field studies under both full irrigated
and drought conditions. From a methodological perspective,
more experiments with the Rootsnap sensor with different
crops at different depths and under field conditions are needed
to further improve the technique.
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Acidic soils constrain plant growth and development in natural and agricultural
ecosystems because of the combination of multiple stress factors including high levels
of Fe3+, toxic levels of Al3+, low phosphate (Pi) availability and proton rhizotoxicity. The
transcription factor SENSITIVE TO PROTON RHIZOTOXICITY (STOP1) has been reported
to underlie root adaptation to low pH, Al3+ toxicity and low Pi availability by activating the
expression of genes involved in organic acid exudation, regulation of pH homeostasis, Al3+

detoxification and root architecture remodeling in Arabidopsis thaliana. However, the
mechanisms by which STOP1 integrates these environmental signals to trigger adaptive
responses to variable conditions in acidic soils remain to be unraveled. It is unknown
whether STOP1 activates the expression of a single set of genes that enables root
adaptation to acidic soils or multiple gene sets depending on the combination of different
types of stress present in acidic soils. Previous transcriptomic studies of stop1 mutants
and wild-type plants analyzed the effect of individual types of stress prevalent in acidic
soils. An integrative study of the transcriptional regulation pathways that are activated by
STOP1 under the combination of major stresses common in acidic soils is lacking. Using
RNA-seq, we performed a transcriptional dissection of wild-type and stop1 root
responses, individually or in combination, to toxic levels of Al3+, low Pi availability, low
pH and Fe excess. We show that the level of STOP1 is post-transcriptionally and
coordinately upregulated in the roots of seedlings exposed to single or combined
stress factors. The accumulation of STOP1 correlates with the transcriptional activation
of stress-specific and common gene sets that are activated in the roots of wild-type
seedlings but not in stop1. Our data indicate that perception of low Pi availability, low pH,
Fe excess and Al toxicity converges at two levels via STOP1 signaling: post-translationally
.org September 2020 | Volume 11 | Article 012001112
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through the regulation of STOP1 turnover, and transcriptionally, via the activation of
STOP1-dependent gene expression that enables the root to better adapt to abiotic stress
factors present in acidic soils.
Keywords: root, transcriptome, acid soil, aluminum, iron, gene regulation, phosphate, combinatorial regulation
INTRODUCTION

Acidic soils prevalent in tropical and subtropical areas of the
planet represent up to 40% of the world’s arable land and
constrain plant development and productivity in both natural
and agricultural ecosystems (von Uexküll and Mutert, 1995). At
a pH value of 5.5 or below, acidic pH compromises plant
development because of a combination of two major stresses:
lower nutrient availability, predominantly low phosphate (Pi)
availability, and an increased availability of toxic cations, H+,
Al3+ and Fe3+, which are detrimental for root development
(Kochian et al., 2004; Kobayashi et al., 2013; Das et al., 2017).
Given the agronomic relevance of acidic soils, research groups
around the globe have focused on the characterization of the
genetic, biochemical, physiological and morphological responses
that allow plants to better adapt to acidic soils (see Magalhaes
et al., 2018 for review).

Several studies in the model plant Arabidopsis thaliana have
highlighted the role of the Cys2-His2-type zinc finger transcription
factor SENSITIVE TO PROTON RHIZOTOXICITY 1 (STOP1) in
protecting the root from the conditions present in acidic soils.
When stop1mutants were first isolated, it was discovered that these
mutant seedlings were hypersensitive to both H+ and Al3+

rhizotoxicities (Iuchi et al., 2007). STOP1 confers root tolerance
to Al toxicity by promoting malate exudation by upregulating the
expression of the malate efflux transporter ALUMINUM
ACTIVATED MALATE TRANSPORTER 1 (ALMT1). Malate
excreted by ALMT1 chelates Al3+ ions and prevents its entry into
the cell (Hoekenga et al., 2006; Iuchi et al., 2007), thus conferring Al
tolerance to the root. Organic acid exudation is, in fact, the best
understood Al-exclusion mechanism in plants, and is present in
several plant species (Kochian et al., 2015). Further research
demonstrated that STOP1 also regulates the expression of several
genes involved in ion homeostasis and metabolic pathways that also
contribute to Al tolerance such as the citrate transporter
MULTIDRUG AND TOXIC EXTRUSION (MATE1) and the
ALUMINUM SENSITIVE3 (ALS3) a gene that codes for an ABC-
like transporter protein and whose mutant (als3) is also
hypersensitive to Al toxicity (Larsen et al., 2005; Liu et al., 2009;
Sawaki et al., 2009).

Besides proton and Al toxicity, another limiting factor for plant
growth in in acidic soils is low Pi availability. Under acidic
conditions, Pi is rapidly fixed by Al and Fe cations making it
unavailable for plant uptake. The responses of plants to low Pi
availability have been studied thoroughly (for review see López-
Arredondo et al., 2014) and include systemic responses to optimize
internal Pi homeostasis and morphological adaptations of the root
system to enhance Pi scavenging from upper soil layers where Pi
tends to accumulate. Root morphological adaptations in
.org 2113
Arabidopsis include an increase in the density and size of root
hairs, an increase in lateral root number and the inhibition of
primary root growth (Péret et al., 2011). Two recent genetic
screenings of EMS-mutagenized seedlings identified a role for
STOP1 in the inhibition of root growth in response to low Pi
availability (Balzergue et al., 2017; Mora-Macıás et al., 2017). These
reports proposed that STOP1 activates ALMT1 transcription under
Pi-limiting conditions, leading to the adjustment of primary root
growth through the activation of a reactive oxygen species (ROS)
signaling pathway, triggered by the malate-dependent accumulation
of Fe in the apoplast (for review see Abel, 2017). These
reports suggest that organic acid exudation serves a triple role
in acidic soils by preventing toxic Al from entering the cell,
performing anion displacement to release Pi for plant uptake and
enabling root modifications to more efficiently explore the topsoil.
Further studies on the subject demonstrated a role for two other Al-
tolerance related proteins, ALS3 and SENSITIVE TO ALUMINUM
RHIZOTOXICITY (STAR1), in root developmental responses by
modifying iron homeostasis in Arabidopsis (Dong et al., 2017).
STOP1 regulates the expression of both ALMT1 and ALS3,
highlighting STOP1 as a major regulatory hub of responses to the
conditions present in acidic soils including low Pi, high Fe
availability and Al toxicity.

Given the multifunctional role of STOP1 under acidic soil
conditions, a question that arises is: How is the activity of the
transcription factor regulated in response to multiple stress
factors? Earliest evidence suggested that, because the
transcription levels of STOP1 do not significantly change
in response to low pH or Al exposure, STOP1 was post-
transcriptionally activated (Sawaki et al., 2009). A recent report
on STOP1 regulation corroborated that the transcription
factor is regulated at the posttranslational level via protein
accumulation/stabilization under low Pi and low pH
conditions when Fe and Al are present in the medium (Godon
et al., 2019). Furthermore, it was demonstrated that STOP1
abundance is regulated by the ubiquitin-proteasome-mediated
degradation pathway via a member of the F-box E3-type
ubiquitin ligase protein family, REGULATION OF ALMT1
EXPRESSION (RAE1). This F-box protein directly binds
STOP1 and lack of a functional RAE1 leads to higher levels of
STOP1, with the concomitant upregulation of ALMT1 (Zhang
et al., 2019). Because STOP1 regulates RAE1 expression, authors
concluded that STOP1 autoregulates its turnover by upregulating
RAE1 expression and, therefore, there must be another
interacting partner that triggers an initial accumulation of
STOP1. A dissection of how STOP1-targets are regulated in
response to single and combinatorial stress conditions may
provide insights into the mechanism(s) that modulate
STOP1 activity.
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Because of the overlap in the processes that are activated in
response to the different stress conditions present in acidic soils,
it remains unclear which responses are either shared by or
specific to each type of stress. Extensive transcriptional
profiling of the response to low Pi availability (Misson et al.,
2005; Thibaud et al., 2010; Hoehenwarter et al., 2016; Mora-
Macıás et al., 2017), Al3+ toxicity (Sawaki et al., 2009; Kusunoki
et al., 2017) and low pH (Sawaki et al., 2009; Lager et al., 2010)
has been performed, however, a combinatorial study that dissects
the specificity of the responses is lacking. Analysis of stop1 global
transcriptional changes in response to combinatorial stress
conditions could provide insights into the STOP1-dependent
regulation of genes because it would elucidate whether STOP1
activates the expression of the same gene set or specific gene sets
in response to low Pi, low pH or combined Al3+ and Fe3+ stress
conditions. Transcriptional profiling of stop1 mutants could also
provide insights into STOP1 dependent and independent
mechanisms underlying tolerance to proton and metal toxicity.
A transcriptomic characterization of stop1 mutants in response
to some of the individual stresses prevalent in acidic soils was
previously reported (Sawaki et al., 2009), nonetheless, in this
previous study microarray technology was used, which has
limited dynamic range when compared to modern RNA-
sequencing technology.

In this study, we perform a dissection of the transcriptional
responses that are activated by the roots of wild-type and stop1
Arabidopsis seedlings when exposed to factors that affect plant
growth in acidic soils, namely, low Pi availability, low pH, Fe
excess and Al toxicity, using RNA-sequencing technology. Our
data suggest that a large portion of the transcriptional response is
shared by multiple stress conditions, nonetheless, there are
specific subsets of genes that are activated only in response to
specific stress conditions. We also report that the expression of
some STOP1-target genes correlates with the accumulation of
STOP1 in the nucleus, whereas others do not follow this trend.
We provide this dataset to the community with the intention of
moving the field forward by accelerating the identification of new
candidate genes that regulate root tolerance to acidic
soil conditions.
MATERIALS AND METHODS

Plant Material
Arabidopsis thaliana (Col-0 ecotype; CS70000) seeds were used
as the wild-type genotype in this study. stop1-ko T-DNA line
SALK_114108 was used as the stop1 (Col-0 ecotype background)
mutant genotype.

Gene Cloning and Plant Transformation
The STOP1 gene (AT1G34370) was cloned using the Golden Gate
(GG) Strategy (Engler andMarillonnet, 2014) to produce a scar-free
translational fusion to mCherry, as depicted in Supplementary
Figure 1. We cloned the STOP1 promoter (proSTOP1; 2085 bp
upstream of the 5’ Untranslated Region (UTR) of the STOP1 gene),
the 5’UTR (556 bp), 3’UTR (128 bp) sites and the STOP1-CDS
Frontiers in Plant Science | www.frontiersin.org 3114
sequence (1497 bp) into L0 vectors from the GG Plant Toolkit
(Engler et al., 2014). Then we performed the L1 synthesis reaction as
instructed in Engler andMarillonnet (2014) and added themCherry
gene previously cloned in L0 vector that comes readily available
in the GG Plant Toolkit, to produce the final synthesis of the C-
terminal fusion of mCherry and STOP1 with the STOP1 promoter
sequence and native UTR sites (proSTOP1::5 ’UTR::
STOP1~mCherry::3’UTR referred as proSTOP1::STOP1::
mCherry in this text for simplicity). proSTOP1::STOP1::mCherry
was cloned into an L2 GG binary vector that we introduced into
Agrobacterium tumefaciens by electroporation. Agrobacterium
tumefaciens containing proSTOP1::STOP1::mCherry was
used to transform of stop1 plants using the floral dip method
as described in Martinez-Trujillo et al., 2004. Out of 10 transgenic
lines that complemented the stop1 mutant phenotype
(under low Pi and low pH conditions) two single locus,
homozygous proSTOP1::STOP1~mCherry, lines without any
apparent abnormal phenotypes, were selected for further
characterization. Primers used to clone the STOP1 L0 modules
are the following: proSTOP1 (forward (fw): 5’-ttgaagacaaggag
gatttcgcgaatccgaat-3’; reverse (rv): ’-ttgaagacaaagtaggggtgctct
ccactttc -3’), 5’UTR (fw: 5’-ttgaagacaatactaaagctaataaacatgagccc-3’;
rv: 5’-ttgaagacaacattttttagttcaagatcttgtttttc-3’), STOP1-CDS (fw: 5’-
ttgaagacaaaatggaaactgaagccgatttgtg -3’; rv: 5’- ttgaagacaac
gaagcaatgcctttgagactagtatc -3’) and 3’-UTR (fw:5’-ttgaagacaagctt
ggcattgccatatatatgataag-3’; rv:5’-ttgaagacaaagcgaagaaccaat
ctttctgctattc-3’).

Complementation Test
For complementation experiments (Figure 1 and Supplementary
Figure 1) we surface sterilized seeds and sowed them in 1% agar
and 10% Murashige and Skoog Medium as described in López-
Bucio et al. (2002). Low Pi medium (-Pi) was prepared with a
concentration of 0 mM KH2PO4 and high Pi (+Pi) medium
was prepared using 1 mM KH2PO4; sucrose concentration was
1% and MES at a 3.5 mM concentration to buffer pH Medium.
MES optimum buffer range is 5.5 - 6.7, however, we addedMES to
keep pH below 5.5 which is already toxic to plants and is suitable
for testing Al toxicity (Kobayashi et al., 2013). Medium was
prepared at high Pi or low Pi concentration with pH adjusted to
pH 5 or pH 6 as indicated in the text and figures. Wild-type plants
(used as control) and stop1 seedlings were grown for 10 days after
germination (dag) in a Percival chamber at 22°C, under 16/8 h
photoperiod with >200 mmol·m2·s1 photon flux density.

Preparation of Root RNA-Seq Libraries
For the preparation of RNA-seq libraries, plant seedlings were
germinated in high Pi medium at pH 5.7 as described in the
previous section and 5 days after germination seedlings were
transferred to the specified treatments under hydroponic
conditions (no agar was added to the medium; 4 mL of each
specific medium were added to 6-well cell culture Corning
plates) specified in Figure 1C during 16 h (Percival chamber at
22°C, 8/8 h photoperiod with >200 mmol·m2·s1 luminous
intensity). Base medium for the preparations of specific
treatments was the same as described in complementation
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studies with the exception that agar was not added to the
medium. For the case of +Al-treatment, Aluminum was added
as AlCl3 at a concentration of 200 µM. For the case of ++Fe (Fe
excess) treatment Fe was added in as FeSO4 to a final
concentration of 100 µM and KH2PO4 was added to achieve a
final concentration of a 100 µM Pi. Given the lack of agreement
between exposure times in the literature (Sawaki et al., 2009;
Lager et al., 2010; Zhang et al., 2019) which ranged from 1-24 h
of exposure to stress treatment we decided to use 16h to ensure
that STOP1 was active. It is possible that 16h exposure to low pH,
Al and Fe treatments induced ROS production and some degree
of cellular damage because of the relatively long exposure to the
Frontiers in Plant Science | www.frontiersin.org 4115
stress, however, our treatment was within the time of exposure
that has been tested previously which is generally within the 24h
range (Sawaki et al., 2009; Zhang et al., 2019). In fact,
Arabidopsis seedlings can survive for up to 7 days in low pH
medium with an aluminum concentration in the 200-500 mM
range (Hoekenga et al., 2006; Illés ̌ et al., 2006). Because we also
observed differential STOP1-mCherry accumulation in the root
in response to tested treatments (Figure 1), we concluded that
our exposure time (16h) was adequate for transcriptional
profiling. After the 16 h treatments, frozen root tip powder
was obtained from root tip sections of approximately 10 mm in
length from approximately 150 individuals per treatment. Total
A

B C

FIGURE 1 | STOP1 accumulation as a molecular marker to direct RNA-seq profiling of acidic pH, low Pi, Al toxicity and Fe toxicity conditions. (A) Transgenic stop1
seedlings expressing proSTOP1::STOP1~mCherry (line #1) were grown 5 days-after-germination (dag) and then transferred to the indicated medium conditions
during 16h, at this time STOP1-mCherry signal (Red Channel) was observed using confocal microscopy. The cell-wall was stained using a modified DAPI-staining
(see Materials and Methods). Upper panels depict a longitudinal plane of the root apex; lower panels depict epidermis layer of the root apex. Scale bar equals
50 µM. (B) Quantification of STOP1-mCherry signal in the nucleus of epidermal cells under the tested conditions in 2 biological replicates using 2 independent
transgenic stop1 seedlings expressing proSTOP1::STOP1~mCherry with 3 technical replicates. A total of n=112 nuclei per condition were measured. Statistical
groups are represented by letters and were determined using a Tukey HSD test (P-val <.05). (C) RNA-seq profiling experimental strategy and design.
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RNA was isolated using TRIzol (Invitrogen) from frozen root
powder obtained from two independent biological replicates for
each treatment reagent. Strand-specific mRNA-seq libraries were
generated using the TrueSeq Illumina protocol and sequenced
using the Illumina platform (paired-end reads, 150 base pairs;
HiSeq2500). We calculated free Fe-availability in the medium
using the chemical speciation software GEOCHEM-EZ (Shaff
et al., 2010).

Confocal Microscopy and Fluorescence
Signal Quantification
Roots were harvested and mounted after the specified treatments
in Figure 1. Root cell-wall was stained using a modified DAPI
staining. DAPI staining solution was prepared at this time at 0.1
µg/µL in the respective liquid culture medium of the tested
conditions (see Figure 1C). The roots of proSTOP1::
STOP1~mCherry seedlings were mounted on the DAPI-
staining solution followed by incubation for 5 min and then
imaged with a Zeiss LSM800 upright confocal microscope using
a 405 nm Laser line (for DAPI) and a 561 nm Laser line (for
mCherry). Fluorescence signal quantification was performed
using FIJI software [version 2.0; (Schindelin et al., 2012)] using
a protocol by Luke Hammond available on GitHub https://
github.com/mfitzp/theolb/blob/master/imaging/measuring-cell-
fluorescence-using-imagej.rst; scale was calibrated to pixels/µm
and mean fluorescence intensity/µm value was used.

Determination of Number of Replicates
per Sample for Bioinformatic Analysis
Biological variation is an important parameter to consider in RNA-
seq protocols, hence the need to perform biological replication. To
determine whether the level of biological replication in our RNA-
seq analysis was adequate, we performed an analysis of the
biological coefficient of variation (BCV), defined in edgeR
(Robinson et al., 2010) as a parameter to account for variation
between biological replicate libraries. According to the edgeR
manual (http://bioconductor.org/packages/release/bioc/vignettes/
edgeR/inst/doc/edgeRUsersGuide.pdf), a reasonable BCV value is
less than 0.4 for a well-controlled experiment with adequate
biological replication. Using edgeR, we determined that the BCV
value of the biological replicates in our study is 0.1612
(Supplementary Figure 4), which is acceptable within edgeR
standards and provides a statistical framework for determining
significant differential expression between contrasting treatments.
To test the levels of astringency that we were using, we decided to
use a suggested methodology in the edgeR manual that is useful
when there is no biological replication and that consists in selecting
“housekeeping” genes, genes that do not variate in response to the
tested treatments and have a relatively high level of expression, and
calculate the BCV of these genes assuming a similar set of libraries
as replicates. In this case, we assumed all wild-type and all stop1
libraries, respectively, as replicates resulting in 12 replicates per
genotype. The BCV of 100 housekeeping genes selected from our
data set (included in Supplementary Table 1) resulted in a BCV
value of 0.06767, less than 2 times the actual BCV of the study,
indicating that our approach was at least two times more astringent
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than the housekeeping approach. This result corroborated that we
could proceed with our analysis of differential expression with
statistical certainty and that two replicates per sample was an
adequate number for the purpose of the analysis reported in
this work.

Bioinformatic Analysis of RNA-Seq Data
We performed quality assessment of the resulting reads from the
Illumina platform using FastQC (version 0.11.9; https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/) and processed
sequencing libraries using Trimmomatic (version 0.39; (Bolger
et al., 2014)) to remove adapter read sequences. Paired-end reads
were aligned to the Arabidopsis genome (TAIR10; Release 46)
using HISAT2 (version 2.1.0; (Kim et al., 2015)). Raw counts of
read alignment per gene/locus were calculated using HTSeq
(version 0.11.2; (Anders et al., 2015)). Differential expression
analysis was carried out in R using edgeR package (version
3.28.0; (Robinson et al., 2010)) available from Bioconductor
site (http://bioconductor.org/). Gene expression is represented
by the normalized raw counts per gene (edgeR’s counts per
million reads (cpm)). Cpm are obtained as raw counts per gene
and normalized by library size. Heatmaps and graphs of the
behavior of expression were represented using the z-score
((expression value in cpm – mean cpm across all the
conditions tested)/standard deviation of gene expression in
cpm across all the conditions tested). Pairwise comparisons
were performed using edgeR’s glmLRT function, resulting
changes were represented using the log2 of fold change
(logFC). Venn analysis was performed in R using UpSet
package (version 1.4; (Lex et al., 2014)). Gene Ontology (GO)
analysis was carried out using the Classification Superviewer
from the Bio-Analytic Resource for Plant Biology at http://bar.
utoronto.ca/ntools/cgi-bin/ntools_classification_superviewer.cgi
(Provart and Zhu, 2003), a summary of the output is presented in
Figure 4, complete GO analysis with GO identifiers is included
in Supplementary Table 1.
RESULTS

STOP1 Accumulation as a Molecular
Marker to Direct RNA-Seq Profiling
Since STOP1 has been reported to accumulate in the nucleus of
epidermal root cells in response to several stress factors present in
acid soils (Godon et al., 2019), we decided to test whether the
accumulation of STOP1 could be used as a marker to determine the
level of stress and/or transcriptional responses of the Arabidopsis
root to different factors. With this aim, we generated a translational
fusion of STOP1 to a fluorescent protein (mCherry) to use STOP1
accumulation as a stress marker to guide transcriptomic profiling
(Figure 1). To confirm that the STOP1-mCherry fusion was
functional in a biological context, we transformed a stop1 mutant
(Col-0 ecotype) with a construct that expresses a STOP1-mCherry
fusion protein under the control of the endogenous STOP1
promoter (proSTOP1::STOP1~mCherry; Supplementary Figure
1A) and tested for complementation. We isolated two
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independent transgenic lines with single locus insertion in which
STOP1-mCherry was detected in the nucleus of root cells (Figure
1A; Supplementary Figure 1D) and that complemented the stop1
mutant phenotype under low pH and low Pi with no apparent
phenotypes other than a slight, but statistically significant, root
hypersensitivity to low Pi (Supplementary Figures 1B, C). Because
the proSTOP1::STOP1~mCherry construct was able to
complement the stop1 mutant phenotype under low pH and low
Pi conditions, respectively, and because we observed differential
accumulation of STOP1~mCherry in response to low Pi and low
pH as has been previously reported for STOP1 (Balzergue et al.,
2017; Godon et al., 2019) we concluded that the STOP1~mCherry
fusion is functional in a biological context. Then, we decided to
monitor STOP1-mCherry accumulation in the roots of seedlings
exposed for 16h to low Pi conditions (0 mM Pi, pH 6), low pH
conditions (1 mM Pi, pH 5), low pH and low Pi conditions (0 mM
Pi, pH 5), Al toxicity (0 mM Pi, 200 mMAlCl3, pH 5) and Fe excess
(100 mM Pi, 100 µM Fe, pH 5) and compared it to that observed
under control conditions (1 mM Pi, pH 6). We observed that
STOP1 accumulates differentially in the root tip (Figure 1A upper
panel), in response to all the conditions tested and that these
differences were most evident in epidermal cells (Figure 1A,
lower panel). STOP1 accumulated in response to individual low
pH and low Pi treatments, nonetheless, the effect was potentiated up
to 4 orders of magnitude when both treatments are combined
(Figure 1B). As expected, maximum accumulation of STOP1 was
observed in Al-treatment which has a combination of stress
treatments including low Pi, low pH and Al presence (Figures
1A, B). To simulate increased Fe availability conditions similar to
those that happen in acidic soils, at pH 5 we increased Fe supply 10
times and decreased Pi supply 10 times (100 µM supply of Pi and
Fe) relative to control conditions (1 mM Pi, 10 µM Fe). We
observed that Fe excess triggered accumulation of STOP1 at high
levels, however, not as high as those observed for seedlings exposed
to low Pi at pH 5 or Al-treatment (Figure 1B). This result may
indicate that Al has a stronger effect than Fe on the accumulation of
STOP1, however, we cannot rule out a low Pi effect on the
accumulation of STOP1 in the Al treatment because the Pi
concentrations in those treatments was lower than in the Fe
treatment (0 mM Pi in Al treatment; 100 mM Pi in Fe excess
treatment). We determined that the observed differences in STOP1
accumulation were statistically significant by quantifying the
intensity of the STOP1-mCherry signal in the nucleus of
epidermal cells from root tips exposed to low Pi, low pH, Al and
Fe excess at low pH (Figure 1B). It was recently reported that a
relative increase of Fe in low Pi media triggers STOP1 accumulation
under low pH conditions (Godon et al., 2019). Our data agrees with
this report, because we also observed that STOP1 accumulation
increases under low pH and elevated Fe levels in the medium.
However, our data suggests that low Pi at low pH alone has a greater
effect than that of Fe-excess in the accumulation of STOP1,
therefore, Pi availability has a more determinant effect on STOP1
accumulation than Fe-excess. We cannot rule out that this effect is
due to a modification of the Pi/Fe ratio and that a Fe-threshold in
the medium may be sufficient for STOP1 accumulation. This last
possibility is unlikely because in the low Pi media the Fe
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concentration is 10 mM, with a calculated free Fe availability of
50.5% (see Materials and Methods), which is much lower than the
Fe concentration (100 mM) and calculated free Fe availability
(86.97%) of the Fe-excess treatment.

Since we observed nuclear accumulation of STOP1 under all
our proposed treatments (Figure 1B), we decided to perform
RNA-seq profiling in the roots of wild-type (Col-0 ecotype) and
stop1 seedlings (Col-0 ecotype) that were exposed to low pH, low
Pi, Al and Fe-excess treatments which simulate the conditions
present in acidic soils in vitro (Figure 1C).

Multiple Subsets of Genes Are
Differentially Regulated in Response to
Low Pi, Low pH, Al-Exposure and Fe-
Excess
For RNA-Seq analysis, seedlings were exposed for 16h to low Pi
conditions (0 mM Pi, pH 6), low pH conditions (1 mM Pi, pH 5),
low pH and low Pi conditions (0 mM Pi, pH 5), Al toxicity (0 mM
Pi, 200 mMAlCl3, pH 5) and Fe excess (100 mM Pi, 100 µM Fe, pH
5) and RNA was extracted from root tissue. We selected this time
point because it was previously reported that the majority of
STOP1-dependent genes are not activated at early time points,
shorter than 8h, in response to low pH stress (Lager et al., 2010).
Strand-specific RNA-Seq libraries for two independent biological
replicates for each treatment were prepared using polyA+ RNA and
sequenced using an Illumina HiSeq platform. A summary of the
reads obtained for each library and alignment percentage is
presented in Supplementary Table 1. Once RNA-sequencing was
performed we decided to perform pairwise comparisons of the
treatments (-Pi_pH6, +Pi_pH5, -Pi_pH5, +Al, ++Fe) with respect
to control conditions (+Pi_pH6) to determine the genes that are
differentially expressed (false discovery rate <.05) in response to
each treatment (Figure 2, Supplementary Table 1). We determined
that 51 and 27 genes were upregulated and downregulated,
respectively, in response to -Pi_pH6; 64 and 44 genes were
upregulated and downregulated, respectively, in response to
+Pi_pH5 treatment; 183 and 299 were upregulated and
downregulated, respectively, in response to -Pi_pH5 treatment;
1003 and 1023 were upregulated and downregulated, respectively,
in response to +Al treatment and, lastly, 2479 and 1745 were
upregulated and downregulated, respectively, in response to ++Fe
treatment. These data indicate that ++Fe treatment induces changes
in the expression of the greatest number of genes followed by +Al,
-Pi_pH5, +Pi_pH5 and -Pi_pH6 treatments in descending order.
As the increase in STOP1 in the high Fe treatment was lower than
the treatment with -Pi_pH5 and +Al, this fact suggests that a large
portion of the transcriptional effect of high Fe treatment is
independent of STOP1 and probably mediated by other
transcription factors and signaling pathways.

We then decided to perform a dissection of the genes whose
upregulation is shared or specific to each treatment (Figure 2).
Using a Venn analysis approach, we determined 17 intersections
between the upregulated genes among the five tested treatments,
8 of the intersections are larger than 10 genes and 3 share more
than 50 in common genes (Figure 2A), indicating that there is a
considerable portion of the transcriptomic response shared
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between two or more treatments. To further sustain this last
conclusion, we calculated the percentages of specificity of
upregulated genes for each treatment by dividing the number
of genes that are not shared with other treatments by the
number of genes that are upregulated by that treatment.
The percentages of specificity are listed as follows: -Pi_pH6
(15.6%), +Pi_pH5 (25%), -Pi_pH5 (16.3%), +Al (29.3%) and +
+Fe (71.2%). The percentages of specificity of each response
indicate that, in low Pi, low pH and Al exposure treatments, over
70% of the transcriptional upregulation is shared by the three
conditions. In the case of Fe-excess treatment, which induces the
expression of the largest set of genes, 70% of upregulated genes
are not shared with the other treatments and seem to be part of a
specific response to elevated concentrations of Fe.

We continued our dissection of transcriptional responses by
performing Venn analysis of intersections between downregulated
genes. We found that the downregulation of genes in response to
the tested treatments has less intersections between treatments.
Fifteen intersection gene subsets were identified, which is two less
than in the upregulation response (Figure 2B). At first, this number
could indicate that downregulated genes are less stress-specific than
upregulated ones. However, the number of specific genes that are
downregulated indicates that this might not be the case because the
percentages of specificity, calculated by dividing the number of
genes downregulated in response to the treatment that are not
Frontiers in Plant Science | www.frontiersin.org 7118
shared with other treatments by the total number of genes
downregulated by the treatment, are as follows: -Pi_pH6 (29.6%),
+Pi_pH5 (6.8%), -Pi_pH5 (15%), +Al (51.2%) and ++Fe (72.1%).
Overall, it seems that the downregulation of expression is more
treatment-specific for -Pi_pH6, +Al and ++Fe. The finding that
there are less interaction subsets and more specificity responses
indicates that one or more downregulated interaction subsets are
larger than the intersection subsets of upregulated genes. This is the
case of the downregulated “subset d” which doubles its size (125
genes) with respect to upregulated genes (61 genes) and contains
genes whose expression is coordinately regulated under low Pi, +Al,
++Fe at pH 5 conditions. This indicates that the root downregulates
a common set of genes, larger than the one it upregulates, when
exposed to low Pi, low pH, Al-exposure and Fe-excess. The
complete dissection with gene identifiers for downregulated and
upregulated responses is included in Supplementary Table 1.
STOP1 Has a Major Influence on the
Transcriptomic Landscape in Response to
Low Pi, Low pH, and Al-Exposure
Once we dissected the transcriptomic responses in the wild-type,
we sought to analyze the effect of the stop1 mutation on the
regulation of transcription in response to the tested conditions
(Figure 3). To gain further insights into the transcriptomic
A

B

FIGURE 2 | Transcriptomic dissection of upregulated and downregulated gene expression in response to low pH, low Pi, Al and Fe excess. (A) Venn analysis of
genes that are differentially upregulated (FDR <.05) under the conditions tested in wild-type (using wild-type pH 6 high-Pi as baseline). Venn diagram is represented
in UpSet plot style (see Materials and Methods). Resulting intersection subsets are named using letters. (B) Venn analysis of genes that are differentially
downregulated (FDR <.05) under the conditions tested in wild-type (using wild-type pH 6 high-Pi as baseline). Venn diagram is represented in UpSet plot style (see
Materials and Methods). Resulting subsets are named using letters.
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landscape of the upregulated response for each treatment, we
generated heatmaps of the intersection subsets of more than 10
genes for both WT and stop1 genotypes (Figure 3). Overall, we
found that the response in stop1 as compared to the wild-type,
was mixed: 1) genes whose expression is downregulated in stop1
with respect to the WT, which was visibly the major trend across
all subsets (activated in the WT but not in stop1) and 2) genes
whose expression is upregulated in stop1 with respect to wild-
type (Figures 3A, B). The finding that the expression of genes
that belong to both stress-specific and shared subsets is
downregulated in stop1 seedlings (Figures 3A, B) is of major
relevance because it indicates that the increased expression of
these genes depends not only on the accumulation of STOP1 but
also of other factors that are only activated by stress specific
signaling pathways. Genes that are induced under all stress
treatments and expression levels of which are dependent on
the level of STOP1 accumulation, probably only require STOP1
to activate their transcription. In the case of genes that are stress-
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specific, the accumulation of STOP1 is insufficient to trigger
expression, therefore, either other transcription factors activated
by the specific stress are required to activate the expression of
target genes or different post-translationally modified versions of
STOP1 might exist that can differentially bind to the promoter
sequence of the target genes in a stress-specific or more
general manner.

The second major effect of the stop1 mutation on the
transcriptomic landscape in response to the tested treatments
was the upregulation of genes with respect to wild-type, or in
other words, an enhanced induction of genes in the roots of stop1
seedlings in response to the tested stress conditions. This type of
response was most evident in the case of subsets “b” and “c”
which contain genes that are upregulated specifically by +Al
treatment in which the expression of some genes is visibly more
activated in stop1 than in wild-type (Figure 3A). We reasoned
that this type of transcriptional response could be qualified as a
hypersensitive transcriptional response of stop1 to Al-toxicity. It
A

B

FIGURE 3 | STOP1 has a major effect on the transcriptome landscape in response to low Pi, low pH and Al exposure conditions. (A) Upper panel: heatmap of
normalized gene expression (z-score) in the roots of wild-type seedlings exposed to the indicated treatment. Differentially upregulated genes (FDR <.05) from upregulated
subsets a-c (obtained from Figure 2) are presented and clustered using the Pearson method. Lower panel: heatmap of normalized gene expression (z-score) in the roots
of stop1 seedlings exposed to the indicated treatment. Differentially upregulated genes (FDR <.05) from upregulated subsets a-c (obtained from Figure 2) are presented
and clustered using the Pearson method. The subsets a-c were obtained from the Venn analysis presented in Figure 2A, these are the stress-interaction or stress-
specific subsets of genes upregulated in response to the tested treatments and have the same letter identifiers as in Figure 2A. (B) Upper panel: heatmap of normalized
gene expression (z-score) in the roots of wild-type seedlings exposed to the indicated treatment. Differentially upregulated genes (FDR <.05) from upregulated subsets d-l
(from Figure 2) are presented and clustered using the Pearson method. Lower panel: heatmap of normalized gene expression (z-score) in the roots of stop1 seedlings
exposed to the indicated treatment. Differentially upregulated genes (FDR <.05) from upregulated subsets d-l (obtained from Figure 2) are presented and clustered using
the Pearson method. The subsets d-l were obtained from the Venn analysis presented in Figure 2A, these are the stress-interaction or stress-specific subsets of genes
upregulated in response to the tested treatments and have the same letter identifiers as in Figure 2A.
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is most likely that, under the Al treatment conditions that we
tested, malate-independent mechanisms to ameliorate Al
toxicity were activated in stop1 mutants because they are
defective in malate excretion. In the case of subset “a” which is
specific to ++Fe treatment, the transcriptional response was
similar in stop1 and the WT, indicating that STOP1 does not
play a specific role in the regulation of transcriptional responses
specific to ++Fe excess.

To investigate a possible hypersensitive transcriptional response
to +Al treatment in stop1, we determined the number of
differentially expressed genes in the roots of stop1 exposed +Al
with respect to control conditions (+Pi_pH6, WT). We found that
in stop1 3431 genes were upregulated and 3680 downregulated,
accounting for 3.5 times more differentially expressed genes in the
stop1 mutant than the WT. Then, we compared upregulated genes
in STOP1 and the WT (Supplementary Figure 2). We observed
that 758 genes are upregulated in both WT and stop1, whereas 246
genes are upregulated only in the WT and 2673 genes are
upregulated only in stop1 (Supplementary Figure 2).

To further understand the hypersensitive transcriptional
response of stop1 to Al-treatment we evaluated the two plant
Al-tolerance responses that have been previously described: Al-
exclusion, which focuses on preventing Al-entrance to the cell,
and Al-detoxification, which focuses on detoxifying the cell once
Al has crossed inside the plasma membrane (Kochian et al.,
2015). We hypothesized that the hypersensitive transcriptional
response to Al-treatment that is triggered in stop1 mutants
occurs because these mutants are defective in Al-exclusion
which then leads to a hyper-activation of Al-detoxification. As
expected, the expression of ALMT1, MATE1, PGIP1, ALS3 that
participate in preventing the entry of Al into root cell is only
activated in wild-type and not in stop1. This was not a surprise
because these genes have been previously reported to
be downregulated in stop1 mutants (Sawaki et al., 2009).
We then analyzed the list of genes that are activated in
response to +Al-treatment in stop1 but not in WT and found
genes coding for glutathione-S-transferases (AT1G69920,
AT1G10370, AT2G02380, AT2G47730) which have been
proposed to be involved in detoxifying Al-generated ROS
(Daspute et al., 2017), a gene that codes for the tonoplast
transporter ALUMINUM SENSITIVE 1 (ALS1; AT5G39040)
that contributes to Al-detoxification by sequestrating Al into
the vacuole (Larsen et al., 2007; Huang et al., 2012) and
MONODEHYDROASCORBATE REDUCTASE (MDAR1;
AT3G52880) a gene whose product is related with hydrogen
peroxide detoxification (Daspute et al., 2017). These results
further support the hypothesis that Al-detoxification is induced
in the root when Al-exclusion is defective or insufficient to
prevent the entry of Al into the root.

We observed that the transcriptional response to ++Fe treatment
in stop1 was the least affected of all the conditions tested (Figure 2),
but also that a portion of Fe-responsive genes were hyper-activated
in the roots of Al-treated stop1 seedlings. This indicates that there
are detoxification mechanisms that contribute to both Al and Fe
tolerance and are more active when STOP1 is missing most likely
Frontiers in Plant Science | www.frontiersin.org 9120
because Al- and Fe-exclusion mechanisms are defective in stop1. By
using hierarchical clusterization, we determined the set of Fe-
responsive genes that are hyper-activated in the roots of Al-
treated stop1 seedlings (Supplementary Table 1). Among these
genes, we found several genes related to metal and oxidative stress
detoxification including ASCORBATE PEROXIDASE 1 (APX1)
whose mutants are defective in H2O2-scavenging and in which
cytosolic protein oxidation occurs (Davletova et al., 2005), and
several genes coding for glutathione-S-transferases (GST8, GST25,
GST29, GSTL3) that have been related with detoxification of Al-
induced ROS (Daspute et al., 2017) and DEHYDROASCORBATE
REDUCTASE 2 (DHAR2) a gene that is related with the modulation
of cellular redox states under oxidative stress conditions (Noshi
et al., 2017). Because Fe-excess and Al-toxicity can occur
simultaneously in acidic soils and both metals are potent elicitors
of oxidative stress, these genes represent interesting candidates that
contribute to the detoxification of ROS in response to Fe/Al-
induced oxidative stress. The full list of genes is included in
Supplementary Table 1.
Genes Encoding Proteins With Kinase
Activity, Detoxification, Transport,
Phosphate Starvation Response,
and Cell Wall Related Processes Are
Upregulated in Response to Low Pi,
Low pH, and Al Treatment
Because low pH, low Pi and Al responses were the most
transcriptionally affected in the roots of stop1, we sought to
determine the genes that are activated in the wild-type in
response to low Pi, low Pi and Al, to analyze their gene
expression pattern in wild-type and stop1 backgrounds and then
perform a Gene Ontology (GO) enrichment analysis. With this aim,
we first clustered gene subsets from our previous transcriptomic
dissection by their specific response to low Pi, low pH or Al
treatment. We named these subsets the Aluminum response, the
low pH response and the low Pi response (Figure 4). In the case of
the low pH response we analyzed the genes that respond to pH 5
across all treatments (subsets h + i + j + k + q + r), for the low Pi
response we analyzed the genes that respond to low Pi across all
treatments (subsets e + l + n + o + t) and for Aluminum response we
analyzed the genes that respond to Al or to Al and Fe treatment
(subsets b + c). We then carried out the GO enrichment analysis of
the biological processes, molecular function and cellular
components associated with the encoded proteins of the genes
that belong to each transcriptional response subset. We present a
summary of functional categories (Figures 4A–C) that were
activated for each response, grouped by biological process,
molecular function and cellular component, the complete GO
analysis including category names and identifiers (Supplementary
Table 1). Furthermore, to get a notion of the changes in expression
of the genes involved in such response in stop1 vsWT, we generated
graphs of the behavior of expression of each gene under each
specific condition for the two tested genotypes and fitted a trend-
line of the overall behavior of gene expression (Figures 4A–C).
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For the case of the response to acidic pH (Figure 4B) we
found enriched categories in biological processes related to cell
organization and biogenesis, transport and response to stress,
GO enriched categories for this gene set included [GO:0048768]
root hair cell tip growth, [GO:0042545] cell wall modification,
[GO:0006810] transport and [GO:0006979] response to
oxidative stress. Molecular functions related to transporter
activity and kinase activity were also enriched in the set of
genes that are responsive to acidic pH. Moreover, the genes
that code for enzymes whose products are targeted to the cell wall
and extracellular space were the most enriched cellular
components in the low pH response. The gene expression
graphic and trendline show that the response to low pH is
severely downregulated in stop1 mutants across all the
treatments tested (Figure 4B). These data highlight a role for
the genes that code for cell wall proteins, kinases and transport
related processes in root acclimation to acidic conditions.

TheGO analysis of the Aluminum response (Figure 4A) indicates
that, overall, biological processes related to stress responses are
activated in the root in response to Aluminum stress conditions,
including categories like responses to hydrogen peroxide
[GO:0042542], salt stress [GO:0009651] and oxidative stress
[GO:0006979]. In the specific case of the response to hydrogen
peroxide we found two genes coding for transcription factors that
belong to the family of HEAT SHOCK FACTOR (HSF), namely,
HSFA1E and HSFA3. The HSF-family of transcription factors has
been related to the response to a myriad of abiotic stresses including
heat, drought, hypoxia and oxidative stress (Guo et al., 2016). The
expression of HSFA1E has been reported to be upregulated in
response to H2O2 treatment and a quadruple mutant of HSFA1A/
B/D/E was reported to be more sensitive to H2O2 treatment than the
wild-type (Liu et al., 2011) confirming a role of this subfamily of
transcription factors in the response to hydrogen peroxide. In the case
of HSFA3, it was demonstrated that overexpression of its
transcriptional activator DREB2C (Chen et al., 2010), a
transcription factor involved in the response to drought,
upregulates HSFA3 expression and confers tolerance oxidative
stress (Hwang et al., 2012). Interestingly, we observed that DREB2C
expression was also upregulated in response to Al treatment
(Supplementary Table 1), suggesting an overlap in drought-
activated responses and Al3+ stress. It is likely that these changes
occur because both stresses lead to oxidative stress inside the cell. The
HSF family of transcription factors activate the expression of HEAT
SHOCK PROTEINS (HSP) which act as chaperones that regulate the
folding, localization, accumulation and aggregation of proteins during
stress conditions, including oxidative stress (Al-Whaibi, 2011). We
found that 4 HSP genes (HSP21, HSP70, AT1G52560, AT2G29500)
which also belong to the hydrogen peroxide response were
upregulated in response to Al3+ treatment. It is likely that Heat
Shock (HS) related proteins protect the cell from oxidative stress
during Al toxicity, however, further experimentation with HSFs and
HSPs is required to better understand the role of HS related proteins
in the tolerance to Al3+ stress.

In the case of molecular processes activated in the Aluminum
response gene set (Figure 4A), we found that the transcript levels of
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several proteins with kinase activity are increased by Al stress. The
upregulation of genes that code for kinases agrees with previous
works reporting the involvement of protein phosphorylation in the
response of plants to Al3+ stress (Osawa and Matsumoto, 2001;
Panda and Achary, 2014; Ligaba-Osena et al., 2017). Among the
multiple genes coding for kinases enriched in the Aluminum
response we found PROLINE RICH LIKE EXTENSION KINASE
4 (PERK4) whose mutant, perk4, has reduced sensitivity to abscisic
acid (ABA) including reduced inhibition of root growth in
response to ABA treatment (Bai et al., 2009). perk4 mutants
have lower cytosolic concentration of Ca2+ which causes defects
in Ca2+-mediated ABA signaling (Bai et al., 2009). Interestingly, we
also found that the expression of another Ca2+-signaling kinase
CBL-INTERACTING KINASE 17 (CIPK17) was induced in
response to Al. CIPK17 has been reported to participate in a
signaling module that controls Ca2+ influx and regulates ABA-
signaling during stomatal closure (Song et al., 2018). Moreover, the
expression of CALCINEURIN B-LIKE PROTEIN 1 (CBL1) was also
induced in response to Al, cbl1mutants have increased sensitivity to
Al3+ toxicity and have downregulated expression of CIPK17
(Ligaba-Osena et al., 2017). CBL1-CIPK17 have been reported to
interact in vivo (Kolukisaoglu et al., 2004). Our results agree with
previous findings that CBL1 has a role in the activation of Al-
tolerance and suggest a role for Ca2+-signaling, ABA-signaling and
CBL1-CIPK17 signaling in the Al3+-toxicity response. Interestingly,
Ca2+-signaling has also been reported to be involved in the early
response to low pH (Lager et al., 2010). Further experimentation is
required to more clearly understand the role of these signaling
processes in the root tolerance to Al-stress.

The most enriched biological processes in the response to low
Pi (Figure 4C) were transport and cellular response to phosphate
starvation, including GO categories like [GO:0055085]
transmembrane transport and [GO:0016036] cellular response
to phosphate starvation. Transporter activity, hydrolase activity
and DNA/RNA binding were the most enriched molecular
functions. With respect to the cellular components, the plasma
membrane was the most enriched organelle in the response to
low Pi. Most of the low Pi-specific response is downregulated in
the roots of stop1 seedlings (Figure 4C). An interesting
observation is that Fe excess cannot trigger the expression of
Pi-responsive genes suggesting that Fe is not the trigger for
the root responses to low Pi. To corroborate this, we analyzed
the expression changes in response to the tested treatments
of four genes that are well known to be induced by low Pi,
SPX DOMAIN GENE 1 (SPX1), PHOSPHATE TRANSPORTER
1;4, (PHT1;4) PHOSPHOLIPASE D ZETA 2 (PLDZ2),
GLYCEROPHOSPHODIESTER PHOSPHODIESTERASE
(GDPD1) and SULFOQUINOVOSYLDIACYLGLYCEROL 1
(SQD1) (Supplementary Figure 3). The analysis showed that
the expression of these 4 genes was only upregulated by low Pi
conditions at both pH 6 and pH 5 and that ++Fe treatment was
unable to upregulate their expression to the same extent of Pi-
limiting conditions. These results agree with a previous report in
which it was demonstrated that Fe does not trigger SPX1
expression under low Pi conditions (Godon et al., 2019).
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A

B

C

FIGURE 4 | Expression profiling and Gene ontology (GO) analysis of the transcriptionally upregulated processes in the roots of wild-type and stop1 seedlings in
response to low Pi, low pH and Al. (A) GO profiling of genes whose expression is significantly induced in wild-type (FDR < 0.05) in response to Al or to Al and Fe
treatment (subsets b + c from Figure 2A) this gene set is referred to in the text and the figure as the Aluminum response. Left: Normalized expression profiles (z-score;
y-axis) of Aluminum response genes in the roots of wild-type and stop1 seedlings in response to the tested treatments (x-axis). Right: Summary of GO analysis performed
using the Classification SuperViewer with Bootstrap (see Materials and Methods). For the complete analysis including GO categories for each of the classes presented
and gene identifiers see Supplementary Table 1. (B) GO profiling of genes whose expression is significantly induced in wild-type (FDR < 0.05) in response to pH 5
across all treatments (subsets h + i + j + k + q + r from Figure 2A), this gene set is referred to as the acidic pH response. Left: Normalized expression profiles of acidic
pH response genes (z-score; y-axis) in the roots of wild-type and stop1 seedlings in response to the tested treatments (x-axis). Right: Summary of GO analysis performed
using the Classification SuperViewer with Bootstrap (see Materials and Methods). For the complete analysis including GO categories for each of the classes presented
and gene identifiers see Supplementary Table 1. (C) GO profiling of genes whose expression is induced in low Pi across all treatments (subsets e + l + n + o + t from
Figure 2A), this gene set is referred to in the text as low Pi response. Left: Normalized gene expression profiles of low Pi response (z-score; y-axis) in the roots of wild-
type and stop1 seedlings in response to the tested treatments (x-axis). Right: Summary of GO analysis performed using the Classification SuperViewer with Bootstrap
(see Materials and Methods). Significantly enriched GO processes have a P-value <0.05. For the complete analysis including GO categories and gene identifiers see
Supplementary Table 1.
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STOP1 Activates a Specific Set of
Targets in Response to Low pH,
Low Pi, and Al-Exposure

Using DNA affinity purification sequencing technique (DAP-
seq), a recent study reported a set of 1280 genes defined as
STOP1-targets, because STOP1 binds their regulatory
(promoter/cis) sequence (O’Malley et al., 2016). To determine
which DEGs identified for the different treatments use in this
study are direct targets of STOP1, we integrated the DAP-Seq
data into our analysis (Figure 5). Out of 1280 STOP1-targets
defined by DAP-Seq, 294 have differential expression in response
to at least one of the conditions tested in our study. We then
generated a heatmap to visually inspect the differences between
the wild-type and stop1 genotypes (Figure 5A). A subset of 76
co-expressed genes, marked in red in Figure 5A, showed
upregulation in response to the tested treatments in the WT
but not in stop1 (Figure 5A). The effect of the stop1 mutation in
Frontiers in Plant Science | www.frontiersin.org 12123
the expression of these genes is more evident when observed in a
graph of expression vs treatment (Figure 5B). Moreover, the
level of expression of these genes correlates with the increase in
STOP1 accumulation (Figure 1B). Overall, these data suggest
that this specific subset is integrated by genes that are direct
targets of STOP1 whose expression is proportional to STOP1-
accumulation. As the expression of these genes is upregulated by
STOP1 in response to low Pi, low pH and Al-exposure, these
genes apparently only require the accumulation of STOP1 and
do not require of other factors stress-specific factors. Further
support of this notion came from the fact that genes, such as
ALMT1, ALS3, STOP2, PGIP1, GDH1/2 (Iuchi et al., 2007;
Sawaki et al., 2009) and RAE1 (Zhang et al., 2019), for which
experimental evidence shows that STOP1 binds to their
promoter sequences are included in this subset. In the specific
case of ALMT1 and RAE1, it has been demonstrated both in vitro
and in vivo that STOP1 binds to their promoter region
(Tokizawa et al., 2015; Balzergue et al., 2017; Zhang et al., 2019).
A B

C

FIGURE 5 | STOP1 triggers the expression of a specific set of its targets that correlate with its accumulation and are important for root tolerance in response to
abiotic stress factors prevalent in acidic soils. (A) Heatmap of normalized gene expression (z-score) of 294 STOP1-target genes that are differentially expressed
under any of the tested treatments (FDR <.05) identified by DNA Purification Affinity (O’Malley et al., 2016). Pearson clusterization was used to cluster genes with
similar expression profiles, 5 gene subsets were obtained and the subset of 76 genes that correlate with STOP1 accumulation is highlighted. Gene identifiers and
description of the 5 resulting subsets of STOP1-targets is included in Supplementary Table 1. (B) Normalized gene expression profiles (z-score; y-axis) of the
subset of 76 STOP1-targets highlighted in (A) of wild-type and stop1 seedlings in response to the tested treatments (x-axis). (C) Changes in the expression in log2
of fold change (logFC) of STOP1-targets in response to the indicated treatments with respect to the expression in control conditions (+Pi_pH6 treatment in wild-
type). A table with the logFC of the 294 STOP1-targets is included in Supplementary Table 1.
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The finding of STOP1-targets whose expression does not
correlate with STOP1-accumulation suggests that some STOP1-
targets require the presence of other transcription factors or
interacting proteins to be activated. Two additional possible
explanations for the finding of STOP1-targets that do not
correlate with STOP1-acummulation is that STOP1 activates
these additional targets in other tissues or in response to other
types of stress that STOP1 responds to, including hypoxia and salt
stress (Enomoto et al., 2019; Sadhukhan et al., 2019). However,
because STOP1 regulation appears to be mainly post-translational
(Godon et al., 2019; Zhang et al., 2019), differential activation of
gene expression may also happen through a differential interaction
with other transcription factors or regulating protein interactors. A
fourth possible explanation is that some of these STOP1-targets are
activated early in response to the treatments that we tested, and we
were not able to detect them at the time that we harvested the tissue
(16h) but in that case their expression would be mainly determined
by the early presence of a transcription factor other than STOP1.
Full list of STOP1-targets that are differentially expressed in our
dataset is included in Supplementary Table 1.
DISCUSSION

Transcriptional Profiling Provided Insights
in the Regulation of Gene Expression in
Response to Abiotic Stress Factors
Prevalent in Acidic Soils
Acidic soils represent a challenge for modern agriculture, especially
for developing countries of the tropical and subtropical areas of the
world (von Uexküll and Mutert, 1995). In this work, we report a
dissection of root transcriptional responses to the conditions present
in acidic soil conditions, namely acidic pH, low Pi availability,
Aluminum toxicity and Fe excess. We described an interesting
subset of genes (Figure 2; subset d) for which expression is
differentially regulated by all the factors that affect plant growth
and development in acidic soils (low Pi, low pH, Al-toxicity and Fe-
excess). This subset of genes includes genes previously
demonstrated to play an important role in adaptation to low Pi,
low pH and Al-tolerance such as ALMT1 and STOP2 (Kobayashi
et al., 2014; Balzergue et al., 2017; Mora-Macıás et al., 2017), but we
also identified other novel genes for which induction is shared by all
treatments andmay serve as newmarker genes for further studies of
roots adaptation to acid soils. The fact that among this subset of
shared genes, downregulated genes are twice more than upregulated
genes (subset d; upregulated 61 genes, downregulated 125) suggests
that the root might turn down the same cellular processes when it is
exposed to any of the conditions present in acidic soils, whereas
upregulated genes appear to be more stress-specific.

We observed that the transcriptional response to ++Fe treatment
in stop1 was the least affected of all the conditions tested (Figure 2),
but also that a portion of Fe-responsive genes were hyper-activated
in the roots of Al-treated stop1 seedlings. This indicates that
detoxification mechanisms that contribute to both Al and Fe
tolerance are activated by mechanisms that are independent of
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STOP1. Nonetheless, our results demonstrate that stop1 mutants
are a suitable model to study the transcriptional activation
of mechanisms related to Al-detoxification, and in some extent
Fe-detoxification, because they are defective in organic-acid
mediated exclusion of metals like Al and Fe. Genes that belong to
the Al-detoxification set that are only activated in stop1 represent
interesting candidates to over-express to optimize Al-detoxification
in plants. This last statement makes sense as Fe-excess and Al-
toxicity are stresses that can occur together in acidic soils and both
metals are potent elicitors of oxidative stress.

Analysis of GO enrichment in the sets of genes that are activated
in response to low pH conditions (Figure 4A), revealed that genes
that code for enzymes that are related to the modification of the cell
wall are enriched in this gene set. Our results indicate that several
genes related to pectin modification, a structural carbohydrate
present in the root cell wall, including pectin methylesterase
inhibitor genes (see Supplementary Table 1), are induced
under low pH and Al3+ stress. Pectin methylesterase activity
was positively correlated with sensitivity to Al3+ treatment in rice
(Yang et al., 2013), suggesting that the induction of pectin
methylesterase inhibitor genes might be a tolerance mechanism to
Al3+ toxicity in plants. Furthermore, we found that the
POLYGALACTURONASE INHIBITING PROTEIN 1 (PGIP1)
gene is downregulated in stop1 mutants which corroborated a
previous report (Sawaki et al., 2009) showing that expression of
PGIP1 is downregulated in stop1 and is involved in remodeling the
cell-wall under low pH conditions by stabilizing the pectin network.
This was later demonstrated in a report by Kobayashi et al. (2014)
that showed that pgip1 knock-out mutants have less cell wall
stability and are more susceptible to root damage than the wild-
type in response to low pH treatment. The previously mentioned
reports indicate that cell wall stabilization, and specifically the
modification of the pectin network, is involved in the tolerance to
H+ and Al3+rhizotoxicities. Therefore, the study of cell-wall
dynamics in response to H+ and Al3+ toxicities could provide
valuable insights into the tolerance mechanisms of plants to
conditions prevalent in acidic soils. Our analysis provides
interesting candidate genes to continue the characterization of the
role of cell-wall modifying enzymes and cell-wall carbohydrate
dynamics in the root tolerance to H+ and Al3+ rhizotoxicities.

RNA-Seq Provided Insights Into the
Regulation Mechanism of STOP1
We guided our transcriptomic dissection using the turnover of the
major transcriptional regulator of acid soil stress responses in
Arabidopsis: STOP1. Our results indicate that low Pi, low pH, Fe
excess and Al-exposure coordinately trigger STOP1-acummulation
(Figure 1). Since we did not find STOP1 to be differentially
expressed in any of the treatments used in this study, our
evidence supports the notion that STOP1 is regulated mainly at
the posttranslational level. Previous research suggested that STOP1
is post-transcriptionally upregulated (Iuchi et al., 2008; Balzergue
et al., 2017; Mora-Macıás et al., 2017; Godon et al., 2019; Zhang
et al., 2019) in response to stress conditions. Our data indicate that
acidic stress signaling converges at two levels via STOP1 signaling:
post-translationally through the regulation of STOP1 turnover and
September 2020 | Volume 11 | Article 01200
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transcriptionally, via the activation of STOP1-dependent gene
expression. A recent report corroborated post-translational
regulation of STOP1 via the ubiquitin-proteasome pathway
through interaction with F-box protein RAE1, establishing a
feedback regulation loop of STOP1 turnover. A recent genetic
dissection of responses to low Pi proposed that ALS3 functions
upstream of STOP1 (Godon et al., 2019) because STOP1 over
accumulates in als3. However, our results indicate that ALS3 is
regulated by STOP1. ALS3 is within the group of STOP1-targets
and its expression is upregulated in response to +Al-treatment in
the wild-type but not in stop1 (Figure 5C). In fact, it was previously
reported that the expression of ALS3 is controlled by STOP1
(Sawaki et al., 2009). Therefore, evidence indicates that RAE1 and
ALS3 modulate the levels of STOP1 at the posttranslational level.
Because STOP1 controls the expression of RAE1 and ALS3 at the
transcriptional level, this suggests that at least two negative
regulation feedback loops control STOP1 turnover in response to
abiotic stress factors. It must be pointed out that, even though these
two negative regulation feedback loops that control STOP1 turnover
and are under STOP1 control have been identified, the initial
activator of the STOP1-acummulation spike in response to stress
conditions remains unknown.

Pleiotropy can be defined as the effect of one gene on multiple
phenotypes. Multiple lines of evidence indicate that STOP1 has a an
important role in response to multiple stresses including low pH,
Al-toxicity, low Pi, hypoxia, salt-stress and drought tolerance (Iuchi
et al., 2007; Balzergue et al., 2017; Mora-Macıás et al., 2017;
Enomoto et al., 2019; Sadhukhan et al., 2019). Therefore,
mutations in STOP1 have a pleiotropic effect on the
developmental and molecular responses to different abiotic
stresses. The STOP1 pleiotropy can be explained in part because
its target genes have important roles in response to multiple stresses
(Magalhaes et al., 2018). This is the case ofALMT1¸ a STOP1-target
that is essential for malate excretion, that plays a role in Al-exclusion
(Hoekenga et al., 2006) andmodification of root growth in response
to low Pi conditions (Balzergue et al., 2017; Mora-Macıás et al.,
2017) and of ALS3 that plays roles in Al-tolerance (Larsen et al.,
2005) and modification of root growth in response to low Pi
conditions (Dong et al., 2017). It has also been reported that
STOP1 activates the expression of GDH1/2 in response to
hypoxia (Enomoto et al., 2019) and low pH conditions (Sawaki
et al., 2009), which activates the GABA-shunt that regulates cellular
H+ levels and prevents acidosis of the cytosol (Bouché and Fromm,
2004) in acidic and hypoxic environments. Given the pleiotropic
role of STOP1, two main questions arise with respect to its
activation mechanism: Does it respond to a single common
signal, like a metabolite, ROS, or Ca2+ fluxes, or are there specific
STOP1-regulation mechanisms for each type of stress? Given that
STOP1-regulation appears to be mainly at the post-transcriptional
level, it is most likely that STOP1 activity as a transcriptional
regulator is modulated by interacting proteins under each type of
stress. Nevertheless, further research regarding STOP1-regulation is
required to answer these questions.

Using a dataset from a recent report on the global
characterization of protein-cis-interactions, named the cistrome of
Arabidopsis (O’Malley et al., 2016), we identified the set of STOP1-
Frontiers in Plant Science | www.frontiersin.org 14125
targets whose expression depends on STOP1-accumulation (Figure
5). We detected 76 genes whose expression is dependent on the level
of STOP1 accumulation, including RAE1 andALMT1.However, we
also found a large portion of the STOP1 identified targets by
O’Malley et al. (2016) whose expression is not altered in stop1.
Two possible scenarios could explain the latter: 1) STOP1 requires
other transcription factors to be able to bind to the cognate binding
site or to interact with the basal transcriptional machinery to
activate transcription and 2) STOP1 is subjected to multiple
posttranslational modifications that alter its affinity for different
promoter sequences, like protein phosphorylation or sumoylation.
Since STOP1 has orthologs in other species (Ohyama et al., 2013),
the list of STOP1 target genes might provide new candidate genes to
increase tolerance to acid soils. Further physiological and genetic
engineering experiments are an exciting perspective that derives
from the presented dataset.
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(2006). Aluminium toxicity in plants: internalization of aluminium into cells of
the transition zone in Arabidopsis root apices related to changes in plasma
membrane potential, endosomal behaviour, and nitric oxide production. J. Exp.
Bot. 57, 4201–4213. doi: 10.1093/jxb/erl197

Iuchi, S., Koyama, H., Iuchi, A., Kobayashi, Y., Kitabayashi, S., Kobayashi, Y., et al.
(2007). Zinc finger protein STOP1 is critical for proton tolerance in
Arabidopsis and coregulates a key gene in aluminum tolerance. Proc. Natl.
Acad. Sci. U. S. A. 104, 9900–9905. doi: 10.1073/pnas.0700117104

Iuchi, S., Kobayashi, Y., Koyama, H., and Kobayashi, M. (2008). STOP1, a Cys2/
His2 type zinc-finger protein, plays critical role in acid soil tolerance in
Arabidopsis. Plant Signal. Behav. 3, 128–130. doi: 10.4161/psb.3.2.5037

Kim, D., Langmead, B., and Salzberg, S. L. (2015). HISAT: A fast spliced aligner with
low memory requirements. Nat. Methods 12, 357–360. doi: 10.1038/nmeth.3317

Kobayashi, Y., Kobayashi, Y., Watanabe, T., Shaff, J. E., Ohta, H., Kochian, L. V.,
et al. (2013). Molecular and physiological analysis of Al3+ and H+
rhizotoxicities at moderately acidic conditions. Plant Physiol. 163, 180–192.
doi: 10.1104/pp.113.222893

Kobayashi, Y., Ohyama, Y., Kobayashi, Y., Ito, H., Iuchi, S., Fujita, M., et al. (2014).
STOP2 activates transcription of several genes for Al- and low pH-tolerance
that are regulated by STOP1 in arabidopsis. Mol. Plant 7, 311–322.
doi: 10.1093/mp/sst116

Kochian, L. V., Hoekenga, O. A., and Piñeros, M. A. (2004). How do crop plants
tolerate acid soils? Mechanisms of aluminum tolerance and phosphorous efficiency.
Annu. Rev. Plant Biol. 55, 459–493. doi: 10.1146/annurev.arplant.55.031903.141655

Kochian, L. V., Piñeros, M. A., Liu, J., and Magalhaes, J. V. (2015). Plant
Adaptation to Acid Soils: The Molecular Basis for Crop Aluminum
Resistance. Annu. Rev. Plant Biol. 66, 571–598. doi: 10.1146/annurev-
arplant-043014-114822

Kolukisaoglu, Ü., Weinl, S., Blazevic, D., Batistic, O., and Kudla, J. (2004). Calcium
Sensors and Their Interacting Protein Kinases: Genomics of the Arabidopsis
and Rice CBL-CIPK Signaling Networks. Plant Physiol. 134, 43–58.
doi: 10.1104/pp.103.033068

Kusunoki, K., Nakano, Y., Tanaka, K., Sakata, Y., Koyama, H., and Kobayashi, Y.
(2017). Transcriptomic variation among six Arabidopsis thaliana accessions
identified several novel genes controlling aluminium tolerance. Plant Cell
Environ. 40, 249–263. doi: 10.1111/pce.12866
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Root architecture responds to environmental stress. Stress-induced metabolic and
nutritional changes affect the endogenous root development program. Transcriptional
and translational changes realize the switch between stem cell proliferation and cell
differentiation, lateral root or root hair formation and root functionality for stress
acclimation. The current work explores the effects of stress combination of arsenic
toxicity (As) and hypoxia (Hpx) on root development in Arabidopsis thaliana. As revealed
previously, combined As and Hpx treatment leads to severe nutritional disorder evident
from deregulation of root transcriptome and plant mineral contents. Both As and Hpx
were identified to pose stress-specific constraints on root development that lead to
unique root growth phenotype under their combination. Besides inhibition of root apical
meristem (RAM) activity under all stresses, As induced lateral root growth while root hair
density and lengths were strongly increased by Hpx and HpxAs-treatments.

A dual stimulation of phosphate (Pi)-starvation response was observed for HpxAs-
treated plant roots; however, the response under HpxAs aligned more with Hpx
than As. Transcriptional evidence along with biochemical data suggests involvement
of PHOSPHATE STARVATION RESPONSE 1; PHR1-dependent systemic signaling.
Pi metabolism-related transcripts in close association with cellular iron homeostasis
modulate root development under HpxAs. Early redox potential changes in meristematic
cells, differential ROS accumulation in root hair zone cell layers and strong deregulation
of NADPH oxidases, NADPH-dependent oxidoreductases and peroxidases signify a role
of redox and ROS signaling in root architecture remodeling under HpxAs. Differential
aquaporin expression suggests transmembrane ROS transport to regulate root hair
induction and growth. Reorganization of energy metabolism through NO-dependent
alternate oxidase, lactate fermentation, and phosphofructokinase seems crucial under
HpxAs. TOR and SnRK-signaling network components were potentially involved in
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control of sustainable utilization of available energy reserves for root hair growth under
combined stress as well as recovery on reaeration. Findings are discussed in context
of combined stress-induced signaling in regulation of root development in contrast to
As and Hpx alone.

Keywords: root hairs, meristem, phosphate, iron, hypoxia, arsenic, redox, ROS

INTRODUCTION

Root development is a dynamic and highly regulated process
(Scheres et al., 2002; Hodge et al., 2009; Petricka et al., 2012). The
developmental plasticity of root systems allows plants to establish
a sustainable organ tailored to the prevailing environmental
conditions. The simple root architecture in seedlings changes
to an elaborate post-embryonic root development program
in maturing plants. However, fine-tuning of the plant root
architecture is required upon stress exposure at any life stage.
Molecular understanding of root development and underlying
gene regulatory networks presently evolves using genomic and
molecular biological approaches. Several transcription factors
under control of nutrients, redox and reactive oxygen species
(ROS) or hormones have been identified (Shin and Schachtman,
2004; Hodge et al., 2009; Ruiz Herrera et al., 2015).

Root growth plasticity is largely determined by temporal
fluctuations in the balance between cell division and cell
differentiation (Perilli et al., 2012; Sozzani and Iyer-Pascuzzi,
2014). While cell division in the meristems is mostly regulated by
auxins, the differentiation-promoting cytokinin (CK) can inhibit
cell division through ARR1 transcription factor (Moubayidin
et al., 2010). ARR1 activates a negative regulator of PIN (auxin
transport facilitators) i.e., SHY2. ROS participate in controlling
the process (Tsukagoshi et al., 2010; Yang et al., 2018). Further,
modification of stem cell growth through programmed cell death
occurs under severe water stress (Cao and Li, 2010).

Environmental stimuli like nutrient deprivation, salt or water
stress modulate the growth phenotype of primary roots, lateral
roots as well as root hairs (RHs) (Müller and Schmidt, 2004;
De Tullio et al., 2010; Liu et al., 2015; Satbhai et al., 2015).
RHs are well-studied structures particularly in seedlings as a
model for exploring the genetic control of cell division and
differentiation, spatiotemporal onset of regulatory mechanisms
and epigenetic influence on development processes (Grierson
and Schiefelbein, 2002; Grierson et al., 2014). Their structural
simplicity makes them ideal for mechanistic understanding of
development (Grierson et al., 2014; Salazar-Henao et al., 2016).
Different aspects of RH development are thoroughly scrutinized
for regulatory mechanisms especially under nutrient deprivation,
e.g., epidermal cell differentiation into trichoblast (RH- or H-cell)
and non-trichoblast (N-cells), RH initiation and tip growth, cell
wall modifications as facilitators of tip growth and ectopic RH
growth (Müller and Schmidt, 2004; Shin et al., 2005; Bruex et al.,
2012; Kwon et al., 2015; Shibata and Sugimoto, 2019).

Besides widely studied phosphate- (Pi) and Fe-starvation,
interference between N- and K-uptake and N-assimilation has
also been recognized as important factors in RH development
(Müller and Schmidt, 2004; Salazar-Henao and Schmidt, 2016;

Huang et al., 2020). Recent studies described functions of
ethylene in RH development among other growth regulatory
hormones (Katsumi et al., 2000; Cho and Lee, 2013; Neumann,
2016; Huang et al., 2020). Complex gene regulatory networks
determine the response to nutrient deprivation especially for Pi
and Fe (Cui S. et al., 2018). However, their functional specificity
and relative importance in an event of co-occurrence of multiple
nutrient deprivations or other environmental factors remain
elusive, especially in adult plants.

Identification of mechanisms underlying plant responses to
naturally co-occurring multiple stresses requires experiments
where plants are exposed to these stress combinations (Suzuki
et al., 2014). The responses and mechanisms governing
acclimation to combinatorial stresses often differ from regulatory
pathways involved in single stress acclimation (Rasmussen et al.,
2013; Suzuki et al., 2014). Unique transcriptomic, proteomic, and
metabolic changes are evident in plants exposed to combined
stresses (Pandey et al., 2015; Suzuki et al., 2016).

Metabolic and molecular responses of Arabidopsis to a
naturally prevalent combination of arsenic (As) and hypoxia
(Hpx) were recently described by Kumar et al. (2019). Arsenic
contamination is a major problem linked worldwide to either
groundwater or irrigation of rice cultivated in affected areas
(Naujokas et al., 2013). Numerous agricultural fields and
groundwater reservoirs in South East Asia, Europe or North
America are highly contaminated with As (Medunić et al., 2020).
Remediation of contaminated sites using hyperaccumulator
plants and generation of As-tolerant but non-accumulating
crops, particularly in edible parts, is the need of hour (Kofroňová
et al., 2018). However, co-occurring environmental factors
aggravate As toxicity, tolerance and accumulation in crop
plants and impede growth potential of As-hyperaccumulators.
For example, flooding is required during the early stages of
rice cultivation.

The use of As-containing groundwater aggravates pollution
in the contaminated areas. Indeed, the As-enriched micro-
ecosystem represents a complex environment involving several
inherently interacting factors, e.g., low soil pH (increased CO2),
pH-induced As(V) reduction to As(III), and especially Hpx for
root growth. Not only Hpx, but subsequent re-oxygenation, when
soil dries up, acts as another stress factor. These combined
factors likely interfere with As uptake, accumulation including
grain deposition and toxicity in rice. A combination of As and
Hpx imposes distinct influence on plants due to unique and
overlapping features of these stressors. For example, a significant
part of the characteristic signaling pattern under As and Hpx is
mediated by ROS (Pucciariello et al., 2012; Islam et al., 2015),
while both simultaneously affect the cellular energy metabolism
(Bailey-Serres and Voesenek, 2008, 2010).
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Application of HpxAs stress to Arabidopsis thaliana generated
unique responses at physiological, transcriptomic, and metabolic
level apart from certain overlapping changes (Kumar et al.,
2019). Besides characterizing primary stress effects in the roots,
it was possible to analyze the dynamics of rapid root-to-shoot
communication (Kumar et al., 2019). The most challenging
scenario that developed under HpxAs was strong deregulation of
nutrient homeostasis. It is known that both stresses affect nutrient
uptake (Blokhina and Fagerstedt, 2010; Zhao et al., 2010);
however, under HpxAs, plants were challenged to acclimate to As
under Hpx-induced inhibition of energy metabolism.

Root growth was severely inhibited during combined stress
treatment; however, growth recovery was evident on reaeration
(Kumar et al., 2019). In fact, the combined stressed plants showed
a lag in root growth recovery compared to individual treatments.
Besides a unique and strong downregulation of many transcripts
(>500), about 300 other transcripts increased in expression
specifically under As and Hpx combination (Kumar et al., 2019).
All these observations indicated existence of an energy efficient
way to balance root stem cell division and differentiation in
a way to best utilize the available resources for coping with
nutrient deprivation and to facilitate sequestration of As for
stress acclimation.

The present study scrutinizes the root growth phenotype
under combinatorial exposure to As and Hpx. Meta-analysis
of root growth-related genes specific for combined stress led
to the identification of transcriptional adjustments indicative
for the remodeling of root architecture to achieve Hpx and As
adaptation. Particularly, transcripts involved in root meristem
proliferation and cell differentiation displayed pronounced
changes. The root phenotype suggested a strong stimulation
of epidermal cell differentiation into RHs. Biochemical
measurements and transcriptomic data indicate a major
role of redox regulation in observed changes in root architecture,
while treatment-dependent decrease in epidermal and cortical
cell viability was identified as an acclimation tradeoff.

MATERIALS AND METHODS

Plant Growth and Stress Application
Arabidopsis thaliana (Col-0; WT) plants were grown
hydroponically as described previously (Kumar et al., 2019). In
brief, the plants were grown on 0.25 strength Hoagland nutrient
medium (1.25 mM KNO3, 0.5 mM NH4H2PO4, 0.75 mM
MgSO4, 1.50 mM Ca(NO3)2, micronutrients, 14.5 µM Fe-EDTA,
500 µM MES (pH 5.25) for 32 days (10/14 h day/night; 100 µmol
photons m−2 s−1 at 22/19◦C (day/night, 50% relative humidity).
The nutrient medium was constantly aerated (ambient air 21%
O2) and renewed weekly. For stress application, plant roots after
32 days culture were exposed to 250 µM As(V; Na2HAsO4),
Hpx or HpxAs. For Hpx, the nutrient medium was pre-flushed
with air from a nitrogen generator for 48 h (99.6% N2 and
0.4% O2) to achieve average O2 concentration of 86 ± 4.3 nmol
ml−1 compared to 262 ± 6.8 nmol ml−1 for control and As
(mean ± SE, n = 15 experiments). This ensured an immediate
hypoxic stress. The nitrogen flushing was continued during

the treatment period of 7 days, while control plants and those
exposed to As alone were aerated as before (21% O2). The
oxygen content remained stable over the 7 days treatment period.
For reaeration, the hypoxic media was replaced with normally
aerated one, however presence of As was continued in HpxAs.
It is important to add that the shoots remained in air under
ambient light conditions throughout. Plant roots (whole) were
harvested after respective treatment and re-aeration time points
in liquid nitrogen. The stored (−80◦C) plant material was used
for biochemical assays. Plant shoot and roots were also measured
for their fresh weight after 7 d of treatment.

Microarray and Quantitative Transcript
Analysis
The raw microarray data analyzed in this study can be accessed
from NCBI GEO1 and was published first by Kumar et al.
(2019). They detailed the method for RNA extraction, DNA
hybridization, qRT-PCR and data analysis. In brief, plant
roots (whole) were pulverized in liquid nitrogen and RNA
was extracted to be used for microarray-based transcriptome
analysis as well as for quantitative analysis of transcript
amounts using qRT-PCR. Quantity and quality of the RNA
were tested with the NanoDrop ND-1000 spectrophotometer
and by gel electrophoresis (Aranda et al., 2012). RNA quality
for microarray hybridization (Affymetrix Arabidopsis Gene 1.0
ST arrays) was again tested prior to hybridization using the
Agilent 2100 bioanalyzer system. All samples had RNA integrity
numbers ≥ 9. Hybridization was done by KFB, Center of
Excellence for Fluorescent Bioanalytics (Regensburg, Germany;
www.kfb-regensburg.de). The summarized probe set signals
in log2 scale were calculated by using the RMA algorithm
(Irizarry et al., 2003) with the Affymetrix Gene Chip Expression
Console v1.4 Software. The transcriptome data was initially
filtered for transcripts belonging to the three major GO-related
terms i.e., “Root and Root Hair Development,” “Phosphate
Starvation Response,” and “Fe-Homeostasis” and showing linear
fold change of −2 ≥ fc ≥ 2 for at least one treatment.
The identified transcripts were further sub-categorized into
those directly related to RH development, root growth-
related hormonal signals, root meristem maintenance, cell wall
modification, hypoxia or As-dependent phosphate starvation
response, Fe-homeostasis, NO-generation, and ROS producing
and scavenging enzymes required for root growth regulation.
Further, the transcripts in these sub-categories were filtered
for false discovery rate (FDR ≤ 5%) adjusted p-value ≤ 0.05
for treatment effect. In the next and last filtering step, those
FDR-filtered transcripts which showed a unique expression
under HpxAs or had relevance to HpxAs-induced root growth
phenotype were converted in suitable heat maps or histograms,
while complete lists appear in supplements. Brief description of
transcript changes, under As, Hpx and HpxAs-treatments, which
relates to cell wall modification and lipid metabolism has been
given in supplements by Kumar et al. (2019).

It is pertinent to add that the validity of microarray data
has been tested through qRT-PCR for multiple arsenic and

1https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE119327
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hypoxia-stress markers as well as through their recovery after
e.g., removal of hypoxia by Kumar et al. (2019). Further, qRT-
PCR analysis for additional hypoxia markers and their stress
recovery has been done in this study and data presented in
Supplementary Figure 2B. For qRT-PCR, RNA samples were
processed to generate cDNA. Transcripts were quantified on
MyiQ qPCR cycler (BIO-RAD) using KAPA SYBR qPCR master
mix and target specific primers (Supplementary Table 5). PCR
efficiency and transcript quantification calculation were based
on analysis using LinRegPCR 11.0 software (Ramakers et al.,
2003; Ruijter et al., 2009). Gene expression was normalized by
calculating the normalization factor from the geometric mean
of actin (ACT2) and tubulin (TUB5) expression as described
(Vandesompele et al., 2002).

Root Growth Phenotype and Confocal
Imaging
Root Hair Phenotype
A quantitative measure of treatment effects on root growth
in terms of total accumulated fresh weight is presented
in Figures 1A,B. However, to identify the regions of new
biomass accumulation (taproot, lateral roots, or root hairs) and
comparative extent of growth during the 7 d treatment period,
a qualitative measurement of root growth was done for two
independent experiments. At the start of treatment period, the
plant roots were dipped in well stirred active charcoal suspension
for 5 min and rinsed with water (Schat and Ten Bookum, 1992).
This charcoal staining allows highly effective analysis of root
growth during treatment period without interfering with nutrient
uptake (Schat and Ten Bookum, 1992). After 7 d, the growth
phenotype was recorded, and the roots were freshly stained with
active charcoal before start of reaeration (Figure 1A). Further, we
took a closer look at RH growth under a Leica MZ6 modular
stereomicroscope with 4x zoom and an artificial light source.
RH zone (65–80 areas) from multiple plants per treatment
belonging to two independent experiments were photographed
and compared for RH length and density. Representative images
are presented in Figure 1. The RH images were also recorded after
treatment of charcoal-stained roots.

Cell-Viability Analysis
Viability of different cell layers in the RH zone was tested
with the fluorescent dye SYTOX Green (Truernit and Haseloff,
2008). SYTOX fluorescent dye only penetrates non-viable cells
(permeable plasma membranes) wherein interaction with DNA
increases their fluorescence >500 fold, reducing the background
appreciably (Truernit and Haseloff, 2008). The confocal imaging
(LSM 780, Carl Zeiss, Germany) was carried out on the 7th day
of treatment. Intact plant roots were immersed with SYTOX
green (250 nM dilution from 5 mM stock in DMSO) for 7 min
followed by thorough washing with water. SYTOX green in
the labeled roots was excited using the argon multiline laser
(488 nm, 25 mW) with corresponding main beam splitter and
the emission recorded between 500–550 nm (emission max.
523 nm). At 10X magnification (Zeiss Plan-Apochromat 10x/0.45
M27) with a pixel dwell time of 1.2–2.2 µs and a data depth
of 12 bits per pixel, 15–20 images were recorded per treatment

and experiment. Imaging was carried out within 30 min of
staining, when the signal intensity was maximum. Images were
evaluated with the ZEN software for fluorescence intensities.
The signal-to-noise ratio was optimized for the treatment with
maximal fluorescence intensity and the gain (master) and
pinhole values were kept constant throughout the treatments.
Fluorescence intensity values for the selected excitation channel
were collected separately from three different regions of interests
(epidermal/cortical cell layers) within the imaged RH zone
avoiding saturated areas. The collected data are presented in form
of box plots as well as fold differences among treatments.

Fluorescence Analysis for Reactive Oxygen Species
(ROS)
In plant growth and development, ROS generation drives
processes like cell wall synthesis and root tip growth. However, a
strict control over the intensity of ROS generation is important
to protect cells from their deleterious effects. For in vivo ROS
staining, 2’, 7’-dichlorodihydrofluorescein diacetate (H2DCFDA)
was used (Eruslanov and Kusmartsev, 2010). H2DCFDA converts
to the highly fluorescent 2’, 7’-dichlorofluorescein (DCF) upon
cleavage of the acetate groups by esterases and subsequent
oxidation. Intact roots after 7 d of treatment were dipped in
DCFDA (5 µM from 10 mM stock in DMSO) for 5 min and
then washed with water. The argon multiline laser (488 nm,
25 mW) was used for H2DCFDA excitation, while emission was
collected between 500–550 nm (emission max. 517–527 nm).
Representative images are given in Supplementary Figure 4.

Biochemical Analysis
Ferric Chelate Reductase Activity
The activity of ferric chelate reductase was measured in whole
roots using a spectrophotometric measurement of purple-colored
Fe(II)-ferrozine complex (Emre and Koiwa, 2013). The whole
plant roots after 7 d of treatment were dark incubated in Fe(III)-
EDTA solution (0.1 mM) containing ferrozine ([3-(2-pyridyl)-5,
6-diphenyl-1, 2, 4-triazine sulfonate]; 0.3 mM) for 45 min. The
activity proceeds at room temperature in a 2 ml tube with
occasional inversion to assure that root surface stays in touch with
solution. After incubation, the roots were rinsed several times in
the same solution, and liquid droplets were removed. Absorption
of the formed purple complex was quantified at 562 nm
against the assay reagent. The calculation of the enzyme activity
was based on the molar extinction coefficient of the complex
(28.6 mM−1 cm−1) and pre-recorded fresh weight of roots.

Activities of Hypoxia-Responsive Enzymes of Energy
Metabolism
Hypoxic growth conditions inhibit normal energy metabolism
and induce fermentation. Committed enzymes are pyruvate
decarboxylase (PDC), alcohol dehydrogenase (ADH) and lactic
dehydrogenase (LDH). PDC activity was measured as conversion
of pyruvate to acetaldehyde in presence of its cofactors thiamine
pyrophosphate, Mg2+ and enzyme ADH (Mithran et al., 2014).
The extraction buffer comprised of Na-Pi buffer (50 mM, pH 7.0)
supplemented with MgCl2 (5 mM), EDTA (5 mM) and thiamine
pyrophosphate (TPP, 500 µM). Further, phenylmethylsulphonyl
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FIGURE 1 | Root and root hair phenotype of plants exposed to arsenic (As), hypoxia (Hpx) and their combination (HpxAs). A. thaliana plants were grown for 32 days
in hydroculture and then exposed to As (V; 250 µM), Hpx or their combination (HpxAs) for 7 days. (A) Plant images (left panel) after 7 days of treatment for
comparison of treatment effects on root and shoot growth. Just before the start of treatment and start of reaeration, plant roots were stained with active charcoal.
The strong surface adherence of charcoal particles allows assessment of fresh root growth during treatment and reaeration, which appear white. Close-up images of
roots (middle) highlight newly formed root biomass after 7 days treatment. In these close-up images roots are not in scale for comparison of total root length
however can be compared qualitatively for extent of growth (in different root zones) among different treatments (white color). Also shown are images of stained roots
(right) that were reaerated for 7 days after treatment (supplemented with aerated nutrient media; supplemented with As(V) in case of HpxAs-treatment). (B) Data on
relative total biomass accumulation (shoot and root visible) after 7 days of treatment (means ± SE, n = 40; 3 independent experiments; Tukey’s test, p < 0.05) and
long reaeration (21 days) (means ± SE, n = 12; Tukey’s test, p < 0.05). Further, images of the RH zone under different treatments without (C) or with (D) charcoal
staining after 7 days treatment.
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fluoride (PMSF, 100 µM), dithiothreitol (DTT, 1 mM) and
leupeptin (5 µM) were added to increase protein stability.
Approx. 30 mg of root tissue was used for enzymes extraction
with 70 µl of extraction buffer. The extraction was done using
Precellys R© homogenizer (6,800 rpm, 3 cycles of 20 s with 30 s
pause in between). The homogenized material was centrifuged
at 15,000 × g (4◦C) for 15 min. The assay mixture (117 µl)
contained 95–100 µl MES (50 mM, pH 6.0), 2 µl NADH
(670 µM), 5 µl ADH (1.2 U/ml), 5–10 µl of root extract and
5 µl sodium pyruvate (6 mM). Baseline was adjusted after adding
ADH, while addition of pyruvate started the reaction. The activity
was measured as decrease in NADH absorption at 340 nm for
3 min. Specific activity was calculated based on molar extinction
coefficient of NADH (6.22 mM−1 cm−1) and protein content in
enzyme extracts. Protein content for all the enzyme assays was
quantified using Bradford method (Bradford, 1976).

Extraction for ADH and LDH activity tests was performed
in 100 mM Tris–HCl (pH 7.7) buffer with EDTA (5 mM), and
freshly added DTT (1 mM), cysteine (10 mM), PMSF (100 µM),
and 5 µM leupeptin. Enzyme extraction procedure was like PDC
except ∼40 mg tissue was extracted with 100 µl buffer. ADH
was measured in the direction acetaldehyde to ethanol (Huang
et al., 2002). The final assay mixture (115 µl) comprised of 100–
107 µl Tris–HCl (100 mM, pH 8.5) with 2 µl NADH (670 µM),
5 µl acetaldehyde and 2.5–10 µl enzyme extract. Baseline was
adjusted after addition of acetaldehyde. The reaction was started
by addition of enzyme extract and absorption was monitored for
3 min at 340 nm for decrease in NADH amount. LDH activity
was measured in the direction pyruvate to lactate (Hanson and
Jacobsen, 1984). In addition, 4-bromopyrazole was used to inhibit
endogenous ADH. The assay mixture (124.5 µl) comprised
100 mM Tris–HCl (pH 8.0), 2 µl NADH (670 µM), 2.5 µl 4-
bromopyrazole (3 M), 10 µl enzyme extract and 10 µl pyruvate
(6 mM). The baseline was recorded after addition of extract,
while addition of pyruvate started the reaction. Absorbance
change of NADH was monitored at 340 nm. NADH molar
extinction coefficient was used for calculating specific activity for
both ADH and LDH.

XTT Reductase Activity
NADPH-oxidases (RBOH; respiratory burst oxidase homolog)
form superoxide radicals. Their activity was measured
in crude membrane extracts using NADPH-driven and
superoxide-dependent reduction of XTT [2,3-bis(2-methoxy-4-
nitro-5-sulfophennyl)-2H-tetrazoilum-5-carboxanilide sodium
salt] using a modified method (Hao et al., 2006; Potockỳ et al.,
2012). The crude extraction of the plasma membrane proteins
needed two different buffers i.e., (a) extraction buffer (EB)
containing Tris–HCl (50 mM, pH 8.0), sucrose (250 mM), and
EDTA (80 mM) and freshly added PMSF (100 µM), and (b)
resuspension buffer (RB) comprising MOPS (50 mM, pH 7.2)
supplemented with 250 mM sucrose and PMSF (100 µM). In the
first step of extraction, ∼30 mg root tissue was added with 70 µl
of EB and homogenized in Precellys R© homogenizer (2 times 3
cycles of 6,800 rpm, 20 s each with 30 s pause every time). The
homogenate was centrifuged at 16,000 × g, 15 min (4◦C). The
supernatant was discarded, and the pellet washed with 1 ml of

EB. The tube was inverted to resuspend the soluble proteins.
After a second centrifugation (16,000 × g, 15 min, 4◦C), the
pellet was resuspended in 50 µl RB. The vortexed suspension was
transferred with a blunt end pipette tip to a 1.5 ml tube and was
incubated at 30◦C for 15 min. After centrifugation (16,000 × g,
5 min, 4◦C), the crude PM extract was ready in the supernatant
and was used for activity analysis. The assay mixture had 60 µl of
Tris–HCl (50 mM, pH 7.5), 10 µl XTT (5 mM in DMSO), 10 µl
NADPH (2 mM), and 10 µl of protein. The NADPH specificity of
the reaction was tested by excluding NADPH from the reaction
which completely stopped XTT reduction. Superoxide dismutase
(SOD) served as specific inhibitor of the XTT reduction by
quenching superoxide. The activity was recorded for 5 min. The
supernatant from the first centrifugation (soluble cell lysate) was
also used in order to determine the extent of XTT reduction in
soluble cell lysate. The protein content estimation for the crude
extract did not work with the Bradford assay, so the activities
are presented on fresh weight bases. The calculation of XTT
reduction or NADPH oxidase activity were based on ε = 21600
M−1 cm−1 for XTT at 470 nm (Able et al., 1998).

Activities of Antioxidant Enzymes
Enzyme extraction was done in 300 µl of HEPES buffer (100 mM,
pH 7.6, freshly added with 100 µM PMSF) for 30–50 mg of
root tissue. The homogenization in Precellys R© homogenizer was
performed 2 times, 3 cycles of 6,800 rpm, 20 s each with a pause
of 30 s. The homogenate was centrifuged at 10,000 × g for
10 min (4◦C). Ascorbate peroxidase (APX) activity was measured
immediately after extraction. Assay mixture (115 µl) for APX
activity comprised 83 µl HEPES (50 mM, pH 7.6), 7 µl ascorbate
(ASC, 5 mM), 10 µl enzyme extract and reaction started by
adding 15 µl H2O2 (400 µM final concentration). Decrease in
ASC absorbance was measured for 3 min at 290 nm. Activity
calculations were based on εASC = 2.8 mM−1 cm−1. The same
enzyme extract was used for guaiacol peroxidase (PER) activity.
In this reaction the peroxidase oxidizes guaiacol and activity can
be recorded as absorbance change at 470 nm (Amako et al., 1994).
In a reaction volume of 223 µl, 200 µl K-Pi buffer (100 mM, pH
6.8), 10 µl guaiacol (0.5% in H2O), 3 µl extract and 10 µl H2O2
(12 mM stock) were added. Addition of H2O2 started the reaction
and the change in absorbance was measured for 5 min. Activity
was calculated per unit protein using ε = 22.6 mM−1 cm−1 for
oxidized guaiacol.

Catalase activity was measured in the same extract
polarographically using a Clark-type O2 electrode (Goldstein,
1968). The reaction mixture contained 890 µl of HEPES buffer
(100 mM, pH 7.6) along with 100 µl of H2O2 (100 mM). The
reaction was started by addition of 10 µl of enzyme extract and
rate of evolution of oxygen was recorded for 5 min.

Plant Cell Sap Osmolarity
For determination of osmolarity of cell sap, tissue sap was
squeezed out from fresh root and leaf tissue (50–100 mg) using
micro pestle. The extract was centrifuged (16,000 × g, 10 min)
and supernatant diluted suitably to be measured for osmolarity
on automatic semi-micro osmometer (A0800, Knauer). The
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osmometer was calibrated before measurements with 0 and
400 mosmol/l NaCl solutions.

Residual inorganic phosphate (Pi) after 7 d of treatment was
measured in the nutrient media using malachite green-based
quantification (Baykov et al., 1988). The reagents used were (a)
malachite green (1 mM) with polyvinyl alcohol (0.16%) in H2SO4
(6 mM) and (b) ammonium molybdate (50 mM) in H2SO4
(3.4 M). The reagents were mixed freshly before measurement
in a ratio of 1:0.5 (a: b). The measurements were carried out in a
plate reader with 198 µl reagent mix and 2 µl sample. Absorbance
was measured at 620 nm after thoroughly mixing the contents
in each well. In parallel the assay was also calibrated with a
Pi-concentration series (0–5 µM; NH4H2PO4).

Statistical Analysis
Data are presented as means with standard error. Statistical
analysis (one-way analysis of variance; ANOVA followed by
Tukey’s post hoc test) was performed to evaluate significant
differences among means using IBM SPSS Statistics for Windows,
version 20 (IBM Corp., Armonk, NY, United States). Significantly
different means (p < 0.05) are marked with different letters
while missing letters indicate lack of significance. The statistical
analysis for the microarray data was performed as part of
complete transcriptome analysis by Transcriptome Analysis
Console version 3.1 (Affymetrix).

RESULTS

Several studies report that As stress alters the plant redox
state and nutrient availability (Carbonell-Barrachina et al.,
1997; Srivastava et al., 2005; Zhao et al., 2010; Duan et al.,
2013). Similarly, it is known that Hpx along with generating
challenges for energy metabolism and redox homeostasis also
alters nutrient uptake (Dat et al., 2004; Bailey-Serres and
Voesenek, 2008; Blokhina and Fagerstedt, 2010). Further, HpxAs
combined stress induced a profound deregulation of nutrient
homeostasis (Kumar et al., 2019). The results presented here
identify nutrient deregulation-associated signaling patterns in
relation to root growth.

Root Growth
Arabidopsis plants grown hydroponically for 32 days were
exposed to As, Hpx and their combination (HpxAs) for 7 days.
It has been shown that total root biomass accumulation was
affected by these treatments (Figures 1A,B). Especially for Hpx
and HpxAs, biomass accumulation was significantly reduced
(Figures 1A,B). To estimate the extent and pattern of new
root growth during the treatment period, plant roots were
also stained with active charcoal. The images presented in
Figure 1A reveal the differential pattern of root growth among
different treatments. Compared to control plants, main root
growth was inhibited to a certain extent in As and lateral
roots were generated. Root growth inhibition seemed complete
under both Hpx and HpxAs. Plant roots under Hpx showed
a slight enlargement of the tap root tip, although growth was
severely inhibited. No such root tip growth was visible for plants

under HpxAs. Charcoal staining was also carried out after 7
d treatment before start of reaeration and plant roots were
again photographed after one week of reaeration in order to
judge the severity of applied stresses and plant potential for
recovery from Hpx. It became clear from these observations
that the root growth inhibition could recover after reoxygenation
of the nutrient media (Figure 1A). However, total biomass
accumulation and growth recovery as recorded after 3 weeks
of reaeration were slower for HpxAs than in the single Hpx
treatment (Figure 1B).

Roots were investigated for RH growth qualitatively
(Figures 1C,D). RHs increase root surface area and play
important roles in increasing nutrient uptake and maintaining
osmotic balance. Comparative imaging of the RH zones revealed
a strong stimulation of RH growth in Hpx- and HpxAs-treated
plants. Although, it was clear from previous data related to root
fresh weight and charcoal staining that root growth showed close
to complete inhibition under Hpx and HpxAs, it is revealed here
that RH growth was not only sustained, but stimulated compared
to As and control. This pattern of root growth inhibition and
RH stimulation was also evident in charcoal-stained roots
(Figure 1D). Control plants emerged a certain number of RHs
in the newly developed RH zone, while the RH zone of treated
roots displayed adsorbed charcoal as an evidence of reduced root
growth. Also, a higher density and elongation of RHs in Hpx
and HpxAs was observed. The stimulated RH growth could be
an adaptive strategy to keep up nutrient uptake to sustain plant
growth under these stresses.

Transcriptional Regulation of Root
Architecture
To identify mechanistic players possibly involved in the altered
root phenotype, root transcriptome data were queried for
genes related to root development and their stress responses.
A total of 281 genes were filtered for a linear fold change of
−2 ≥ fclinear ≥ 2 (Supplementary Table 1). The identified
genes were grouped into four major categories as shown in
Figures 2A–D. Among the identified transcripts, categories
“root hair growth regulation” “hormonal signaling,” and “root
meristem and growth maintenance” represented roughly 30%
each of total identified genes, while the rest of the around 10%
belonged to “cell wall modifications.” Sets of 11 to 16 transcripts
were selected and presented in four heat maps (Figure 2) based
on further filtering with FDR p ≤ 0.05 for the expression change
and their response or relevance to HpxAs-treatment.

HpxAs-treated plants showed a strong inhibition of root
growth with a simultaneous stimulation of RH density and
tip growth. It is significant that besides 86 genes, which
were categorized to be causally related to RH growth, several
transcripts in other categories were also involved with RH
signaling, epidermal cell differentiation or RH tip growth
via rapid cell wall formation. A sizable proportion of the
differentially regulated root development-related transcripts was
associated with RH differentiation, RH growth and its regulation.
Significantly, of the 220 genes from above showing a change of
−2≥ fclinear ≥ 2 for HpxAs, the majority (180) consisted of those
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FIGURE 2 | As-, Hpx-, and HpxAs-dependent changes in transcripts linked to root growth and related signaling. Heat maps present root transcriptome data from
HpxAs-treatment experiments (GEO-NCBI accession number GSE119327) (Kumar et al., 2019). The transcripts were compared for changed expression under As,
Hpx and HpxAs treatment. Four functional categories of genes are presented namely those related to (A) RH growth regulation and epidermal cell differentiation, (B)
biosynthesis and signaling of hormones involved directly in different aspects of root development especially linked to auxins, gibberellic acid (GA), brassinosteroids
(BR) and cytokinin (CK), (C) control of root meristem activity and total root growth, and (D) cell wall growth or modification crucial in RH or lateral root development.
The transcripts were initially selected with the GO term “Root development” using the criterion –2 ≥ fclinear ≥ 2 and later sub-categorized. Among transcripts with a
significant response (FDR p ≤ 0.05) to the treatments, heat maps present those with unique response to HpxAs or those with relevance to observed HpxAs-stress
effects on root development. Transcripts with unique response to HpxAs (–2 ≥ fclinear ≥ 2 for HpxAs, FDR p ≤ 0.05 and either response below this threshold for As,
Hpx or response statistically not-significant) are marked with an asterisk. Supplementary Table 1 gives the complete gene list with relative expression under
different treatments.
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with decreased expression. Complete lists of all these selected
genes are given in Supplementary Table 1.

Many transcripts in the “root hair growth regulation” category
(Figure 2A) with decreased expression importantly function in
negative regulation of RH elongation like plasma membrane
intrinsic protein 2;4 (PIP2;4) and calmodulin like 25 (CML25).
PIP2;4 which encodes an H2O2-conducting transmembrane
aquaporin (Dynowski et al., 2008) decreased 15.2-times for
HpxAs compared to control, a response significantly different
from As (−9.17), and Hpx (not significant) treatments. Similarly,
expression of CML25 decreased 2.92-times for HpxAs, a unique
response compared to other treatments, where no change in
expression was recorded. The Rac-like GTP-binding protein
ROP10 is active in cell wall hardening on the sides of
elongating RH that in turn generates a force to propel the
growing RH tip (Hirano et al., 2018). Its transcript amount
decreased 2.02-times under HpxAs, while no response was
observed for As and Hpx. ROP10 facilitates phosphatidylinositol-
4-phosphate 5-kinase 3, PIP5K3 function in RH growth (Hirano
et al., 2018). Importantly, 6-phosphofructokinase 3 (PFK3),
involved in epidermal cell fate determination i.e., H- and N-cell
differentiation, increased strongly for HpxAs (12.39-fold) and
Hpx (9.15-fold); magnitude of increase being lower for As (2.99)
(Figure 2A). In addition, the root and hypocotyl epidermal
cell fate determining protein WERWOLF1 or MYB66, another
negative regulator of RH cell growth (Wang et al., 2019), showed
stronger decrease for Hpx (−4.1) and HpxAs (−4.55) compared
to As (−2.26).

Slightly different response patterns arose for hormonal
signaling-related transcripts compared to the other three
categories (Figure 2B). More than 35% of the total 64 genes
that responded to HpxAs were increased in expression; however,
still higher number of genes showed reduced expression. Among
those with increased expression, WUSCHEL related homeobox
11 or WOX11 and CUP-SHAPED COTYLEDON1 or CUC1 are
important in auxin-mediated plasticity of root architecture and
lateral root formation, respectively (Baesso et al., 2018). WOX11
expression increased strongly under both Hpx (6.2-fold) and
HpxAs (5.46-fold) while no change was detected for As. On
the other hand, CUC1 showed HpxAs-specific increase (3.18-
fold), while no change in expression was observed for As and
Hpx. No change in expression was observed for two functionally
antagonistic genes namely, phospholipase D P2 (PLDP2) and
the phosphoesterase NPC4 under Hpx and HpxAs while both
increased in expression by 4.67- and 2.33-fold, respectively under
As-treatment. Both genes are targeted by auxin signaling and
regulate RH density and elongation under nutrient deprivation,
especially phosphate (Su et al., 2018).

Among the genes in category “root meristem and growth,”
the highlight of the HpxAs-specific response are three root
growth factors, i.e., RGF5, RGF7, and OBERON 2 (OBE2),
involved in maintenance of root stem cell niche and root
meristem identity (Figure 2C). RGF5 increased significantly
under HpxAs (2.35-fold), while RGF7 decreased in expression
by 3.8-times. The change in expression was either not significant
or no change was observed for As and Hpx. Further, OBE2
increased specifically in HpxAs (2.11-fold), while no change in

expression was observed for As and Hpx-treatments. Further,
auxin-induced gene in root cultures i.e., AIR12, another gene
involved in lateral root morphogenesis, decreased specifically
under HpxAs (−2.82). The negative regulator of root meristem
cell number GA2OX2 (gibberellin 2-beta-dioxigenase) transcript
increased strongly under Hpx (5.23-fold) and HpxAs (8.26-
fold), potentially limiting root meristem cell number (Figure 2C;
Li et al., 2017). Another crucial gene in this category i.e.,
REPRESSOR OF WUSCHEL1 (ROW1), regulates the identity
of quiescent center cell layers by limiting expression of the
WUSCHEL-related gene WOX5 (Zhang et al., 2015). Quite
interestingly, its expression was reduced 3.39- and 3.01-times
under Hpx and HpxAs-treatments, respectively (Figure 2C). This
might explain, in a large part, the suppression of root growth
observed due to these treatments (Figures 1A,B).

A major portion of cell wall modification-related transcripts
showed a strong decrease in expression especially under HpxAs
(Figure 2D). For example, several RH cell specific extensin
family members like EXT10 and EXT13 as well as the casparian
strip membrane domain protein like CASP2 showed strongly
decreased transcript amounts under HpxAs which was 75. 25-,
61-, and 16.63-times, respectively (Figure 2D). The expression
of these genes was also lower under Hpx and As, however, the
extent of decrease was smaller. Expression of the transcription
factor MYB36 which regulates transcription of CASPs in control
of differentiation of endodermis, was specifically reduced under
HpxAs (−2.65). SCL28, encoding a scarecrow-like protein
potentially involved in radial root growth regulation, also showed
HpxAs-specific 4.25-times decrease in expression. Several other
cell wall biogenesis-related genes showed stronger response to
HpxAs (Figure 2D).

Phosphate Starvation Response
In plants, As(V) interferes with phosphate uptake, assimilation,
transport and diverse phosphate-dependent processes like
protein activation/deactivation by phosphorylation, membrane
properties through phospholipids, and ATP-synthesis (Catarecha
et al., 2007; Abercrombie et al., 2008). Similarly, hypoxia
interferes with phosphate starvation response through
deregulation of related transcripts that in turn affects the
root growth regulation (Klecker et al., 2014; Neumann, 2016).
Due to this overlap, plants facing HpxAs stress should be
severely challenged in maintaining phosphate homeostasis.
Phosphate starvation-related transcripts were assessed in
HpxAs-treated plants (Figures 3A,B) and compared to Hpx-
and As-responses. The analysis mainly included the differentially
regulated transcripts related to phosphate homeostasis (uptake,
transport, and assimilation), galactolipid (glycolipids) and
sulfolipid biosynthesis, phosphatidylinositol metabolism and
signaling, and sucrose metabolism. A subset of transcripts related
to lipid and phosphatidylinositol metabolism is appropriately
summarized in Supplementary Figure 1 and Supplementary
Table 3. Likewise, the phosphate deficiency-regulated genes
with direct involvement in root and RH growth are depicted
in Figures 2A–D and Supplementary Table 1 and certain
others related to Fe metabolism appear in a subsequent section
(Figure 5B, Supplementary Table 4).
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FIGURE 3 | As-, Hpx-, and HpxAs-induced phosphate starvation response in roots. Phosphate starvation-related transcripts were first screened for significant
changes (–2 ≥ fclinear ≥ 2, FDR p ≤ 0.05) and subsequently for specificity of their response to hypoxia. Phosphate starvation response comprises genes not only
related to uptake, transport, and assimilation of inorganic phosphate, but also those involved in galactolipid and sulfolipid biosynthesis, as well as phospholipid
metabolism. The genes were categorized into those that showed (A) significant changes under Hpx-exposure and (B) no-response to Hpx, but significant response
to As. The inset depicts the residual Pi in the nutrient media after 7 days of treatment given along with calculated Pi-availability per gram tissue based on the total
biomass accumulated per pot at the end of treatment. The complete list with relative expression values for phosphate starvation-related genes are given in
Supplementary Table 2. In addition, heat map and a complete list of additional transcripts related to lipid signaling and phosphatidylinositol metabolism which are
not part of Figures 2, 3 are given in Supplementary Figure 1 and Supplementary Table 3. (C) Phosphate content measured using LC-MS/MS (Kumar et al.,
2019) is presented. Data is calculated per plant using accumulated dry weight under different treatments (respective Pi-content in root and rosette is also visible)
(means ± SE, n = 4; 4 independent experiments; Tukey’s test, p < 0.05).

The dual stimulation of phosphate starvation response under
HpxAs likely necessitates the adoption of an appropriate
energy-efficient state to maintain phosphate homeostasis and
enable stress acclimation. Thus, the expression of filtered

(relevant) transcripts under HpxAs was compared to that
induced by As and Hpx alone. Both Hpx and As induced
a phosphate starvation response, with a reasonable overlap
between As- and Hpx-induced gene expression. Based on their
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response, transcripts could be divided into two categories:
20 transcripts were Hpx-responsive (Figure 3A), whereas
14 others were unresponsive to Hpx, but responded to As
(Figure 3B). In general, the HpxAs-response exhibited a
strong overlap and resembled more with Hpx than with As.
For example, among 20 genes depicted in Figure 3A, 15
showed a similar increase or decrease for Hpx and HpxAs,
while for 14 genes presented in Figure 3B, only 4 showed
similarity of expression for As and HpxAs. Among these
4 transcripts, levels of SBT3.5, coding for the subtilase 3.5
protein, increased 3.8-fold under HpxAs which was much lower
than that for As (8.82). Also, in case of SAG21 transcripts,
encoding an MAPK cascade-associated protein, HpxAs-induced
reduction in expression (−6.49-times) was stronger than that
for As (−2.42). Among the 20 genes undergoing change
of expression under Hpx, 10 genes also responded to As
(Figure 3A). In summary, it is significant that 15 out of 35
As- and Hpx-induced phosphate starvation-related transcripts
did not change under HpxAs compared to control. Key genes
among these were phospholipase (DALLA3), sulfoquinovosyl
transferase (SQD2), phosphoenolpyruvate carboxylase (PPC2),
and digalactosyldiacylglycerol synthase (DGD1).

Pi-starvation response is determined by external Pi-
availability and internal plant Pi-status. Residual plant
Pi-content in the hydroculture nutrient media was measured
spectrophotometrically. This was apparently similar for all
treatments. However, calculated per unit plant fresh weight,
availability of Pi increased substantially under all stresses, most
strongly for HpxAs, due to growth inhibition (inset, Figure 3A).
On the other hand, estimated internal Pi-content showed a sharp
decline for different treatments and was significantly lower for
HpxAs leaves than all other treatments (Figure 3C). Pi-contents
also lowered in roots for HpxAs but were only significantly
different from control and As-treatments, while they were
similar for Hpx and HpxAs-treatment (Figure 3C).

Cell Viability Analysis in the Root Hair
Zone
Root hair imaging and transcriptomic analysis revealed enhanced
RH growth to be an important response to HpxAs involving
multiple signaling pathways. RH phenotype is determined by
multiple crucial steps including epidermal cell differentiation, RH
initiation and unidirectional tip growth. Cell viability analysis
reveals the physiological status of RHs and underlying epidermal
and cortical cells. This could be performed by employing
fluorescent probes in a sensitive and non-invasive manner with
minimum inadvertent cell damage. The contrast in fluorescence
intensity shows a strong loss of cell viability in RH zone (mostly
epidermal and cortical cells) of plants treated with Hpx and
HpxAs (Figure 4A). A quantitative analysis of several recorded
images of fluorescently labeled roots indicated a stronger
fluorescence intensity in HpxAs compared to Hpx (Figure 4B).
Normalized to the control, we observed a 4.14-fold higher loss
of viability in HpxAs plants compared to 2.13- and 1.13-fold for
Hpx and As, respectively (Figure 4C). However, due to variation,
the difference between Hpx and HpxAs was insignificant.

Iron Assimilation (and NO Signaling)
Stimulatory influence of Pi- and Fe-starvation on RH growth is
well studied in the context of regulatory networks. Plants possess
two main Fe-acquisition strategies. The first employs the release
of specific chelators into the rhizosphere whereas the second
uses membrane-spanning enzymes for reduction of rhizospheric
Fe3+ to Fe2+ that is subsequently taken up through Fe(II)-
high affinity transporters. Ferric chelate reductases (FCR) are
sensitive to changes in cellular Fe-demand and rhizospheric Fe
availability. FCR activity was measured spectrophotometrically
in intact plant roots to reveal the treatment-specific differences.
After 7 d of treatment, As induced a 4.35-fold increase in
FCR activity compared to 3.31- and 1.76-fold increase for Hpx
and HpxAs, respectively (Figure 5A). The As-induced increase
in FCR subsided within 24 h of replenishing the nutrient
media (Figure 5A).

To further investigate the perturbation of Fe metabolism
in response to As and Hpx, applied individually and in
combination, transcriptomes were filtered for transcripts related
to Fe-homeostasis. Two heat maps in Figure 5B only show
transcript expression for genes regulating Fe-homeostasis in
relation to root development and their relevance to HpxAs
(for complete list see Supplementary Table 4). Among the 77
identified transcripts (67 related to Fe-homeostasis, 10 to NO
generation), 56 responded to HpxAs, where about 50% showed
increased expression. Like FCR activity, FERRIC REDUCTION
OXIDASE2; FRO2 increased in expression 2.71-fold under As-
treatment, while the response was insignificant under the other
two conditions (Figure 5B). Another evidence for induction
of Fe-uptake mechanism under As came from a 2.05-fold
increase in IRT2 responsible for Fe(II) uptake downstream
to FCR, while no significant change was observed for other
treatments. Interestingly, FRO1, coding for another FCR gene,
decreased specifically under HpxAs (−2). BHLH100, another
key regulator involved in post-translational regulation of FIT
(master regulator of Fe-homeostasis) under JA-signaling (Cui Y.
et al., 2018), increased 20.6-fold in HpxAs. NRAMP4, involved
in Fe-mobilization, increased specifically under HpxAs (2.67-
fold) (Figure 5B). Several treatment-responsive transcripts were
related to heme binding, nitrate assimilation, and NO-generation
(Figure 5B, Supplementary Table 4). NO interferes with Fe-
homeostasis and root development (García et al., 2011). Most
notable is the Hpx- (3.1-fold) and HpxAs- (2.05-fold) induced
increase in the expression of NR2, which codes for nitrate
reductase and functions as NO synthase.

Arsenic Interference With Hypoxia
Response in Root Stress Adaptation
Under hypoxia, plants carry out lactate and ethanol fermentation
to generate low amounts of ATP, but more crucially to
regenerate NAD+. Thus, plant adaptation and growth under
hypoxia rely on these subsidiary energy pathways. Enzymes
involved in fermentation are transcriptionally upregulated
under hypoxia (Kosmacz et al., 2015). It was reported
that presence of As affects the hypoxia-induced increase
in transcription of fermentation-related genes like pyruvate
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FIGURE 4 | In vivo fluorescence analysis for cell non-viability in the root hair zone of As-, Hpx-, and HpxAs-treated Arabidopsis roots. SYTOX green fluorescent
probe was used to label non-viable root cells in the RH zone. The roots were exposed to different stresses for 7 days, labeled with SYTOX for 7 min on the last day
of treatment and imaged under the confocal laser scanning microscope (LSM780, Zeiss). Fluorescent dye was excited using an argon laser (488 nm) and emission
recorded in the range of 500–550 nm. (A) The micrographs display the fluorescence of SYTOX green (emission maximum at 523 nm) representing non-viable cells in
the RH zone among different applied stresses after 7 days of treatment. The micrographs present fluorescence data in grayscale with added range indicators (Blue;
background, Red; fluorescence oversaturated regions) (B) Recorded fluorescence intensities were compared for the stresses and are presented as box plot
(shiny.chemgrid.org/boxplotr) (left). Center lines show the medians; box limits indicate the 25th and 75th percentiles as determined by R software; whiskers extend
1.5-times the interquartile range from the 25th and 75th percentiles; not connected data points represent outliers. Histogram on the right shows relative changes in
SYTOX fluorescence intensity for the treatments compared to control. The data are means ± SE, n = 3 (data collected from 3 independent experiments over
250–260 individual RH areas from multiple plants; Tukey’s test, p < 0.05). For quantitative fluorescence analysis, saturated areas of the micrographs were excluded.

decarboxylase (PDC) and alcohol dehydrogenase (ADH) under
HpxAs (Kumar et al., 2019). Therefore, the changes in
PDC2, ADH1 and LDH1 were compared with the activities
of PDC, ADH and lactate dehydrogenase (LDH). Increase
in PDC2, ADH1 and LDH1 expression was smaller under
HpxAs as compared to Hpx-treatment (Figure 6A). ADH1
also increased by As alone. Microarray data and their qRT-
PCR confirmation are given for several other typical Hpx-
response markers (Figure 6A, Supplementary Figures 2A,B).
Further, the effects of As in HpxAs, on the recovery of
these hypoxia markers was also evaluated after reaeration
(Supplementary Figure 2B).

Enzyme activity measurements proved the interference of
As with Hpx responses (Figure 6B). For example, increase in
PDC activity was significantly lower under HpxAs as compared
to that under Hpx alone. It increased 24- and 16.9-fold under

Hpx and HpxAs, respectively. A similar trend was observed
for ADH, with a 75.0- and 49.2-fold increase in activity under
Hpx and HpxAs-treatment, respectively; however, they were not
statistically different. Arsenic did not alter the activity of both
enzymes (Figure 6B). In contrast to PDC and ADH, LDH activity
increased similarly in response to HpxAs (4.38-fold) and Hpx (4-
fold). Arsenic also increased LDH activity (82%) but the increase
was not statistically significant (Figure 6B). The enzyme activity
data indicate a preferred upregulation of lactic acid fermentation
pathways under HpxAs.

Redox Regulation of Root Growth
ROS and the associated redox regulatory network are crucial
in the control of root meristem activity and growth of roots
and RHs (Shin et al., 2005; De Tullio et al., 2010). Several
transcripts were identified in the GO-related terms “Root
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FIGURE 5 | Perturbation of Fe-uptake and assimilation as evident from transcriptomic and biochemical analyses. (A) Ferric chelate reductase activity was measured
in intact Arabidopsis roots using ferrozine based complexation of Fe(II). The obtained data were compared among different treatments after 7 days of treatment and
after additional 24 h of reaeration. The data are means ± SE, n = 5, (5 individual plants, 2 independent experiments, Tukey’s test, p < 0.05). (B) Stress-induced
significant changes (–2 ≥ fclinear ≥ 2, FDR p ≤ 0.05) in Fe-homeostasis-related transcript amounts are presented in heat maps. The heat maps are categorized
based on core Fe- uptake-, assimilation- and metabolism-related genes and those involved in NO generation. They all have a putative role in Fe-homeostasis and
root development regulation. Transcripts with unique response to HpxAs (–2 ≥ fclinear ≥ 2 for HpxAs, FDR p ≤ 0.05 and either response below this threshold for As,
Hpx or response statistically not-significant) are marked with an asterisk. The complete gene lists with transcript amounts under different treatments for Fe and NO
are given in Supplementary Table 4.

and Root Hair Development” and “Fe-homeostasis” and were
further classified into members of cytochrome P450 family
(CYP450s) and peroxidases (Figures 7A,B, Supplementary
Table 6). A large set of these gene products were extracellular
and function in redox regulation of cell wall synthesis,
hormonal signaling, and diverse stress responses. Among
the identified 109 CYP450 family transcripts, 61 responded
significantly to HpxAs, with 85% showing a down-regulation
(Figure 7A, Supplementary Table 6). On the other hand, among

30 identified redox regulatory genes, 25 showed significant
response under HpxAs-stress and all were down-regulated
(Figure 7A, Supplemenatry Table 6).

Many members of the CYP450 family have NADPH-
dependent functions and participate in synthesis of
brassinosteroid(s) (BR), glucosinolates, camalexin and sterols.
C-22 sterols play a crucial role in cell membrane polarity
and hence RH initiation and tip growth axis determination
(Ovečka et al., 2010). For example, CYP710A2 and A3 decreased
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FIGURE 6 | Changes in gene expression and enzyme activity of energy metabolism-related enzymes under HpxAs compared to As and Hpx. Pyruvate
decarboxylase (PDC), alcohol dehydrogenase (ADH) and lactate dehydrogenase (LDH) are crucial enzymes under anoxic conditions in ATP generation and
regeneration of NAD+ when the respiratory electron transport is inhibited. (A) The histogram presents relative transcript amounts of PDC2, ADH1, and LDH1 genes
after 7 days of stress application as compared to control. qRT-PCR confirmation of this transcript accumulation under given stresses is given for ADH1 on top of
ADH1 bar as fold change numbers, while for several other related Hpx marker genes data are presented in Supplementary Figure 2. Primer sequences for the
qRT-PCR data are given in Supplementary Table 5. (B) Enzyme activities for PDC, ADH, and LDH were measured spectrophotometrically in root extracts. Data
display specific activity as means ± SE, n = 6 (3 independent experiments, Tukey’s test, p < 0.05).

strongly under HpxAs; while the reduction for CYP710A2 was
4.65-times, CYP710A3 decreased 18.4-times (Figure 7A). No
significant change was observed under Hpx or As alone. Further,
the amount of CYP83A1, involved in auxin homeostasis, was
also reduced (−81.3) under HpxAs. The same decreased under
As (−5.13) and Hpx (−3.35), however, with a significantly lower

magnitude. Among other redox regulatory genes, UPBEAT1
or UPB1, another bHLH transcription factor, was reduced in
expression for Hpx and HpxAs-exposure by 4.16- and 5.55-
times, respectively. It is of significance that UPB1 plays a crucial
role in root meristem development through regulation of ROS
accumulation in between the zones of cell proliferation and
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FIGURE 7 | Biochemical and transcriptomic analysis of redox
signaling-related regulators of root and root hair growth. (A) Cytochrome
P450s (CYPs) gene family comprises heme-containing proteins involved in
diverse cell metabolic processes, including redox regulation of growth and
development. Transcript accumulation as influenced by As, Hpx, and HpxAs is
presented in the heat map for different cytochrome P450s. The genes were
initially identified in the search for GO-related terms “Root development” and
“Fe-homeostasis.” Included transcripts showed a significant change in
expression (–2 ≥ fclinear ≥ 2, FDR p ≤ 0.05) and are assumed to be relevant
for the HpxAs-induced root growth phenotype. (B) Redox regulatory
transcripts involved in root development, other than CYP450s presented
above, were selected for their significant response (–2 ≥ fclinear ≥ 2, FDR
p ≤ 0.05) and are presented in heat map. Transcripts with unique response to
HpxAs (–2 ≥ fclinear ≥ 2 for HpxAs, FDR p ≤ 0.05 and either response below
this threshold for As, Hpx or response statistically not-significant) are marked
with an asterisk. The complete lists for all selected CYP450s and other redox
regulatory genes are provided in Supplementary Table 6. (C) NADPH
dependent XTT reductase activity was measured in crude membrane extracts
to analyze stress effects on NADPH oxidases. The extract was also tested for
its superoxide specificity by using SOD randomly for certain samples to
demonstrate inhibition of XTT reduction (data not shown). Guaiacol peroxidase
(PER), ascorbate peroxidase (APX), and catalase (CAT) were measured for
their enzyme activity in root extracts. All enzyme activity data are means ± SE,
n = 6 (3 independent experiments). Micrographs showing ROS generation in
different cell layers in the RH zone, based on 2’, 7’-dichlorodihydrofluorescein
diacetate (H2DCFDA) fluorescence are given in Supplementary Figure 4.

elongation, thus could impede the onset of differentiation on
reduced expression (Tsukagoshi et al., 2010; Li et al., 2019).

The root hair cell-specific peroxidases PER7 and PER73
(RHS19) showed strongly decreased expression (24.8- and 9.98-
times, respectively) under HpxAs (Figure 7A). Expression of
both did not change significantly under Hpx and As treatments.
ROS accumulated in epidermal and cortical cells of the RH
zone under Hpx and, more strongly, HpxAs (Supplementary
Figure 4). The peroxidase PER16 was less expressed in HpxAs
(−16.32), where the extent of reduction was several folds higher
than that under As (−2.45). Transcript amounts of the central
regulator of RH initiation SCN1 decreased under Hpx (−2.5)
and HpxAs (−2.39), with no change for As (Figure 7A). SCN1
functions through regulation of trichoblast-specific NADPH
oxidase (RBOH-C) (Arenas-Alfonseca et al., 2018).

Therefore, NADPH-oxidase activity was measured in crude
root membrane extracts (Figure 7C). For comparison, XTT-
reductase activity was also measured in the soluble supernatant
(Supplementary Figure 3) and showed the robust nature of
NADPH oxidase activity data as the pattern is quite different in
two measurements. More importantly no significant treatment-
specific difference was observed for the soluble fraction. NADPH
oxidase activity tended to be higher for Hpx (2.30-fold)
and HpxAs (1.81-fold) but was not statistically significant
(Figure 7C). In contrast, the increase in activity was substantial
(6.26-fold) for As-treatment (Figure 7C). Further, activities of
different peroxidases showed variable treatment-specific patterns
of change, indicating their specific role(s) under different stress
regimes. APX activity dropped significantly (50%) under Hpx
but decreased only marginally under As and HpxAs (Figure 7C).
In case of guaiacol peroxidases, activity decreased (−42%) due
to As, and increased marginally due to Hpx (7%) and HpxAs
(17%). Catalase activity was significantly lower (51%) only
under As treatment (Figure 7C). Treatment and compartment
specificity of function for these enzymes is evident from the
above observations.

DISCUSSION

Suppression of Root Growth With
Concomitant Stimulation of Root Hair
Development
Stress exposure of hydroponically grown Arabidopsis plants
allowed distinguishing root-specific responses to HpxAs-stress
combination vis-à-vis the individual treatments. Root exposure
to HpxAs induced nearly complete inhibition of root growth
that recovered upon reaeration (Figures 1A,B; Kumar et al.,
2019). Lateral root suppression under oxygen depletion has been
reported recently (Shukla et al., 2019; Pedersen et al., 2020). Root
growth suppression due to HpxAs and Hpx typically coincided
with a strong stimulation of RH growth (Figures 1C,D).
Induction of RH growth serves as an effective strategy to salvage
deregulated nutrient uptake by increasing the total root surface
area and in turn absorption capability (Gahoonia and Nielsen,
1998; Müller and Schmidt, 2004; Cui S. et al., 2018). A perturbed
cellular osmotic balance may also be one of the reasons for RH
growth induction (Supplementary Figure 5).
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Arsenic interferes with phosphate-uptake and phosphate-
dependent cellular processes (Zhao et al., 2010), and also
with homeostasis of both macro- (S) and micronutrients
(Fe, Zn or Mn) (Rai et al., 2011; Duan et al., 2013;
Lee et al., 2013). Hypoxia similarly deregulates nutrient
assimilation (Dat et al., 2004; Blokhina and Fagerstedt, 2010).
Thus, it is plausible that the transient inhibition of root
growth and induction of RH differentiation in response to
HpxAs reflect the operation of a regulatory mechanism to
sustain nutrient uptake at minimum energy cost and prevent
excess As-uptake.

Of the HpxAs-specific genes, about 20% were associated with
root and RH growth regulation (Figure 8A; Kumar et al., 2019).
After FDR-p value adjustment, additional genes were identified
to show unique response to HpxAs, which belonged to the
regulatory network of root growth (Figures 2, 5, 7). Interestingly,
the transcriptional response to HpxAs was aligned more with

that to Hpx rather than As. In general, the fine-tuning of
stress acclimation under HpxAs involved a higher proportion of
deregulated genes with reduced expression. Delayed root growth
recovery from HpxAs upon reaeration may indicate the effect of
this expressional deregulation.

Interaction of Nutrient Homeostasis
Networks
Phosphate Starvation
Phosphate starvation triggers adjustment of RAM activity and
enhanced formation of lateral roots and RHs (Abel, 2011).
Thibaud et al. (2010) proposed that external Pi controls 70%
of the genes with function particularly in the local response,
while internal Pi contents modulate the systemic Pi-starvation
response. HpxAs is challenging since As inhibits high affinity
phosphate transporters and hypoxia affects shoot Pi-content

FIGURE 8 | HpxAs-specific changes in root development pattern. (A) Pie chart gives distribution of genes identified for their involvement in root and RH
development among all the genes with unique transcript deregulation under HpxAs. (B) The schematic shows a spatiotemporal arrangement of contemplated events
in roots under HpxAs exposure. Events are categorized into six groups with emphasis on role of phosphate homeostasis deregulation and associated redox, low
energy state-dependent signaling events. Further studies should be focused on the specific analysis of these described transcripts in order to decipher their
particular role in HpxAs-stress acclimation as well as to resolve the temporal information that could lead to better mechanistic understanding. See text for detailed
discussion of the processes depicted in this figure.
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and/or metabolism (Zhao et al., 2009; Klecker et al., 2014; Kumar
et al., 2019). As the external Pi availability was apparently not
constrained for HpxAs-treated plants, Hpx-induced phosphate
starvation response seems to be regulated systemically. As
such, the Pi-starvation response seems to influence internal Pi-
redistribution majorly, more than Pi-uptake with significantly
different Pi-content for HpxAs in leaves compared to other
treatments (Figure 3C). The interpretation is supported by
the observation that most of the Pi starvation-related, Hpx-
deregulated transcripts function in systemic signaling (Thibaud
et al., 2010). Klecker et al. (2014) identified a similar response
in hypoxic shoots of seedlings that was regulated by PHR1 in a
light-dependent manner.

Phosphate starvation induces membrane lipid reorganization
to replace a major portion of phospholipids with phosphate-free
galacto- and sulfolipids (Cruz-Ramírez et al., 2006; Nakamura
et al., 2009). A lipid profile of Arabidopsis leaves and roots
under HpxAs could shed more light on the consequences of this
transcriptional change. Observed phenotypic differences, i.e., As-
induced lateral root growth and Hpx-induced RH development
might potentially be governed by the contrasting intensity of
Pi-starvation response (Figure 1). Additional contribution of
other regulatory pathways might be necessary. The gene network
downstream to PHR1 affects iron uptake and accumulation,
sulfate fluxes, anthocyanin synthesis, photosynthesis, sucrose
synthases, cell division, and plant growth (Steyn et al., 2002;
Rouached et al., 2011; Nilsson et al., 2012; Müller et al.,
2015). Perturbation of S-fluxes might directly affect the As
sequestration, thereby, increasing its toxicity (Seth et al., 2012),
while changes in Fe-homeostasis could influence root meristem
activity and root architecture (Müller et al., 2015).

Fe-Homeostasis and Interaction With NO
Müller et al. (2015) described callose formation and iron
accumulation in primary roots as a mechanism to block cell
communication among stem cells by inhibition of root growth
and stimulation of lateral roots as well as RHs. Such a response is
regulated by Pi-starvation (Abel, 2011; Müller et al., 2015). Under
phosphate starvation plants also tend to accumulate iron plaques
on the root surface in order to concentrate nutrients in adsorbed
form (Tripathi et al., 2014). This is evident from the brownish
color of roots under As and HpxAs (Figure 1A; Park et al., 2016;
Awasthi et al., 2017). As(V) shows high adsorption efficiency on
iron plaques (Lee et al., 2013). ROS facilitate Fe(II) oxidation to
Fe(III), and this process is stimulated both under Pi-starvation
and in presence of As(V) (Liu et al., 2004; Awasthi et al., 2017),
resulting in accumulation of iron oxide on root surface. The rapid
oxidation of Fe(II), could lead to enhanced FCR activity under
As-exposure to restore the Fe(II) availability (Figure 5A).

The situation in HpxAs plants is more complex. A strong and
selective deregulation of genes involved in callose deposition,
indole glucosinolate biosynthesis and catabolism indicates
phosphate starvation-induced callose and iron deposition under
different treatments (Figure 5, Supplementary Tables 4,7)
(Müller et al., 2015; Bell, 2018). This might result in the induced
lateral growth phenotype in As. Further, selective increase of
transcripts involved in glucosinolate biosynthesis and callose

deposition (e.g., CYP91A2; Hpx, HpxAs, AGL44; Hpx, HpxAs,
CYP81D8; HpxAs, and ASA1; HpxAs) coupled with a parallel
decrease in abundance of transcripts associated with auxin
signaling, root system development, and lateral growth (e.g.,
AIR3; Hpx, HpxAs and CYP79B2; HpxAs) might largely explain
the observed RH elongation under Hpx and HpxAs (Figures 2, 5,
Supplementary Table 7) (Francisco et al., 2016).

In addition, a strong reduction in expression of glucosinolate
catabolic enzymes i.e., TTG4, TTG5 (Hpx, HpxAs) and NSP1,
NSP4 (all) would cause a glucosinolate build-up (Supplementary
Table 7). Glucosinolates function in root growth regulation
through facilitation of cell wall callose deposition and hormonal
metabolism (Francisco et al., 2016; Bell, 2018). Contrasting FCR
expression and activity response in HpxAs plants compared to
As-alone could be explained by strongly increased expression
of bHLH100 transcription factor, a negative regulator of Fe-
uptake under Fe-starvation (Cui Y. et al., 2018). The strong
deregulation of Fe-starvation transcripts seems to have internal
homeostatic and redistribution function, as no bifurcation of RH
tips was observed under HpxAs, which is otherwise a distinctive
Fe-starvation response (Figures 1, 4, Supplementary Figure 4)
(Müller and Schmidt, 2004).

Redox Regulation of Root and Root Hair
Growth Under HpxAs
Redox cues are central regulatory components in shaping the root
system development (De Tullio et al., 2010; Tsukagoshi, 2016;
Mhamdi and Van Breusegem, 2018). HpxAs exposure induced
a significant redox potential shift toward oxidized cytosol in
the quiescent center and surrounding cell layers within the first
4 h of the start of treatment (Kumar et al., 2019). The shift
under HpxAs differed from that in As and Hpx and diverged
further during the 7 d treatment (Kumar et al., 2019). This redox
potential shift might constitute the first trigger for the changing
root development program. After 7 d of treatment, expression of
several genes involved in stem cell niche maintenance, control of
stem cell proliferation and differentiation and RH initiation and
growth were specifically modulated under HpxAs (Figures 2, 7).

Three components of the redox regulatory network seem
crucial for root development and stress acclimation under
HpxAs namely, (a) activation of NADPH oxidases and ROS
generation, (b) maintenance of balance between ROS generation
and quenching and (c) downstream perturbations by ROS
accumulation and redox potential changes (e.g., altered heme
and Fe-S cluster synthesis, deregulation of secondary metabolic
enzymes of family CYP450s, hormone metabolism). Among the
NADPH oxidases (Mittler et al., 2004), RBOHA and RBOHD
increased in all treatments and RBOHB only in Hpx (Kumar
et al., 2019). FRO4, another NADPH oxidase-like transcript,
decreased under all treatments. Effects on FRO4 were stronger
in HpxAs than in Hpx and As (Kumar et al., 2019). Measured
NADPH oxidase activity, in total root membrane extract,
increased significantly due to As (Figure 7C). Involvement of
NADPH oxidases in As-induced oxidative damage and growth
reduction has been reported (Gupta et al., 2013). The increased
NADPH oxidase activity might be responsible for induction of
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lateral root growth under As-treatment through RAM inhibition
(Orman-Ligeza et al., 2016).

NADPH oxidase activity under Hpx and HpxAs was only
marginally higher than that in the control. Under these stress
conditions, NADPH oxidase may play different roles due to
perceived changes in oxygen amounts (Lalucque and Silar, 2003;
Schmidt et al., 2018). NADPH oxidases has been implicated in
ROS accumulation and redox signaling under hypoxia (Wang W.
et al., 2018). ROS accumulation was higher in the epidermis
and cortex than in the endodermis and pericycle of RH
zone under Hpx and HpxAs in contrast to As and control
(Supplementary Figure 4). NADPH oxidases play important
functions in RH growth and in RAM activity (Kim et al.,
2019). Analyses of plants expressing redox sensors like roGFP2
in conjunction with NADPH oxidase inhibitors might provide
insight into the NADPH involvement in RH development
under HpxAs (Foreman et al., 2003; Gutscher et al., 2008;
Lukyanov and Belousov, 2014).

Besides membrane-associated NADPH oxidases, several other
heme-based enzymes like peroxidases and oxidoreductase of
the CYP450 family function in generation, interconversion, and
quenching of ROS. The HpxAs-specific downregulation of many
of the CYP450 transcripts and peroxidases could be a part of
cellular redox fine tuning. Measurement of the APX, guaiacol
PER, and CAT activities in total soluble root protein extracts
suggested them to be differentially involved in response to the
applied stressor(s) (Figure 7C). HpxAs imposed a substantial
decline in cell viability in the cortical and epidermal cell layers
in the RH zone. Stress-dependent ROS accumulation could lead
to lipid peroxidation and damage to plasma membrane (Farmer
and Mueller, 2013). However, considering the specific roles of
ROS in facilitating tip growth of RHs (Mangano et al., 2017;
Wang S.S. et al., 2018), the observed loss of cell viability could
also be induced by programmed cell death (PCD), thus having a
regulatory relevance (Petrov et al., 2015).

Lower transcript amounts of MARIS under Hpx and HpxAs
could explain the viability differences, at least for the epidermal
cells, as MARIS is a RH membrane protein and positive regulator
of membrane integrity (Boisson-Dernier et al., 2015). It is
intriguing that UBP1, which regulates peroxidase activity and
ROS accumulation in the zone between cell proliferation and
cell elongation, decreased in expression. The gene product is
a negative regulator of cell division (Li et al., 2019), however,
its involvement in the development of HpxAs-root phenotype
is not clear. Analysis of expression kinetics and protein activity
change could be expected to provide important clues. The altered
glutathione availability and redox potential (Kumar et al., 2019)
might perturb heme and Fe-S cluster synthesis (Hider and
Kong, 2013). Downstream changes in activity of heme-containing
proteins would considerably impact the redox signaling cascades
(Ryter and Tyrrell, 2000; Hider and Kong, 2013).

Transcripts Associated With Remodeling
of Root Architecture Under HpxAs
A significant number of deregulated transcripts were related
to root growth inhibition, stem cell maintenance for recovery

(Hpx and HpxAs), lateral root growth/inhibition (As/HpxAs,
respectively), stimulation of RH density and elongation
(Hpx and HpxAs). Figure 8B depicts a spatiotemporal
scheme of envisaged events occurring in roots under
combined stress exposure leading to observed remodeling
of root architecture. The figures also compile some of
the transcripts associated with the six consecutive steps.
Subgroups in each category are provided with exemplary sets
of proteins which are expected to control root development
under HpxAs and during subsequent reaeration. Early
redox changes served as primary stress sensory event
leading to initial suppression of root apical meristem
(RAM) proliferation.

Subsequent dual induction of Pi-starvation response in
stressed Arabidopsis further suppressed RAM activity during
7 d treatment. Further, energy considerations led plants to
suppression of lateral root growth but induced root hair
growth for sustainable nutrient uptake. Redox- and ROS-
dependent regulation seems to act primarily in root hair
growth and could also be responsible for loss of epidermal
and cortical cell viability. Due to increased transcription of
genes coding for meristematic cell maintenance-related proteins,
plants were able to recover primary root growth to a certain
extent. However, a strong downregulation of transcription for
a larger set of genes seems to result in lag in recovery for
HpxAs-treated plants compared to Hpx (Figure 1B). Three
categories of transcripts appear crucial for signaling and plant
adaptation to HpxAs.

Stem Cell Management
The majority of these genes participate in auxin signaling, and
others carry out cytokinin- (CK) and gibberellic acid- (GA)
mediated function. Wuschel-related homeobox genes WOX11
and WOX5, work in successive steps of root founder cell
establishment and root primordium development in adventitious
rooting (Hu and Xu, 2016). However, the synchronous
increase of WOX11 and decrease of gene expression for
WOX5 regulatory protein ROW1 under Hpx and HpxAs
might be important in maintaining developmental plasticity.
Similarly, another stem cell proliferation and differentiation
regulator UBP1 revealed reduced transcription which will
favor proliferation along with overlapping increase (SAUR41,
GA2OX2) and decrease (PIN4, VHA-c1) of other transcripts
involved in stem cell maintenance and root development.
The result of these changes i.e., increased abundance of root
hairs despite root growth inhibition and subsequent growth
recovery with a lag under HpxAs could be a fine balance
of their activity. In addition, reduced expression of root
meristem growth factor RGF7 under HpxAs might be a
crucial factor in growth arrest. Finally, reduced expression of
mitogen activated protein kinase kinase MKK6 under Hpx and
HpxAs could participate in inhibition of lateral root growth
(Zeng et al., 2011).

Energy Constraints and Stress Acclimation
Energy constraint is an important issue dealt by the HpxAs-
treated plants, where plant metabolism and growth need to
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optimally adapt to low oxygen availability along with investment
in As detoxification measures. A strong overlap in transcriptomic
response to Hpx and HpxAs is consistent with the same.
Although further research is needed to elucidate the specific
mechanism(s) of stress acclimation, following three observations
related to energy metabolism are intriguing.

(a) Increased expression of NR2 (Hpx, HpxAs) under
hypoxic conditions has been linked to AOX activity
that drives mitochondrial ATP generation (Vishwakarma
et al., 2018). AOX has a distinct role of stimulating
the hemoglobin (Hb)-NO cycle to improve energy status
under hypoxic conditions. It needs to be added here
that Hb1 gene expression was significantly lower under
HpxAs than Hpx, leading possibly to a bigger energy deficit
(Supplementary Figure 2).

(b) The phosphofructokinase (PFK)-catalyzed reaction is a
tightly regulated committing step of glycolysis. In hypoxic
conditions, PPi-dependent PFK is preferred over ATP-
dependent PFKs (Bailey-Serres and Voesenek, 2008).
Here, transcripts for the ATP-dependent PFK3 increased
strongly under Hpx (9.15) and HpxAs (12.39); and
its physiological significance needs to be understood
(Figure 2A, Supplementary Table 1). It is known that
expression of PFK3 along other kinases is stimulated by
histone deacetylase (HDA18) and that they are involved in
epidermal cell fate determination (Liu et al., 2013). Enzyme
assays suggest lactic acid fermentation to be a preferred
fermentation pathway under HpxAs, while the activity of
PDC and most likely that of ADH was lower under HpxAs
than Hpx alone (Figure 6; Bailey-Serres and Voesenek,
2008).

(c) TOR and SnRK form a central hub in intracellular
and extracellular nutrient and energy sensing involved
in optimal resource utilization and sustainable growth
(Robaglia et al., 2012; Jamsheer et al., 2019). Observed
deregulation under HpxAs concerned the following factors
with diverse functions: SHY2 is a negative regulator of
root growth linking auxin, CK and BR regulation of
root meristem. LRX1 interferes with cell wall and RH
morphogenesis and is regulated by MAML-4. MLO15
participates in cargo delivery to the plasma membrane
during tip growth. RSL4 controls several RH genes.
DGR2 interferes with ABA-ROP10 signaling and root
morphogenesis. CAP1 controls Ca+ gradients for RH
tip growth (Weiste et al., 2017; Schoenaers et al., 2018;
Schaufelberger et al., 2019; Van Leene et al., 2019; Li et al.,
2020; Zhu et al., 2020). All these signaling components
downstream of TOR and SnRK signaling may control RH
growth under Hpx and HpxAs.

Epidermal Cell Differentiation and Root Hair
Development
Besides transcripts described above, several RH morphogenesis
(SHV2, MHR1, 2, 3, 6) and RH-specific (RHS3, 10, 12,
15, 16) genes were deregulated under Hpx and HpxAs, in
contrast to As, indicating an active and precise control of

RH morphogenesis. Their gene products regulate different
aspects of RH tip growth like cellular streaming, plasma
membrane composition or cell wall growth. For example,
transcripts of negative regulator of RH elongation, PIP2;4,
decreased under HpxAs. PIP2;4 is proposed to function as
H2O2-conducting aquaporin and may considerably contribute
to the observed phenotype (Figures 1, 4 and Supplementary
Figure 4) (Dynowski et al., 2008). Also, higher RH density
phenotype in HpxAs and Hpx may depend on decreased
expression of MYB66 or WERWOLF1, a master regulator
in determination of epidermal cell fate (Song et al., 2011;
Wang et al., 2019).

CONCLUSION

The present study observed a nutrient-deprivation induced
and redox-regulated root architecture remodeling under
HpxAs. Multiple transcripts involved in root development
were identified to be specifically deregulated under HpxAs and
potentially responsible for observed root hair growth phenotype.
Observed Pi-starvation response and downstream changes in
Fe-homeostasis for HpxAs-treated plants highlight an intriguing
overlap between As and Hpx. Accumulation of ROS in different
cell layers, biochemical analyses and cell viability measurements
in RH zone indicated a crucial role of redox regulation in root
development under HpxAs. Further research should focus on
correlation between redox transients, stem cell activity and
cell differentiation. Interestingly in HpxAs-treated plants, a
significant part of the deregulated root hair growth-related
transcriptome belonged to TOR and SnRK-signaling network.
Further analysis for functional specificity of these transcripts
under HpxAs could reveal regulatory pathway involved in
sustaining growth and acclimation response.
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The Ankyrin-Repeat Gene
GmANK114 Confers Drought and
Salt Tolerance in Arabidopsis and
Soybean
Juan-Ying Zhao1,2†, Zhi-Wei Lu2†‡, Yue Sun2,3, Zheng-Wu Fang3, Jun Chen2,
Yong-Bin Zhou2, Ming Chen2, You-Zhi Ma2, Zhao-Shi Xu2* and Dong-Hong Min1*

1 College of Agronomy, Northwest A&F University/State Key Laboratory of Crop Stress Biology for Arid Areas, Yangling,
China, 2 Institute of Crop Science, Chinese Academy of Agricultural Sciences (CAAS)/National Key Facility for Crop Gene
Resources and Genetic Improvement, Key Laboratory of Biology and Genetic Improvement of Triticeae Crops, Ministry
of Agriculture, Beijing, China, 3 College of Agriculture, Yangtze University, Jingzhou, China

Ankyrin repeat (ANK) proteins are essential in cell growth, development, and response
to hormones and environmental stresses. In the present study, 226 ANK genes were
identified and classified into nine subfamilies according to conserved domains in the
soybean genome (Glycine max L.). Among them, the GmANK114 was highly induced
by drought, salt, and abscisic acid. The GmANK114 encodes a protein that belongs
to the ANK-RF subfamily containing a RING finger (RF) domain in addition to the
ankyrin repeats. Heterologous overexpression of GmANK114 in transgenic Arabidopsis
improved the germination rate under drought and salt treatments compared to wild-
type. Homologous overexpression of GmANK114 improved the survival rate under
drought and salt stresses in transgenic soybean hairy roots. In response to drought
or salt stress, GmANK114 overexpression in soybean hairy root showed higher proline
and lower malondialdehyde contents, and lower H2O2 and O2− contents compared
control plants. Besides, GmANK114 activated transcription of several abiotic stress-
related genes, including WRKY13, NAC11, DREB2, MYB84, and bZIP44 under drought
and salt stresses in soybean. These results provide new insights for functional analysis
of soybean ANK proteins and will be helpful for further understanding how ANK proteins
in plants adapt to abiotic stress.

Keywords: ankyrin repeat protein, genome-wide analysis, responsive mechanism, drought and salt tolerance,
soybean

INTRODUCTION

In recent years, various abiotic stresses, especially drought and salt, became more and more frequent
with global climate change. Abiotic stresses change the physiological traits and metabolism of
plants, affect the growth and development processes, and eventually lead to decreased yield and
quality of crops (Veatch-Blohm, 2007; Hasanuzzaman et al., 2012). To adapt to the changing
environments, plants induce the expression of stress-related genes by receiving external signals and
undergoing a series of complex signal transduction pathways and diverse response mechanisms,
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thereby reducing the damage of abiotic stresses on their growth
and development (Chen and Murata, 2011; Wang et al., 2015;
Zhu, 2016; Qi et al., 2018; Yang and Guo, 2018).

The ankyrin repeat (ANK) proteins, with at least four
consecutive ANK motifs (Michaely and Bennett, 1992; Mosavi
et al., 2004), are distributed in diverse organisms ranging from
viruses to plants (Sedgwick and Smerdon, 1999), and are very
crucial in different functions, including cell cycle regulation,
transcriptional regulation, cytoskeleton interaction, and signal
transduction. In humans and animals, ANK proteins are directly
involved in the development of cancer. The human VBARP is
thought to be involved with cellular apoptosis (anti-apoptotic)
and cell survival pathways (Miles et al., 2005).

Similarly, plant ANK proteins were involved in various
important biological processes. AKR, the first reported ANK
protein with five ankyrin repeats in Arabidopsis, played a
regulatory role in cell differentiation and development (Zhang
et al., 1992). EMB506, similar to AKR with five ankyrin repeats,
is an essential chloroplast protein for normal development of
Arabidopsis embryos (Albert et al., 1999). Subsequently, the
EMB506 was proved interact with the AKR protein and caused
to lose its function, thereby resulted in an embryo-defective
phenotype. It was demonstrated that EMB506 and AKR are
involved in crucially and tightly controlled events in plastid
differentiation linked to cell differentiation, morphogenesis, and
organogenesis during the plant life cycle (Garcion et al., 2006).
AtACD6, a regulator and an effector of salicylic acid (SA)
signaling, is a dose-dependent activator of the defense responses
against virulent bacteria and can activate SA-dependent cell
death (Lu et al., 2003, 2005). The interaction of the tobacco
ANK protein NEIP2 with ethylene receptor NTHK1 improved
plant growth and performance under salt and oxidative stresses
(Cao et al., 2015).

In previous studies, ANK proteins were divided into multiple
subfamilies according to the conserved domains (Becerra et al.,
2004). The ANK-RF subgroup proteins contain the RING
finger (RF) domain, which was first identified in the Really
Interesting New Gene (Freemont et al., 1991). The RF domain,
belonging to the zinc finger domain protein family, could bind
to RNA, protein or lipid substrates (Elenbaas et al., 1996).
A large number of RF-containing proteins have an E3 ligase
role in ubiquitination reactions (Stone et al., 2005; Berrocal-
Lobo et al., 2010) and the C3HC4 motif of RF domain is
essential for conferring E3 ligase activity (Lorick et al., 1999).
Rice XA21-binding protein 3 (XB3), an ANK-RF E3 ubiquitin
ligase, is a substrate for the XA21 kinase and interacts with
the XA21 kinase domain for full accumulation of the XA21
protein and for XA21-mediated immunity. Therefore, XB3
contributes to the stability of XA21 and is required for full
accumulation of the XA21 protein in XA21-mediated rice
immunity (Wang et al., 2006).

ANK-RF proteins functions in various biological processes
in plant growth and development. The Arabidopsis ANK-RF
protein AtXBAT32, an ubiquitin ligase, positively affected
ethylene biosynthesis by degradation of the ethylene
biosynthetic enzyme1-aminocyclopropane-1-carboxylate
synthase 7 (Lyzenga et al., 2012), resulting in regulation of

lateral root initiation (Nodzon et al., 2004; Prasad et al.,
2010). Another ANK-RF protein AtXBAT35 participated
in ubiquitin-mediated protein degradation, and played an
important role in negatively regulating ethylene-mediated
apical hook curvature in Arabidopsis (Carvalho et al.,
2012). The overexpression of LIANK, a lily ANK-RF
protein, resulted in pollen tube growing abnormally and
its silencing impaired pollen germination and tube growth
(Huang et al., 2006).

Recently, ANK-RF subfamily genes were proven to play
diverse roles in the stress responses. A RING zinc finger
ankyrin protein gene AdZFP1 was isolated from drought-tolerant
Artemisia desertorum and the transcript level of AdZFP1 was
strongly induced by drought, salt, cold, heat, and exogenous
abscisic acid (ABA) treatments. Besides, overexpression of
the AdZFP1 gene enhanced drought tolerance in transgenic
tobacco (Yang et al., 2008). The pepper ANK-RF gene
CaKR1 participates in various biotic and abiotic stresses,
such as NaCl, cold, SA, ethylene, and pathogens infection.
Overexpression of CaKR1 enhances resistance to salt and
oxidative stresses in tomato (Seong et al., 2007a). The potato
ANK-RF gene Star, a putative E3 ubiquitin ligase gene, is
involved in late blight resistance and organ development
(Wu et al., 2009). The rice ANK-RF protein OsXB3 plays
a role in resistance against Xanthomonas oryzae pv. Oryzae
(Wang et al., 2006).

Soybean (Glycine max L.), an important crop providing
plant protein and oil, suffers from drought and salt damage
with global climate change, especially in China. Previous
studies characterized the ANK gene families in various plants
(Becerra et al., 2004; Huang et al., 2009; Jiang et al., 2013;
Yuan et al., 2013; Lopez-Ortiz et al., 2020). In this study,
we identified 226 non-redundant soybean ANK genes, which
were classified into nine subfamilies. An ANK-RF subfamily
gene GmANK114 was significantly induced by drought, salt,
and exogenous ABA. We further investigated stress tolerance
conferred by GmANK114 in both Arabidopsis and soybean. The
functional identification of GmANK114 will be very helpful for
further understanding how ANK proteins in soybean adapt to
abiotic stresses.

MATERIALS AND METHODS

Identification of Soybean ANK Genes
We obtained the Hidden Markov Model (HMM) profile of the
ANK domain (PF00023) from Pfam v29.0.1 BLAST was used
to identify putative GmANK with the ANK domain (PF00023)
as a query against the Phytozome database (v12.1)2 of soybean.
All hits with expected values less than 1.0 were retrieved and
redundant sequences were removed using BLASTclust.3 Then,
all candidate sequences that met the standards were analyzed
manually in the Pfam database once more and were checked

1http://pfam.sanger.ac.uk
2https://phytozome.jgi.doe.gov/pz/portal.html
3http://toolkit.tuebingen.mpg.de/blastclust

Frontiers in Plant Science | www.frontiersin.org 2 October 2020 | Volume 11 | Article 584167152

http://pfam.sanger.ac.uk
https://phytozome.jgi.doe.gov/pz/portal.html
http://toolkit.tuebingen.mpg.de/blastclust
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-11-584167 October 23, 2020 Time: 19:1 # 3

Zhao et al. Soybean ANK Genes

using the SMART program (Letunic et al., 2009) for the
purposes of eliminating any sequences not containing the ANK
domain (Liu et al., 2016a). The ExPASy website was used to
predict physio-chemical parameters of ANK proteins such as
molecular weights (Mw) and theoretical isoelectric points (pI)
(Artimo et al., 2012).

Phylogenetic Relationships and
Classification of GmANKs
The phylogenetic relationships among ANKs were inferred using
Clustal X with a gap opening penalty of 10 and a gap extension
penalty of 0.1 (Thompson et al., 1997). A phylogenetic tree
was constructed using the neighbor-joining method in MEGA
7 and bootstrap analysis was conducted using 1,000 replications
(Tamura et al., 2011). Database tools in SMART were used to
analyze their typical functional structure domains. The sample
protein structures of each subfamily were drawn manually.

Gene Structure Prediction, Motif
Analysis and Promoter Analysis
An exon-intron substructure map was produced by tools online
GSDS 2.0 (Gene Structure Display Sever)4 (Guo et al., 2007).
The conserved domain motifs analyze of soybean ANK proteins
were conducted by TBtools (Chen et al., 2020), according to the
analyzed result from MEME Suite 5.1.1.5 The motifs number were
set for 10. The 2,000 bp region upstream of the initiation codon as
the promoter region of the GmANK-RFs were selected to identify
the cis-acting elements by submitting the promoter sequence to
the PLACE6 and PlantCARE7 databases (Li et al., 2019).

Physical Mapping and Gene Duplication
All non-redundant ANKs were mapped on the 20 chromosomes
on the basis of information in the soybean database using the
MG2C website (MapGene2Chrom web v2)8 (Liu et al., 2016b).
Segmental and tandem duplication events were determined as
previously described (Wang et al., 2016; Fan et al., 2019). Gene
segmental duplications events were analyzed and visualized
by Multiple Collinearity Scan toolkit (MCScanx)9 and Circos-
0.67 program10 respectively, with a E-value for 10−10. The
tandem duplications were characterized as adjacent genes with a
distance of less than 200 kb within neighboring intergenic region
(Holub, 2001). Tandem duplications were manually marked on
the physical map.

Gene Ontology Annotation
The functional annotation for the GmANK genes were
conducted by Blast2GO11 software according to the previous

4http://gsds.cbi.pku.edu.cn/
5http://meme-suite.org/tools/meme
6http://www.dna.affrc.go.jp/PLACE/
7http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
8http://mg2c.iask.in/mg2c_v2.0/
9http://chibba.pgml.uga.edu/mcscan2/
10http://circos.ca/
11http://www.blast2go.com

description, including the subsequent analysis of annotation
results (Conesa and Gotz, 2008).

Expression Analysis of Soybean ANK-RF
Genes
Transcriptome data was obtained from the Phytozome database
to investigate the expression profile of 17 ANK-RF genes in
different soybean tissues, including root, root hairs, stem, leaves,
nodules, flower, and seed of soybean. These transcriptome data
were obtained under normal growing conditions and were
not subjected to any stress. RNA-seq data of various abiotic
stresses were extracted from our previous research to study
the expression of ANK-RF genes under drought, NaCl and
ABA treatments (Shi et al., 2018). The RNA-seq data were
obtained from three biological replicates. Tophat and cufflinks
were used to analyze the RNA-seq expression, and the gene
expressions were uniformed in fragments per kilobase million
(FPKM). The expression of ANK-RF genes was extracted from
the total expression data. The FPKM values of soybean ANK-
RF genes in different tissues and under abiotic stress treatments
(drought, NaCl and ABA) were shown in Supplementary Tables
2, 3. TBtools software was used to generate the heatmap
(Chen et al., 2020).

Plant Materials and Stresses Treatment
Seeds of soybean variety Williams 82 were grown in a greenhouse
at 28/20◦C day/night temperatures, with a photoperiod of
14 h light/10 h dark and 60% relative humidity. For drought
treatment, 16-day-old seedlings were placed on filter paper for the
induction of rapid drought for 0, 1, 2, 4, 8, 12, and 24 h. For NaCl
treatment, 16-day-old seedlings in soil watered with 200 mM
NaCl solution. For ABA treatments, the seedlings were exposed
to 100 µM ABA. Unstressed plants were maintained as control.
After stress treatments, the seedlings were carefully harvested and
immediately frozen with liquid nitrogen, and stored at −80◦C
until RNA isolation.

Wild-type (WT) and T3 transgenic seeds were used to evaluate
the drought and salt tolerance. For germination assay, seeds were
cultured in the medium with 6 or 9% (w/v) PEG 6000 and 75,
100, and 125 mM NaCl. After 3 days of vernalization, the seeds
were transferred to normal conditions for germination. Seeds
were considered to be germinated when radicles emerged from
the seed coats. The percentage of germinated seeds was calculated
based on the number of seedlings at 1, 2, 3, 4, 5, and 6 day. All the
experiments were repeated three times.

Agrobacterium rhizogenes-Mediated
Transformation of Soybean Hairy Roots
The open reading frame (ORF) of GmANK114 was amplified and
ligated into plant transformation vector pCAMBIA3301 driven
by the CaMV35S promoter to generate the pCAMBIA3301-
GmANK114 overexpression vector. The recombinant vectors
were introduced into Agrobacterium rhizogenes strain K599, and
that was used to infect soybean cultivar Williams 82 cotyledonary
node by injection as described previously (Kereszt et al., 2007).
All experiments have three biological repetitions at least.
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FIGURE 1 | Distribution of 223 GmANK genes on the soybean chromosomes. (A) The physical location of each member in soybean. The scale on the left is in
megabases (Mb). The chromosome number (Chr1–Chr20) is indicated at the top of each chromosome. The tandem duplicated gene clusters are marked by the red
rectangle. (B) The numbers of ANK genes were distributed on 20 chromosomes.
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Measurements of Proline, MDA, H2O2,
and O2− Contents
Before measurements, the transgenic soybean hairy
roots were subjected to drought or 200 mM NaCl
stress for 5 days, after which the proline (Pro),
malondialdehyde (MDA), H2O2, and O2− contents
of leaves were measured using the corresponding
assay kit (Solarbio, Beijing, China) in accordance with
the manufacturer’s protocol. All measurements were
repeated three times.

RNA Extraction and Quantitative
Real-Time PCR
Total RNA was isolated using Trizol reagent (TaKaRa, Japan)
and treated with RNase-free DNase I (TaKaRa, Japan) to
remove genomic DNA contamination. The cDNA synthesis and

reverse transcription-PCR were conducted using TransScript
All-in One First-Strand cDNA Synthesis SuperMix for qPCR
(TRANSGEN, China). Quantitative real-time PCR (qRT-PCR)
was performed in three technical replicates using Super Real
PreMix Plus (SYBR Green) (TIANGEN, China) with an Applied
Biosystems

R©

7500 Real-Time PCR System. The soybean CYP2
(Glyma.12g024700) gene was used for normalization (Zhang
et al., 2019). The primers used for qRT-PCR are listed in
Supplementary Table 4.

DAB and NBT Staining
The detached leaves of transgenic soybean were stained
separately after stress treatment. For 3,3-diaminobenzidine
(DAB) and nitroblue tetrazolium (NBT) staining, the samples
were immersed in DAB or NBT solution (Solarbio, China) for
12 h and then transferred to 75% ethanol for decoloring until the
leaves became white (Du et al., 2018).

FIGURE 2 | Distribution of segmentally duplication ANK genes on soybean chromosomes. Gray lines indicate all synteny blocks in whole soybean genome, and red
lines indicate duplicated ANK gene pairs.
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Statistical Analysis
All experiments above were replicated three times independently.
The values are shown as mean ± standard deviation (SD).
ANOVA test was used for statistical analyses, and the signifcance
was labeled ∗P < 0.05; and ∗∗P < 0.01.

RESULTS

Identification of Soybean ANKs
The ANK domain (PF00023) was used as a query and searched
in several databases including Phytozome, NCBI, Pfam, and
SMART, a total of 226 genes encoding ANK proteins were
identified in soybean. Almost all the GmANKs contained introns.
The number of introns in these genes ranged from 0 (GmANK9,

GmANK12 and GmANK14) to 21 (GmANK53) (Supplementary
Figure 1). These results suggested that members of the GmANK
family might be active and constantly evolving.

The size and physicochemical properties of GmANKs varied
substantially. The length of GmANK proteins ranged from 133
(GmANK7) to 1,637 (GmANK122) amino acids. The molecular
weights of GmANK proteins changed from 14,747.23 Da
(GmANK7) to 179,852.44 Da (GmANK122). The characteristic
features of GmANK protein sequences are summarized in
Supplementary Table 1.

Chromosomal Location and Duplication
Events Analysis
To determine the genomic distribution of ANK genes,
chromosomal localization maps were constructed in soybean.

FIGURE 3 | Domain compositions of representative GmANK proteins from each subfamily. The subfamily name of each corresponding protein and gene ID of a
representative protein of the family are given on the left. Different domains are indicated with different colors and abbreviations. The length, order and number of
domains represent the actual situation in each protein. Domain abbreviations are: ANK, ankyrin repeat domain; TM, transmembrane; TPR, tetratricopeptide repeat
domain; RING, ring finger domain; ZnF-C3H1, zinc finger; BTB, BTB/POZ domain; CG-1, calmodulin-binding transcription activator; IQ, calmodulin-binding domain;
PH, pleckstrin homology domain; ArfGap, putative GTP-ase activating proteins for the small GTPase; AAA, ATPase family associated with various cellular activities;
FYVE, FYVE zinc finger; cNMP, cyclic nucleotide-binding domain; CHROMO, chromatin organization modifier domain.
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The precise position (in bp) of each GmANK gene on soybean
chromosomes is detailed in Supplementary Table 1. In total,
223 of the 226 GmANKs on chromosomes revealed an uneven
distribution in the genome. As shown in Figure 1, the number
of genes per chromosome ranged from 6 to 18. Chromosomes 6
and 9 had the largest number of GmANK genes (18 members),
followed by 16 GmANK genes on each of chromosomes 13
and 15, while low densities of GmANK genes were observed in
chromosome 16 (six members).

To elucidate the conceivable mechanism of evolution
of GmANKs, tandem and segmental duplication events
were analyzed. A total of 81 GmANK genes were
involved in tandem duplications consisting of 34 clusters
(Figure 1). The distance between these genes ranged from
2.8 to 180.4 kb and five tandemly duplicated GmANK
sets contained more than three genes. Among them,
two tandemly duplicated GmANK sets contained three
members (GmANK57/58/59, GmANK166/167/168), one
tandemly duplicated GmANK set contained four members
(GmANK172/173/174/175), one tandemly duplicated GmANK
set contained six members (GmANK57/58/59/166/167/168), the
maximum tandemly duplicated set contained nine members
(GmANK92/93/94/95/96/97/98/99/100) and the other tandem
duplications contained only two genes. Besides tandem
duplication events, we further observed that up to 46% (104 out
of 226) of GmANK genes were involved in segmental duplication
and 36 genes were duplicated more than twice (Figure 2).
In general, these results show that tandem and segmental
duplication may be one of the main contributing factors for the
large expansion of ANK genes in the soybean genome.

Classification of GmANKs
Based on the domain compositions (Huang et al., 2009), the
226 GmANK proteins were classified into nine subfamilies
according to the results of SMART searches (Figure 3). In
total, 78 members that contained only one ANK domain
belonged to subfamily ANK-M, while the remaining 148 proteins
contained additional typical domains. Transmembrane domains

were found in 78 GmANKs, which were identified as the
ANK-TM subfamily. Seventeen members were confirmed as
subfamily ANK-RF (ring finger). ANK-BTB subfamily (four
members) had broad-complex, tramtrack and bric a brac
domains. The other subfamilies included seven members with
BAR, PH and ArfGap domains (ANK-BPA subfamily), two with
tetratricopeptide repeat domains (ANK-TPR subfamily), 13 with
zinc-finger domain (ANK-ZnF), and 11 contained conserved
CG-1 (Calmodulin-binding Transcription Activator) and IQ
(Calmodulin-binding motif) domains (ANK-IQ subfamily).
ANK-O subfamily (16 members) contained other domains
including FYVE, AAA, cNMP and CHROMO (Table 1).

Phylogenetic Analysis of GmANK
Proteins and Conserved Motif Analysis
To understand the evolutionary relationships of GmANKs,
an unrooted phylogenetic tree was constructed using the
neighbor-joining method. The phylogenetic analysis categorized
all GmANKs into six discrete groups (Group I–VI) comprising
41, 52, 50, 28, 16, and 39 proteins, respectively (Figure 4).
Classification based on the phylogenetic tree and domain
composition were consistent in general but not quite, such
as for GmANK122 and GmANK142. Phylogenetic analysis
reveals well-supported bootstrap values between GmANK122
and GmANK142 (Group III). However, GmANK122 has a
RING domain (ANK-RF) but GmANK142 belongs to the ANK-
M subfamily.

To better understand the function of each GmANKs
subgroups, the motifs analysis of GmANKs family were
conducted using MEME and TBtools software with default
parameters (Supplementary Figure 2). The sizes of these
conserved motifs ranged from 15 to 50 amino acids (Table 2).
In general, the motifs structures in each subgroup of GmANK
family were highly consistent and different combination of motifs
represented different subgroups of GmANK family according
to the analysis results of Supplementary Figure 2, which may
account for the special biological functions of each groups and
further confirmed their phylogenetic relationships.

TABLE 1 | Number of ANK genes in different subgroups classified by the domains that they contained.

Subfamily Detail information Soybean Maize Rice Arabidopsis Tomato

ANK-M Proteins with only ankyrin repeat 78 30 73 18 26

ANK-TM Ankyrin-transmembrane proteins 78 15 37 40 25

ANK-TPR Protein with tetratricopeptide repeats 2 2 22 1 4

ANK-RF Proteins with Ring finger proteins 17 9 9 5 7

ANK-ZnF Proteins with Zinc-finger proteins 13 3 7 6 8

ANK-BTB Proteins with BTB domain 4 2 6 7 7

ANK-IQ Proteins with calmodulin biding motif-containing protein 11 1 4 4 7

ANK-PK Proteins with protein kinases - 4 4 7 9

ANK-BPA Proteins with BAR, PH and ArfGTPase-activating domain 7 2 3 4 4

ANK-IT Protein with K+ channel protein - - - 6 7

ANK-GPCR Protein with GPCR-chaperone1 domain - - - - 4

ANK-MS Protein with motile-sperm domain - - 1 - 4

ANK-O Proteins with other domains 16 3 9 7 15

Total 226 71 175 105 130
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FIGURE 4 | Phylogenetic analyses of ANK proteins in soybean. The complete amino acid sequences of the 226 GmANK proteins were aligned via Clustal X and
were manually corrected. The phylogenetic tree was constructed with MEGA 7 in conjunction with the neighbor-joining method. This tree is drawn to scale with
branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. Six discrete groups (Cluster I–VI) were highlighted in
different colors.

TABLE 2 | List of the identified motifs of GmANK proteins.

motifs BEST POSSIBLE MATCH width

1 IRDSDGRTPLHJAARRGHVEV 21

2 KNTANSCTVVATLIATVAFAAAFTVPGGV 29

3 GNTALHLAVRKGHVEVVKLLL 21

4 FRMYSFKVRPCSRAYSHDWTECPFVHPGENARRRDPRKYHYSCVPCPEFR 50

5 LFISLAVVVVQTSVVVIETKAKKQVVAVINKLMWLACVCIS 41

6 MFLSILTSRYAEEDFLKSLPLKLJFGLVTLFISIASMMVAF 41

7 ISGAALQMQWELKWFEEVKKJMPPSFIERKNSDGKTAREJFTEEHKELLK 50

8 TPLHVAAANGHVEVV 15

9 ELKQTVSDIKHEVHSQLEQTRQTRKRVQGIAKEJKKLHREG 41

10 GRTALHVAVRGGHSSVVKLJL 15
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Gene Ontology Annotation
To better understand the possible biological function of
GmANK genes, Blast2GO software were used to performed the
Gene Ontology (GO) annotation (Supplementary Figure 3).
According to the GO annotation results, there were a total of 62
GmANK proteins were annotated in various biological processes,
including signal transduction, regulation of membrane potential,
positive regulation of transcription from RNA polymerase II
promoter, regulation of proteolysis and S-adenosylmethionine
metabolic process. There were 59 GmANK proteins were
predicted to be related to molecular functions, such as
transcriptional activator activity, RNA polymerase II core
promoter proximal region sequence-specific binding, voltage-
gated potassium channel activity, ubiquitin protein ligase
binding, zinc ion binding and metal ion binding. Finally,
138 GmANK proteins were belonged to cellular components,
which were located to membrane, integral component of
membrane, cytoplasm, integral component of plasma membrane
and ubiquitin ligase complex respectively. With the help of
GO analysis results, we could primarily confirm the functional
characteristics of GmANK proteins, like biological processes,
molecular functions and cellular components, and will be very
useful for its future functional researches in soybean.

GmANK-RFs Promoters Contain Various
Stress-Responsive Elements
Promoter sequences were analyzed by PlantCARE and some
cis-acting elements were revealed in all ANK-RFs promotor
regions, such as ABRE (response to ABA), MYB (response to
drought), MYB-like (response to drought), MBS (involvement
in drought-inducibility), MYC (response to drought and salt)
and LTR (response to low-temperature). In addition, an auxin-
responsive element (TGA-element) and a MeJA-responsive
element (CGTCA-motif and TGACG-motif) were also identified
(Table 3). This result indicated that the GmANK-RFs genes may
be involved in abiotic stresses, especially in drought.

Tissue-Specific Expression Patterns of
GmANK-RF Genes
The expression abundance among different tissues and
development stages may show diversity of different genes
to adapt to various biological processes. To gain insights into the
expression of ANK-RF genes in seven soybean tissues and organs,
gene chip data were downloaded using publicly available RNA-
seq data from the soybean genome database (Supplementary
Table 2). The heatmap showed that 17 members of the ANK-RF
subfamily were expressed in root, root hairs, stem, leaves,
nodules, flowers and seeds (Figure 5). Among these ANK-RF
genes, GmANK89 and GmANK201 had the highest expression
in all tissues and organs, while GmANK88 was only weakly
expressed in root and GmANK121 was slightly expressed in
root hairs. Additionally, the expression patterns were different
between ANK-RF genes in the same tissues. For example, the
expression of GmANK151 and GmANK63 were at the highest
level in stem, but GmANK220 was expressed most strongly in
flowers; GmANK136 transcription had higher enrichment in

root and GmANK163 had stronger accumulation in root hairs.
These transcriptional patterns suggested that the expression of
these genes might be governed by diverse and potentially tissue-
dependent regulatory mechanisms. GmANK89 and GmANK201
had extremely high expression in all tissues indicating that they
may play specific roles in growth and development of soybean.

GmANK-RF Genes Were Involved in
Various Abiotic Stresses
Extensive studies have shown that ANK-RF subfamily genes
may be involved in responding to various abiotic stresses in
some species (Nodzon et al., 2004; Seong et al., 2007a,b; Yang
et al., 2008). According to our previous research, RNA-seq
was performed using soybean seedlings under drought, NaCl
and ABA treatments (Shi et al., 2018). RNA-seq data indicated
that 17 GmANK-RFs responded differently to drought, NaCl,
and ABA treatments (Figure 6). Among them, several genes
induced expressed under drought stress, such as GmANK103,
GmANK114, GmANK136, and GmANK220. GmANK114 were
also specifically induced by NaCl. Under ABA stress, GmANK183
and GmANK188 showed down-regulated expression.

Based on the results of RNA-seq, we examined the expression
patterns of 17 GmANK-RF genes during various abiotic
stresses and phytohormone treatments by qRT-PCR (Figure 7).
Quantitative real-time PCR results were roughly consistent
with RNA-seq data. The expression levels of candidate genes
varied in response to drought, NaCl, and ABA for 1, 2, 4,
8, 12, 24 h compared to untreated control samples. Under
drought treatment, the expression of all GmANK-RF genes
was increased, especially GmANK103, GmANK114, GmANK201,
and GmANK221, which were induced more than 30-fold. For
salt treatment, the peaks of GmANK114, GmANK151, and
GmANK163 transcription were increased to 15-fold. GmANK89,
GmANK114, GmANK151, GmANK163, and GmANK221 were
also induced by ABA, however, the level of GmANK115,
GmANK121, GmANK128, and GmANK220 barely changed
compared with 0 h. Through our transcriptional analysis of
GmANK-RF genes, we found that the expression of GmANK114
was significantly up-regulated under drought, salt, and ABA
stress conditions (Figure 7). Therefore, GmANK114 was selected
for further verification.

GmANK114 Conferred Drought and Salt
Tolerance in Arabidopsis
GmANK114 under the control of CaMV35S were transformed
into Arabidopsis plants and T3 transgenic seeds were selected
for tolerance identification. For drought treatment, the
transgenic and WT seeds were germinated on Murashige
and Skoog (MS) medium containing various concentrations
of PEG6000 (Figure 8A). The transgenic and WT plants had
no significant differences under the standard conditions in
growth and morphology (Figure 8B), suggesting that over-
expression of GmANK114 genes might not affect plant growth
and development under normal conditions. However, the
germination percentage of transgenic plants was higher than the
wild type in the presence of 6 and 9% PEG (Figures 8C,D). In
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FIGURE 5 | Heat map of expression profiles (in log2-based FPKM) of soybean ANK-RF subgroup genes in different tissues (root, root hairs, stem, leaf, nodules,
flower and seed). The gene names are on the left and the tissue names are on the top of the figure, and the expression abundance of each transcript is represented
by the color bar: Red, higher expression; blue, lower expression.

growth medium with 9% PEG, 51.7, 48.9, and 46.2% of seeds
germinated from three transgenic lines whereas only 40.1% of
wild type germinated within 3 days (Figure 8D).

To further investigate the role of GmANK114 under high
salt, we observed the germination of overexpression GmANK114
transgenic Arabidopsis seeds grown on medium containing
various salt concentrations. For the germination assay, seeds
of transgenic lines and WT were germinated on 75, 100, and
125 mM NaCl (Figure 9A), and the germination rates of both WT
and transgenic seeds were determined. There was no difference
in germination rate between transgenic lines and WT seeds in
MS medium (Figure 9B), but the germination time and the
germination rate in transgenic lines was earlier and higher than
that in WT when treated with NaCl, especially for 125 mM NaCl
(Figures 9C–E).

GmANK114 Improved Drought and Salt
Tolerance in Transgenic Soybean Hairy
Roots
The function of GmANK114 in drought and salt tolerance
was further investigated by performing similar abiotic stress

assays in Agrobacterium rhizogenes-mediated soybean hairy
roots. Quantitative real-time PCR analysis showed that the
expression level of GmANK114 was significantly higher in hairy
roots overexpressing GmANK114 (OE) compared with the empty
vector (3301) control (Figure 10C). For drought treatment, all
hairy root seedlings including control grew in soil with no water
for 2 weeks, and then rewatered for one week. Morphologically,
no significant differences were observed for all experimental
plants under normal growth conditions. Drought treatment
caused obvious differences in growth and physiology between
GmANK114 overexpression lines and 3301-control. The leaves
of all hairy root plants gradually yellowed and wilted with the
drought treatment going on, but the control was more sensitive
compared with the plants carrying the GmANK114 under
drought treatment after 7 days (Figure 10A). After rewatered for
7 days, 66.7% of the transgenic plants were still alive, while the
control plants had a survival rate of only 22.2% (Figure 10D).
The same phenomenon occurred with NaCl treatment and the
survival rate in transgenic hairy roots was higher than that in
control (Figures 11A,C).

In order to analyze the mechanism in improving drought
resistance of GmANK114, MDA and Pro contents were
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FIGURE 6 | Transcriptome analysis-based soybean RNA sequencing data under drought, NaCl, and ABA. The expression abundance of each transcript is
represented by the color bar: Red, higher expression; blue, lower expression.

determined under normal growth and stress conditions.
Under normal growth conditions, the MDA content, which
were 31.5 and 29.2 nmol/g in transgenic lines and 3301,
respectively, did not differ among all plants. While under
drought conditions, the MDA content in transgenic soybean
was 45.2 nmol/g, significantly lower than that in control
(59.3 nmol/g) (Figure 10E). The same results were obtained

with salt treatment: the MDA contents in transgenic hairy root
and CK were 30.9 and 48.4 nmol/g, respectively (Figure 11D).
Under both drought and salt treatments, the Pro content in
transgenic lines was higher than that in CK. By contrast,
there was no significant difference in the Pro contents
between transgenic lines and control under normal condition
(Figures 10F, 11E).
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FIGURE 7 | qRT-PCR analysis of 17 soybean ANK-RF genes under drought, NaCl and ABA treatments. The expression levels were normalized to that of CYP2. The
mean and SD calculated from three biological replicates.

Abiotic stress leads to the accumulation of reactive oxygen
species (ROS), which can affect plant growth and development.
Soybean leaves were stained with DAB and NBT to detect
hydrogen peroxide (H2O2) and superoxide (O2−) contents in
3301 and OE. Under normal growth condition, no significant

difference was observed in all plant leaves between the 3301-
control and GmANK114-OE. However, the color depth of
the transgenic hairy root leaves was significantly lower than
that of the 3301 plants under drought and salt treatments
(Figures 10B, 11B). The contents of O2− and H2O2 in leaves
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FIGURE 8 | Overexpression of GmANK114 enhanced seed germination rates under PEG6000 treatment. (A) Seed germination analysis of different lines seeds
under 6% and 9% PEG6000 to simulated drought treatment. (B–D) Seed germination rates of WT and GmANK114 transgenic Arabidopsis seeds at different time
points. Date for each time point are means of three independent replicates.

were also measured and the results were consistent with the
staining of DAB and NBT. Meanwhile, we found that the
leaves of overexpressed GmANK114 plants produced lower levels
of free oxygen radicals with drought and NaCl treatments
(Figures 10G,H, 11F,G). These results indicated that GmANK114
positively regulated tolerance to drought and salt stresses in
transgenic soybean hairy roots.

GmANK114 Activated Transcripts of
Stress-Responsive Genes in Soybean
To investigate the possible tolerance mechanisms, several
drought- and salt-related genes were analyzed in transgenic
soybean hairy roots under normal and stress conditions
(Figure 12). When grown in normal conditions, we found that
there were no significant differences in the expression level of
these genes between 3301 and GmANK114 OE lines by qRT-
PCR. Under drought condition, the expression of bZIP1 (Gao
et al., 2011) had no clear difference, whereas transcript levels of
the other genes in OE lines were higher than that in the 3301
control, including WRKY13 (Zhou et al., 2008), NAC11 (Hao
et al., 2011), DREB2 (Chen et al., 2007), MYB84 (Wang et al.,
2017), and bZIP44 (Liao et al., 2008). Similarly, overexpression of
GmANK114 regulated transcripts of WRKY13, NAC11, DREB2,
MYB84, and bZIP44 under salt stress. These results indicated that

GmANK114 may be a key signaling molecule regulating plant
drought and salt responses.

DISCUSSION

Drought and salt are the important factors that seriously affect
the production and quality for soybean, especially for China
which possess a population base. The ANK protein containing
several conserved ankyrin repeats (2 to over 20) are important
connexins protein that links membrane proteins and signaling
molecules to the components of the underlying cytoskeleton
(Li and Chye, 2004; Voronin and Kiseleva, 2008; Cunha and
Mohler, 2009). ANK protein plays a key role in various
cellular processes, participates in plant growth, development,
intracellular protein transport, signal transduction, and stress
responses (Wu et al., 2009; Brestic et al., 2015; Popescu et al.,
2017). The study on the function of ANK protein will help to
elucidate the mechanism that plants respond to environmental
stresses, and provide the theoretical basis for environmental
adaptation in plants.

Recently, the number of ANK proteins have been found
is 105, 175, 130, and 71 in Arabidopsis, rice, tomato, and
maize, respectively (Becerra et al., 2004; Huang et al., 2009;
Jiang et al., 2013; Yuan et al., 2013). Although, it has
been previously reported that 162 ankyrin repeats genes

Frontiers in Plant Science | www.frontiersin.org 13 October 2020 | Volume 11 | Article 584167163

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-11-584167 October 23, 2020 Time: 19:1 # 14

Zhao et al. Soybean ANK Genes

FIGURE 9 | Germination rates of seeds in the presence or absence of NaCl in transgenic Arabidopsis. Values are means from three experiments. (A) Seed
germination analysis of different lines seeds under 75, 100 and 125 mM NaCl to simulated salt treatment. (B–E) Seed germination rates of WT and GmANK114
transgenic Arabidopsis seeds at different time points. Date for each time point are means of three independent replicates. The error bars indicate SD.

were found in soybean (Zhang et al., 2016), we identified
226 ANK genes in soybean and classified them into nine
subfamilies. This difference maybe resulted from constantly
updated in soybean genome database in recent years. The
same subfamilies were found in Arabidopsis, rice, maize and
soybean based on the domain compositions (Table 1), we

inferred that these kinds of subfamilies were relatively conserved
and they will take the similar functions in plants. The ANK-
GPCR subfamily (protein with GPCR-chaperone1 domain) only
found in tomato, but not in Arabidopsis, rice, maize and
soybeans. Due to the differences in morphological structure,
lifestyle and growth environment of plants evolution, some
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FIGURE 10 | GmANK114 improves drought stress tolerance in transgenic soybean hairy roots. (A) Phenotypes of GmANK114-overexpression and 3301-control
transgenic soybean plants under before and after drought treatment. (B) DAB (top) and NBT (bottom) staining of OE and 3301 plant leaves under drought
treatments. (C) Relative GmANK114 expression in hairy roots of overexpressing GmANK114 and control as shown by qRT-PCR. (D) Survival rate of normal and
drought-stressed plants. (E) MDA and (F) proline content were detected in OE and 3301 plants under drought or normal growth condition. (G)The content of H2O2

and (H) O2− in the leaves of GmANK114-OE and 3301-control plants after drought or normal condition for one week. The data were means ± SDs of three
experiments. ANOVA test demonstrated that OE were significant differences (*P < 0.05 and **P < 0.01) compared with the corresponding controls.

conserved subfamily genes have been retained to exercise
the common physiological functions of plants, and specific
genes have been developed to meet their own functional
needs. ANK-GPCR subfamily genes may perform specific
functions in tomato.

Several ANK genes may participate in responses to biotic
and abiotic stresses. The expression of tobacco NEIP2 was
induced in the first few hours by treatment with salt and
ethylene and further enhances plant performance under salt
and oxidative stresses (Cao et al., 2015). ANK domain are
crucial for YrU1 resistance to stripe rust in wheat (Wang
et al., 2020). Based on this evidence, it was speculated that the
soybean ANK genes probably involved in biotic and abiotic
stress responses.

When plants are subjected to environmental stress, the
second messenger perceives the stimulus in the environment
and then modulates intracellular Ca2+ levels. The change of
Ca2+ concentration often initiates a protein phosphorylation
cascade that finally transfers to transcription factors controlling
specific stress-regulated genes (Xiong et al., 2002). Transcription
factors regulate the expression of target genes by binding
to downstream gene promoters, thereby enabling plants to
adapt to changes in the external environment. ANK-RFs were
previously reported to be related to pathogen defense, plant
growth and development, such as XA21 and XB3 (Wang

et al., 2006). In this study, multiple cis-elements were found
in the promoter region of GmANK-RF genes, including MeJA-
responsive element (CGTCA-motif and TGACG-motif), which
showed that GmANK-RF genes could function in defense
responses. In addition, a number of stress response elements
were also identified in the ANK-RF genes promoter region,
such as drought response element MYB, MYB-like, MBS, salt
response element MYC, low temperature element LTR, and
ABA response element ABRE (Table 3). This indicates that
GmANK-RFs might participate in multiple abiotic and biotic
stress responses.

In the present study, the soybean ANK-RF gene GmANK114
was shown to improve drought and salt tolerance in
plants (Figures 10, 11). Proline functions in lowering the
cellular osmotic potential and restoring intracellular solute
concentrations, which prevents water loss from cells (Cui
et al., 2018). MDA can inhibit the activity of cellular protective
enzymes and reduce antioxidant content (Del Rio et al., 2005).
When the enzyme and membrane system of plant tissues are
destroyed, MDA content will be greatly increased (Tsikas,
2017). Therefore, MDA reflects the antioxidant capacity of
plant tissues and can also be used as an indicator to measure
the resistance of plants against external stress (Yang et al.,
2019). Under drought and salt stresses, the differences of Pro
and MDA contents between transgenic lines and controls
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FIGURE 11 | Phenotype and physiological indexes analysis of GmANK114 transgenic soybean hairy roots under salt stress. (A) Phenotypes was evaluated in
transgenic soybean plants after NaCl treatment. (B) DAB (top) and NBT (bottom) staining of leaves of OE and 3301 plants under NaCl treatments. (C) Survival rate of
soybean hairy roots grown with salt treatment. (D–G) MDA, proline, H2O2 and O2− contents in leaves of plants with transgenic hairy roots were measured under salt
treatment for 7 days. All values are represented means for three biological replicates (n = 18). The error bars indicate SD. Significant differences (*P < 0.05 and
**P < 0.01) are indicated by asterisks above the columns.

FIGURE 12 | The relative transcript levels of WRKY13, NAC11, DREB3, MYB84, bZIP1 and bZIP44 in transgenic GmANK114 and 3301 soybeans. qRT-PCR was
used to detect expression levels under normal and stress treatment and GmCYP2 was used as an internal control. Values are means and SD obtained from three
biological replicates. The asterisks indicate a statistical significance (*P < 0.05 and **P < 0.01) compared with the corresponding controls.

showed that GmANK114 could confer tolerance of soybean
to drought and salinity. The intracellular ROS content affects
plant growth and development. H2O2 and O2− are the main
sources of ROS, and can lead to the oxidative destruction

of cells (Mittler et al., 2004). The contents of H2O2 and
O2− in leaves of transgenic soybean were significantly lower
than that in control. This indicates that GmANK114 gives
soybean the ability to remove ROS. These results show that
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TABLE 3 | cis-acting elements of GmANK-RFs promoter region in soybean.

Gene Name ABRE MYB MYB-like MBS MYC LTR CGTCA -motif TGACG -motif TCA -element TGA -element

1 GmANK35 3 5 1 2 2 1 1 1 1

2 GmANK88 3 7 2 3 7 1 1 1

3 GmANK89 1 1 3 3 2 2 1

4 GmANK103 1 3 1 7 2 2 1 2

5 GmANK114 1 6 2 4 1 1

6 GmANK115 2 6 3 6 1

7 GmANK121 4 2 2 4

8 GmANK122 4 3 2 4 1 1

9 GmANK128 5 1 5 4 4

10 GmANK136 2 10 2 1 5 2 2 2 1 1

11 GmANK151 1 4 2 1 6 1 1 2 1

12 GmANK163 2 5 1 3

13 GmANK183 2 5 3 3 4 4 1 4

14 GmANK188 4 6 1 1 8 1 1

15 GmANK201 2 2 1 5 3 3 3 1

16 GmANK220 1 4 1 5 1 1 1

17 GmANK221 5 4 1 6 1 1 1

the GmANK114 gene is involved in abiotic stresses and
can scavenge ROS.

Plants have developed flexibly molecular and cellular
mechanisms to fight against various abiotic stresses. GmANK114
was induced by drought, NaCl, and ABA. To further explain the
molecular mechanism of GmANK114 participating in abiotic
stresses, the expression levels of drought- and salt-related
marker genes were tested by qRT-PCR. Transcription factor
DREB2 specifically binds DRE element containing core sequence
-CCGAC- that is involved in rapid expression of salt and drought
stress responsive genes in Arabidopsis (Sakuma et al., 2006). bZIP
proteins are well known for responding to ABA and stresses
signaling. Several bZIP proteins can bind to ABRE (–ACGT–)
elements and activate expression of ABRE-driven reporter
genes, including GmbZIP1 and GmbZIP44 which are induced by
drought, NaCl, cold, and ABA (Liao et al., 2008; Gao et al., 2011).
Besides, WRKY13, NAC11, and MYB84 are also involved in stress
responses. Compared with controls, the expression profiles of
stresses target genes have obvious differences in GmANK114
transgenic hairy roots under drought and salt stresses, especially
for WRKY13, NAC11, DREB2, MYB84, and bZIP44 which
were significantly up-regulated (Figure 12). This result suggest
that GmANK114 could change the expression of drought- and
salt-related marker genes. That’s probably because ANK114
indirectly affects the expression of these genes by affecting the
function of other genes. However, it is not clear how ANK114
affects the function of other genes to enhance stress resistance in
soybean. Therefore, further studies are necessary to clarify the
mechanism of the GmANK114 participating in abiotic stresses.

CONCLUSION

A total of 226 ANK genes were identified from the soybean
genome. A member of the ANK-RF subfamily, GmANK114,

improved tolerance against drought and salt stresses. This
study provides important clues for future functional analysis
of ANK-RFs in regulating of drought- and salt-related signal
pathways in soybean.
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Crop tolerance to multiple abiotic stresses has long been pursued as a Holy Grail in
plant breeding efforts that target crop adaptation to tropical soils. On tropical, acidic
soils, aluminum (Al) toxicity, low phosphorus (P) availability and drought stress are
the major limitations to yield stability. Molecular breeding based on a small suite of
pleiotropic genes, particularly those with moderate to major phenotypic effects, could
help circumvent the need for complex breeding designs and large population sizes
aimed at selecting transgressive progeny accumulating favorable alleles controlling
polygenic traits. The underlying question is twofold: do common tolerance mechanisms
to Al toxicity, P deficiency and drought exist? And if they do, will they be useful in a plant
breeding program that targets stress-prone environments. The selective environments
in tropical regions are such that multiple, co-existing regulatory networks may drive the
fixation of either distinctly different or a smaller number of pleiotropic abiotic stress
tolerance genes. Recent studies suggest that genes contributing to crop adaptation
to acidic soils, such as the major Arabidopsis Al tolerance protein, AtALMT1, which
encodes an aluminum-activated root malate transporter, may influence both Al tolerance
and P acquisition via changes in root system morphology and architecture. However,
trans-acting elements such as transcription factors (TFs) may be the best option for
pleiotropic control of multiple abiotic stress genes, due to their small and often multiple
binding sequences in the genome. One such example is the C2H2-type zinc finger,
AtSTOP1, which is a transcriptional regulator of a number of Arabidopsis Al tolerance
genes, including AtMATE and AtALMT1, and has been shown to activate AtALMT1,
not only in response to Al but also low soil P. The large WRKY family of transcription
factors are also known to affect a broad spectrum of phenotypes, some of which
are related to acidic soil abiotic stress responses. Hence, we focus here on signaling
proteins such as TFs and protein kinases to identify, from the literature, evidence for
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unifying regulatory networks controlling Al tolerance, P efficiency and, also possibly
drought tolerance. Particular emphasis will be given to modification of root system
morphology and architecture, which could be an important physiological “hub” leading
to crop adaptation to multiple soil-based abiotic stress factors.

Keywords: acid soils, aluminum toxicity, aluminum tolerance, phosphorus deficiency, phosphorus efficiency,
drought resistance, transcription factor, signaling

INTRODUCTION

Acidic soils (soils pH < 5.5) are quite extensive worldwide,
comprising up to 50% of the world’s potentially arable lands
(Von Uexküll and Mutert, 1995). As the acidic weathered soils
are particularly prominent in the humid tropics and subtropics
where many developing countries in sub-Saharan Africa and
Asia are located, and food production must keep pace with
population growth (Godfray et al., 2010), acidic soils are a
major constraint for developing world agriculture The two most
significant limitations to crop production on acid soils from
the plant nutrition perspective are aluminum (Al) toxicity and
phosphorus (P) deficiency (Kochian et al., 2015). Both arise from
the unique chemical properties of highly weathered acid soils.
Aluminum is the most abundant metal in the earth’s crust as it
is a major component of clays, as aluminosilicates. At soil pH
values of pH 5.5 and below, Al3+ ions are solubilized into the
soil solution. Al3+ is quite toxic to roots, inhibiting both root
elongation and root meristem cell division (see, for example,
Kochian, 1995; Ma et al., 2001; Kobayashi et al., 2013b, and
references therein). This results in major reductions in yields
due to insufficient water and mineral nutrient uptake by the
root systems. Low-P soil levels and availability also arise from
the chemical properties of acidic soils as soil weathering exposes
Al and Fe oxides/hydroxides on the surface of clay minerals,
which bind soil P (as the phosphate anion) tightly, reducing its
bioavailability (Marschner, 1995). Soils with low P availability will
be designated henceforth as low-P soils for brevity. The third
related stress we address in this review is drought stress, which is
found on all soil types, including acidic soils. The unique aspect
to acidic soils is that crop adaptation to drought on those soils
requires that the plants be both Al tolerant to maintain a healthy
root system to facilitate water absorption, along with specific
adaptations to drought which are ubiquitously found in crop
species on all soil types. Because crops acidic soils have had to
adapt to all three stresses simultaneously, it is not surprising that
especially in recent literature common features in adaptation to
these three abiotic stresses are being uncovered. This is the theme
we address in this review.

In searching for classes of genes involved in mediating
resistance concurrently to these three stresses, it is more likely
that “upstream” genes that control regulatory and signaling
networks such as transcription factors (TFs), kinases and
phosphatases would be more likely candidates than structural
genes such as root plasma membrane transporters that mediate
efflux of Al-binding organic acid anions that have been shown
to be involved in crop Al tolerance (Ma et al., 2001; Ryan
et al., 2001; Kochian et al., 2004, 2015). Regulatory genes, such

as transcription factors, bind to very small cis elements in the
promoter region. Depending also on more complex aspects such
as chromatin structure, this gives TFs potential for promiscuous
binding to many targets, giving rise to complex regulatory
circuits. A good example of how the promiscuity of TF binding
sites can impact evolutionary adaptation is presented in Pougach
et al. (2014), where they show that duplication of a transcription
factor gene allowed the emergence of two independent regulatory
circuits in yeast. Since TFs are often regulators of response
to multiple stresses, they are excellent candidates for breeding
programs searching for pleiotropic control of co-existing stresses
in acidic soils such as Al toxicity, low P availability, and drought
(Baillo et al., 2019).

In this review, we have focused on signaling/regulatory
proteins such as TFs and protein kinases to identify, from the
literature, evidence for unifying regulatory networks controlling
Al tolerance, P efficiency and also possibly drought tolerance.
Particular emphasis will be given to modification of root system
morphology and architecture, which could be an important
physiological “hub” leading to crop adaptation to multiple soil-
based abiotic stress factors.

ALUMINUM TOXICITY AND TOLERANCE

Transcriptional Regulation Involved in Al
Tolerance
Aluminum (Al) on acidic soils intoxicates root regions involved
in root growth (meristem and elongation zone). Cells in
these regions are subject to rapid alterations in Al-induced
transcription, resulting in the induction of expression of several
Al tolerance genes associated with root tip Al exclusion and
detoxification mechanisms (Kochian et al., 2015).

Several TFs (TFs) have been reported to be involved in crop
Al tolerance, and the majority of these TFs belong to zinc finger
and WRKY transcription factor families. Among them, STOP1
in Arabidopsis and ART1 in rice are the best characterized
TFs regulating Al tolerance. STOP1, a C2H2-type zinc finger
transcription factor, was identified via positional cloning of a low-
pH-sensitive Arabidopsis mutant. Although AtSTOP1 expression
is not induced by Al, the stop1-mutant is also Al hypersensitive
(Iuchi et al., 2007). AtSTOP1 has four functional zinc finger
domains that bind to a 15-bp long sequence in the AtALMT1
promoter. AtALMT1 is the major Arabidopsis Al tolerance gene
(Hoekenga et al., 2006), closely related to the primary wheat
Al tolerance gene, TaALMT1 (Sasaki et al., 2004). These two
ALMT genes and similar ones in other plant species encode root
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cell plasma membrane Al-activated malate efflux transporters
that are one of the key genes involved in root Al exclusion
via release of Al-binding organic acid anions. Mutations in
the STOP1 binding sites and in AtSTOP1 zinc finger domains
critically suppress AtALMT1 expression, indicating that STOP1
binding is essential for AtALMT1 expression and Al tolerance
in Arabidopsis (Tokizawa et al., 2015). Furthermore, AtSTOP1
also regulates the expression of other transporters required for
Al tolerance in Arabidopsis, including AtMATE (Al-activated
citrate transporter) and AtALS3 (ABC transporter-like protein)
(Liu et al., 2009; Sawaki et al., 2009).

AtSTOP1 is ubiquitously expressed in the root with higher
expression in the root tip, and its expression is not affected
by Al stress. In turn, AtSTOP1 downstream genes (AtALMT1,
AtMATE, and AtALS3) are induced by Al (Liu et al., 2009;
Sawaki et al., 2009). These findings suggest that Al might induce
AtSTOP1 regulation at the post-transcriptional/-translational
level. Recently, an F-box protein that regulates the level of
AtSTOP1 protein, RAE1, was identified in Arabidopsis (Zhang Y.
et al., 2019). The authors showed that RAE1 interacts with SKP1,
a protein involved in ubiquitination and subsequent proteasomal
degradation of target proteins. These two proteins interact to
form a functional SCF-type E3 ligase complex, physically binding
to STOP1 and driving its degradation via the ubiquitin 26S
proteasome. As such, AtALMT1 and other STOP1 regulated
genes, including AtMATE and AtALS3, are overexpressed in the
rae1 mutant. Interestingly, AtSTOP1 binds to the RAE1 promoter
and positively regulates its expression, indicating that there is a
negative feedback loop between AtSTOP1 and RAE1. Finally, the
authors suggest that the feedback loop might be important in
controlling AtSTOP1 homeostasis, enabling the degradation of
accumulated AtSTOP1 after Al stress.

The transcriptional regulation of AtALMT1 expression by
STOP1 is fairly well characterized. However, as stated in
Tokizawa et al. (2015), the structure of the AtALMT1 promoter
indicates that other factors may be acting on its expression.
The authors identified several cis-elements in the ALMT1
promoter related to: (1) Al-induced early and late expression;
(2) root tip-specific expression; and (3) repression of ALMT1
expression. In addition, it was reported that the transcription
factor, CAMTA2 (Calmodulin binding trans-activator 2), binds
to the AtALMT1 promoter at a cis-element in a different binding
region than STOP1, and appears to be involved in induction of
AtALMT1 expression only in late Al stress. Previously, it was also
demonstrated that AtWRKY46 binds to W-box sequences in the
AtALMT1 promoter, repressing its expression in the absence of
Al (Ding et al., 2013), indicating that regulation of AtALMT1 is
not restricted to STOP1.

Sharing 41.2% sequence identity with AtSTOP1, the rice
homolog, OsART1, was identified by map-based cloning of an
Al-sensitive rice mutant. ART1 is also a C2H2-type zinc finger
transcription factor involved in the regulation of a number of rice
Al responsive genes, but, unlike AtSTOP1, it is not responsive
to low pH. Microarray analyses showed that OsART1 regulates
at least 31 downstream genes in response to Al (Yamaji et al.,
2009). This transcription factor directly binds to a GGNVS core
sequence in the OsSTAR1 promoter, which is present in 29 of

the 31 ART1-regulated genes (Tsutsui et al., 2011). Some of
the ART1-regulated genes have been functionally characterized
as being involved in Al tolerance, including a number of
transporters mediating Al uptake into the root and the vacuole,
a Mg uptake transporter, and an ABC transporter that helps
mediate the release of UDP-glucose into the cell wall to possibly
minimize Al binding (Huang et al., 2009, 2012; Xia et al., 2010,
2013; Yokosho et al., 2011; Chen et al., 2012). Interestingly, the
GGNVS core promoter sequence is also found in the promoter of
genes regulated by AtSTOP1, suggesting that STOP1 and ART1
recognize similar DNA sequences (Tokizawa et al., 2015).

STOP1/ART1-like proteins, and their function in the
regulation of Al tolerance genes, are broadly conserved among
land plant species, including dicots, monocots, woody plants,
and even bryophytes (Chen et al., 2013; Sawaki et al., 2014; Fan
et al., 2015; Daspute et al., 2018; Huang et al., 2018; Wu et al.,
2018; Ito et al., 2019; Kundu et al., 2019). The genome of the
moss, Physcomitrella patens has a functional STOP1-like protein,
and knock out of PpSTOP1 results in an Al sensitive phenotype,
suggesting that plants acquired STOP1 at a very early time
during land adaptation of plants, protecting roots from toxic
environments including Al and low pH (Ohyama et al., 2013).

In addition to OsART1, OsWRKY22 also regulates the Al-
induced expression of OsFRDL4, which encodes the rice root
plasma membrane citrate efflux transporter. OsWRKY22 is
rapidly induced by Al and works as a transcriptional activator
of the OsFRDL4 expression via binding to W-box cis-elements
in the FRDL4 promoter. OsWRKY22 has not been shown to
regulate other ART1-regulated genes, however, OsWRKY22 and
OsART1 are essential for the full activation of Al-induced FRDL4
expression and root citrate secretion in rice (Li et al., 2018).

Recently, through QTL mapping, GWAS, and functional
analyses, two novel TFs in sorghum were identified, SbWRKY1
and SbZNF1, which positively regulate SbMATE expression
(Melo et al., 2019). Previously, it was reported that miniature
inverted-repeat transposable elements (MITE) in the SbMATE
promoter play a critical role in its expression, and the number
of MITE repeats is strongly correlated with SbMATE expression
level and Al tolerance in sorghum (Magalhaes et al., 2007), which
is consistent with the findings of (Salvi et al., 2007) showing
that allelic polymorphisms due to MITE insertions can affect the
transcription of regulated genes. These two TFs directly bind
to sequences flanking the transposable element and, according
to the proposed model, the expanded number of MITE repeats
found in Al-tolerant genotypes provides an increased number
of binding sites for SbWRKY1 and SbZNF1, resulting in higher
sorghum SbMATE expression and Al tolerance (Melo et al., 2019).
Similar to SbMATE, other studies have shown that the diversity of
the promoter structures contributes to differences in Al tolerance
between tolerant and sensitive genotypes in several crops. Al
responsive genes of tolerant accessions of wheat (TaALMT1),
Holcus lanatus (HlALMT1) and rice (OsFRDL4) carry more
STOP1/ART1 binding sites in their promoters and exhibit higher
expression levels than the same genes in the respective sensitive
accessions (Chen et al., 2013; Tokizawa et al., 2015; Yokosho
et al., 2016). These findings indicate that the enrichment of
transcription factor binding sites in Al-tolerance gene promoters
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leads to enhanced transcription factor recruitment, which might
explain, at least partially, Al tolerance in several crop species.

In addition to zinc-finger and WRKY TFs, ASR1 and ASR5
(Abscisic acid, Stress and Ripening protein 1 and 5) are involved
in Al tolerance in rice (Arenhart et al., 2013, 2014, 2016). ASR5
is induced by Al and binds to the OsSTAR1 promoter and
functions together with OsART1 as transcriptional activators
of the OsSTAR1 expression. This study also demonstrated that
ASR5-silenced plants impair the expression of two other rice Al
tolerance genes, OsNrat1 and OsFRDL4, suggesting that ASR5
is also involved in their transcriptional regulation (Arenhart
et al., 2014). Subsequently, it was reported that ASR5-silenced
plants exhibited a similar Al tolerance phenotype as wild
type plants. This was attributed to the transcription factor
ASR1, which, under the silencing of ASR5, is highly induced
and regulates ASR5-target genes, including STAR1, in a non-
preferential manner.

Recently, studies searching for novel regulators of Al
resistance have identified TFs related to the modification of the
cell wall properties (Li C.X. et al., 2019; Lou et al., 2020). In
Arabidopsis, it was found that the wrky47 mutant has reduced Al
tolerance and altered subcellular Al distribution, i.e., increased
Al accumulation in symplast, and decreased Al content in the
root apoplast. According to the authors (Li C.X. et al., 2019),
these effects occur due to the reduction of cell wall Al-binding
capacity, conferred by decreased hemicellulose-I cell wall content
in the mutant. It was demonstrated that AtWRKY47 directly
binds to and activates the expression of genes encoding
EXTENSIN-LIKE PROTEIN (ELP) and XYLOGLUCAN
ENDOTRANSGLUCOSYLASE-HYDROLASES17 (XTH17),
that are involved in cell wall modification. Within those,
XTH17 works in modifying hemicellulosic polymers during cell
expansion (Zhu et al., 2014), and ELP is involved in cell wall
extension (Li C.X. et al., 2019). These findings indicate that
WRKY47 is involved in Al resistance by increasing cell wall bind
of the rhizotoxic Al3+ ion, minimizing its effect on the cell wall
and also reducing uptake into the root cytoplasm (Li C.X. et al.,
2019). Another study showed that VuNAR1 (Vigna umbellata
NAC-type Al Responsive1), a rice bean NAC transcription factor,
is up-regulated by Al in the root apex (Lou et al., 2020). In this
paper, it was demonstrated that VuNAR1 binds to the AtWAK1
(Arabidopsis wall-associated receptor kinase 1) and VuWAKL1
(Vigna umbellata WAK1-like) promoters, positively regulating
their expression (Lou et al., 2020). In Arabidopsis, WAK1 is
rapidly induced by Al, and the AtWAK1 overexpression increases
Al tolerance (Sivaguru et al., 2003). Lou et al. (2020) showed
that the phenotype of the Atwak1 mutant is higher root cell wall
pectin content under Al stress, and it is believed that the binding
of Al ions to the negatively charged carboxylic acid residues in
pectin is involved in one of the components of Al rhizotoxicity,
with methylation of the pectin carboxyl groups correlating with
reduced Al toxicity (Yang et al., 2008).

Other Signaling Molecules
We still don’t know how plants sense Al ions to trigger Al-
dependent gene regulation. However, several signaling molecules
have been identified that appear to be involved in initiating

Al-induced transcriptional regulation. For example, Al-induced
changes in cytosolic Ca2+ and pH (H+), have been implicated
as sensing/signaling molecules in Al signaling [see review by
Kochian et al. (2015) and references therein]. In addition to these
ions, several other endogenous species, reactive oxygen species
(ROS), phytohormones, and the phosphatidylinositol pathway,
appear to be involved in Al signal transduction.

Reactive Oxygen Species
Reactive oxygen species including peroxides, superoxide,
hydroxyl radical, singlet oxygen are produced in response to
a range of stress responses (Banti et al., 2010; Miller et al.,
2010; Shahid et al., 2014; Hieno et al., 2019). Biomolecules
including lipids, proteins, and DNA/RNA are oxidized by
ROS, and this oxidative damage leads to organelle disfunction
and programmed cell death (PCD) (Van Breusegem and Dat,
2006; Mittler, 2017). To protect the oxidative stress, plants
activate antioxidant systems (i.e., ROS scavenging pathways)
and also induce/activate a series of heat shock proteins (HSPs,
e.g., molecular chaperon) (Sharma et al., 2012; Driedonks
et al., 2015; Mishra et al., 2018; Waszczak et al., 2018). Al
toxicity has been shown to trigger ROS, including hydrogen
peroxides (H2O2), and Al/H2O2-mediated PCD was reported
in various plant species (Yamamoto et al., 2002; Sivaguru
et al., 2013; Huang et al., 2014). To protect against this, Al
induces multiple genes associated with antioxidant production,
such as peroxidase and superoxide dismutase, and they play
a likely secondary role in Al tolerance (Ezaki et al., 2000;
Basu et al., 2001). On the other hand, ROS also can act as
signal molecules with the best characterized of these involved
in plant defenses against pathogens and pests (see review by
Bhattacharjee, 2012, and references therein). With regards to
plant Al toxicity and tolerance, Sivaguru et al. (2013) showed
there is a strong correlation between Al-induced ROS production
and SbMATE expression, both temporally and spatially in the
sorghum root tip. Subsequently, Kobayashi et al. (2013a) showed
that AtALMT1 and AtMATE expression are induced by H2O2
without Al. However, H2O2 cannot activate malate release
from the roots, suggesting that protein activation of ALMT1
is regulated by a H2O2-independent pathway. In addition,
several proteome analyses of Al stress revealed that several heat
shock proteins (HSPs) are induced by Al stress (Zhen et al.,
2007; Jiang et al., 2015), and the ER resident chaperon, AtBIP3,
was identified as a possible Al-tolerance gene which is highly
expressed in Al tolerant Arabidopsis accessions (Kusunoki et al.,
2017). Interestingly, Enomoto et al. (2019) recently reported
that AtSTOP1 directly regulates AtHSF2A, which is a master
regulator of a series of HSPs, under hypoxic conditions. It is
known that hypoxia stress involves ROS-mediated oxidative
stress (Blokhina et al., 2003; Schmidt et al., 2018). These results
suggest that activation of chaperon proteins including HSPs
might be involved in signaling leading to tolerance of Al-induced
oxidative stress in plants.

Nitric oxide (NO) is also induced by Al and has been suggested
to be involved as a signaling molecule in Al signal transduction.
There are several reports describing that Al-induced root growth
inhibition is alleviated by application of the NO donor, sodium
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nitroprusside (Wang and Yang, 2005; Zhang et al., 2011; He et al.,
2012). More detailed research into the mechanistic basis for NO-
regulated Al stress alleviation is still needed, but it may involve Al
tolerance based on the following findings: (1) NO enhancement
of antioxidant systems to prevent Al-induced oxidative stress
(Wang and Yang, 2005; He et al., 2019), (2) NO modulation
of OA metabolism and secretion under Al stress (Yang et al.,
2012a,b), and (3) Al induction of endogenous ABA that may be
a positive regulator of Al resistance (see phytohormone section
below) (He et al., 2012).

Phytohormones
The root apex is the primary site of Al toxicity, and one of
most active sites in the plant for phytohormone signaling (Ryan
et al., 1993; Jung and McCouch, 2013). Auxin (i.e., Indole-
3-acetic acid [IAA]) is a key regulator for plant root growth
and development (Overvoorde et al., 2010). An appropriate
auxin gradient with a maximal auxin gradient in the root
apex are essential for continuous root growth (Petersson
et al., 2009). Several membrane-localized PIN-FORMED (PIN)
proteins, which are auxin-efflux transport proteins, play a major
role in the regulation of the formation and maintenance of this
gradient (Wiśniewska et al., 2006; Grieneisen et al., 2007). Al
toxicity disturbs this auxin gradient in the root apex (Kollmeier
et al., 2000; Shen et al., 2008); moreover, Al interferes with
the appropriate membrane localization of PIN2 in Arabidopsis
root tip cells (Shen et al., 2008). In addition, Al sensitivity was
altered by knock-out or over-expression PIN genes in rice and
Arabidopsis (Sun et al., 2010; Wu et al., 2014, 2015). These results
suggest that abnormal PIN-mediated auxin flux in the root apex
under Al stress is one of reasons for Al-induced root growth
inhibition. Additionally, several Al-inducible IAA synthesizing
genes, AtTAA1 and AtYUCCA, encode proteins that regulate
IAA accumulation in the root transition zone (TZ) which is
located between the root meristem and zone of elongation (Yang
et al., 2014; Liu et al., 2016). These genes are specifically induced
in the TZ in response to Al, and activate IAA biosynthesis,
resulting in root growth inhibition. Lastly, a recent study showed
that the multidrug and toxic compound extrusion transporter,
DETOXIFICATION 30 (DEX30), regulates auxin homeostasis
in the TZ under Al stress, and contributes to Arabidopsis Al
tolerance (Upadhyay et al., 2020).

Abscisic acid (ABA) also appears to be involved in Al
signaling. Similar to several other phytohormones, endogenous
ABA levels are upregulated under Al stress (see, for example,
Kasai et al., 1995). However, unlike auxin and ethylene,
ABA positively regulates Al tolerance. Al-induced root growth
inhibition is alleviated by exogenous ABA application in barley,
soybean, and buckwheat (Kasai et al., 1993; Shen et al., 2004;
Hou et al., 2010; Reyna-Llorens et al., 2015). Additionally,
co-treatment of ABA and Al induce greater root tip organic
acid release than Al alone in soybean (Shen et al., 2004).
In addition, ABA induces AtALMT1 and AtMATE expression
and malate release without Al in Arabidopsis (Kobayashi
et al., 2013a). Therefore, Al-induced ABA production may
contribute to the activation of OA transporter expression
and increased OA release, which leads to Al resistance.

Interestingly, IAA also induces AtALMT1 expression, but it
cannot activate malate release from roots without Al. This result
is consistent with the finding that IAA treatment does not
enhance Arabidopsis Al resistance.

Phosphatidylinositol
Recently, Wu et al. (2019) reported that blockade
of phosphatidylinositol (PI) signaling, especially the
Phosphatidylinositol 4-kinase (PI4K) and phospholipase C (PLC)
pathways, leads to down-regulation of a number of Al-inducible
genes, including ALMT1. PI and its derivatives are membrane
lipids and conserved as signaling molecules among eukaryotes,
and are involved in various important biological process such
as membrane trafficking, root hair and pollen tube tip growth,
and stress responses in plants (Meijer and Munnik, 2003; Thole
and Nielsen, 2008; Ischebeck et al., 2010; Hou et al., 2016). In the
screening, PIK-75 (Inhibitor for phosphatidylinositol 3-kinase
[PI3K] in human) was identified that inhibits Al-induced malate
secretion due to reduction of ALMT1 expression. In silico
docking analysis suggested that PIK-75 can interact with PI3K
and PI4K in Arabidopsis. They confirmed that the PI4K and
the subsequent PLC pathways play critical roles in Al-inducible
ALMT1 expression. Additionally, the blocking of the PI4K/PLC
pathways significantly suppresses several Al-inducible genes,
including STOP1-dependent target genes. The PI3K inhibitor
does not affect Al-induced gene expression, suggesting that
the PI4K/PLC pathways uniquely regulate signaling pathways
associated with Al-inducible gene expression. However, PI3K
is involved in plant Al signal transduction, because the PI3K
inhibitor reduces root malate exudation via activation of the
ALMT1 protein. More than 20 years ago, (Jones and Kochian,
1995) already speculated that the relationship between Al
toxicity and membrane lipids included phosphatidylinositol.
They found that Al directly and strongly binds to several plasma
membrane lipids. PI(4,5)P2, the intermediate product between
the PI4K and PLC pathways, has highest binding affinity with
Al3+. In addition, inositol trisphosphate, which is one of final
products in the PI4K/PLC pathways, is transiently accumulated
in culture coffee cells under Al stress (Poot-Poot and Teresa
Hernandez-Sotomayor, 2011). These findings suggest that Al
alters PI signaling/metabolism, and this could be a possible
sensing mechanism for Al stress in plants.

P DEFICIENCY STRESS AND
RESPONSES

Root system architecture (RSA) alterations leading to longer and
thinner ageotropic lateral roots in the topsoil (where P levels are
highest) is essential for the plants to more effectively forage for P
in the soil, increasing P acquisition under low soil P availability
(Lynch, 2011). The main processes that affect RSA and increase
root exploration capacity stem from cell division in the root
pericycle ahead of generation of lateral root meristems, which
allows for indeterminate growth, and the formation of seminal
and lateral roots arising from lateral meristem initials in the
pericycle of the root stele (López-Bucio et al., 2003).

Frontiers in Plant Science | www.frontiersin.org 5 November 2020 | Volume 11 | Article 565339175

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-11-565339 November 7, 2020 Time: 19:24 # 6

Barros et al. Root Adaptation to Acid Soils

Root remodeling in soils with low-P availability is related to
two types of signaling pathways. Local signaling is associated with
RSA modifications regulated by changes in the rhizosphere P
concentration in the soil, with the root apical meristem (RAM)
being the site sensing the P changes in the soil (Chien et al., 2018).
Under low-P conditions, the differentiation of meristematic and
stem cells especially in the pericycle, where lateral roots arise,
are triggered (Sánchez-Calderón et al., 2005; López-Bucio et al.,
2019; Wang et al., 2019). The second P signaling pathway is
systemic signaling, where low soil P availability results in lower
shoot P availability, triggering systemic responses transmitted to
the root to reprogram root processes enhancing P acquisition.
The primary conduit for these systemic responses is the phloem,
which in addition to sugars produced by photosynthesis in
mature leaves, also contains hundreds or thousands of different
RNA species and proteins that can serve as signaling molecules
for plant responses.

The best example of this is plant response to P deficiency,
which triggers massive changes in the phloem transcriptome
and proteome (Zhang et al., 2016; Zhang Z. et al., 2019). The
first example of P deficiency systemic signaling involves the
microRNA 399 (mirR399), which is induced early in the low-P
response in leaves and moves to the root in the phloem to interact
with its target, the PHO2 gene (Fujii et al., 2005; Chiou et al.,
2006; Hu et al., 2015). The transcription factor AtMYB2 acts as
a direct transcriptional activator of miR399 (Baek et al., 2013),
and miR399 then can directly cleave PHOSPHATE 2 (PHO2)
mRNA in some species (Bari et al., 2006; Ramírez et al., 2013;
Ouyang et al., 2016). PHO2 is a ubiquitin-conjugating E2 enzyme
(UBC24) that negatively regulates P transporters, inhibiting
P uptake and root-to-shoot translocation under sufficient P
conditions (Aung et al., 2006; Bari et al., 2006). Subsequent
studies showed that PHO2 targets proteins that are involved
in expression of the root high affinity uptake transport genes,
Pht1;8 and Pht1;9. miR399 is strongly induced by P deficiency
in source leaves and then loaded into the phloem, where it
is translocated to the root and silences PHO2, which in turn
allows high expression of Pht1;8/Pht1;9 and increased root P
uptake (Fujii et al., 2005; Bari et al., 2006; Chiou et al., 2006;
Hsieh et al., 2009). In the Zhang et al. (2016) paper cited
above, the authors directly identified and quantified mRNAs
that move from the shoot toward the root in the phloem,
and whose abundance are altered by P deficiency. They used
the appearance of miR399 in the phloem as a bioassay for
the plant perceiving P deficiency in the shoot and found it
appeared in the lower source leaf phloem rapidly, within 12 h
after withholding P from the roots. In this study they found
that imposition of Pi stress induced large and rapid changes
in the mRNA population in the phloem, and grafting studies
demonstrated that many hundreds of phloem-mobile mRNAs are
delivered to specific sink tissues, including the root. From these
findings the authors proposed that the shoot vascular system
acts as the site of perception for root-derived Pi stress signals,
and the phloem delivers a cascade of signals to the different
plant sinks, in order to coordinate P status throughout the
plant. The molecular mechanisms for both local and systemic
signaling that orchestrate P sensing and activation of pathways

induced by low-P availability are not fully understood. The
cross-talk between regulatory networks certainly occurs, but the
information available is still fragmented, so this topic will focus
on the transcriptional networks and molecules involved in P
response and root remodeling.

MicroRNA 399 plays this key role in Pi-starvation signaling
network in many plant species other than Arabidopsis. Its rice
homolog, LEAF TIP NECROSIS1 (LTN1), is associated with root
morphology changes under low-P, and the lack of function ltn1
mutant exhibits elongation of primary and adventitious roots
under P starvation. In rice, LTN1 is a key component downstream
of miR399 in the P starvation response (Hu et al., 2011). In maize,
miR399 transcripts are strongly induced in maize by P deficiency.
Moreover, lines overexpressing MIR399b accumulated more P
in their shoots, showing P-toxicity phenotypes and presented
significantly lower abundance of the long-noncoding RNA1
(PILNCR1) in P-efficient lines, indicating that the interaction
between PILNCR1 and miR399 is important for tolerance to low-
P (Du et al., 2018). Finally, the overexpression of the transcription
factor, WRKY74, in rice led to a larger root system phenotype,
enhanced P acquisition and grain yield (Dai et al., 2016). These
authors also showed that OsWRKY74 likely is a positive regulator
of miR399.

PHOSPHORUS-STARVATION
TOLERANCE 1 (PSTOL1) genes
To date, there are not many genes that directly link root
morphology and P acquisition, particularly in crop species
cultivated in soils with low-P availability. A receptor-like
cytoplasmic kinase gene named PHOSPHORUS-STARVATION
TOLERANCE 1 (PSTOL1) described by Gamuyao et al. (2012),
is the first candidate P efficiency (tolerance to low soil P)
gene identified. This gene encodes a receptor-like kinase and is
responsible for a major quantitative trait locus for rice root P
uptake (Wissuwa et al., 2002). Rice lines overexpressing PSTOL1
showed greater root total length and root surface area (Gamuyao
et al., 2012), and enhanced phosphorus uptake and grain yield
under low-P conditions compared to the control. PSTOL1 is
expressed in the crown root primordial and parenchymatic cells
located outside of the peripheral vascular cylinder, where crown
roots are formed in rice (Gamuyao et al., 2012). Although
P-starvation induced (PSI) genes were not differentially regulated
by PSTOL1, constitutive genes with regards to P supply, such
as HOX1 (Scarpella et al., 2005), a transcription factor that is a
positive regulator of root cell differentiation, was up regulated
in lines overexpressing PSTOL1 in the Gamuyao et al. (2012)
study, which is consistent with the proposed role of PSTOL1 in
regulating early crown root development and root growth in rice.

In sorghum, multiple homologs of OsPSTOL1 were shown
by candidate gene association mapping to be associated with P
efficiency in the field (grain yield and P uptake on low-P soil)
and/or in the lab (changes in root topology and growth, and
P uptake; Hufnagel et al., 2014). In this study, these sorghum
SbPSTOL1 genes appear to modify root system morphology
and architecture, leading to increases in grain yield in field
studies on a low-P Brazilian soil, and also exhibited enhanced
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biomass accumulation and P content in sorghum landraces
from West Africa using native soils. These data suggest a stable
effect of the target alleles across environments and sorghum
genetic backgrounds (Hufnagel et al., 2014; Bernardino et al.,
2019). In maize, homologs of OsPSTOL1 that were preferentially
expressed in roots and co-localized with QTLs associated with
root morphology and P acquisition traits (Azevedo et al., 2015),
mapped in the same region as QTLs for grain yield on a low-P
soil (Mendes et al., 2014).

TFs Involved in Plant Low-P Response/P
Efficiency
The maize transcription factor (TF) ROOTLESS CONCERNING
CROWN AND SEMINAL ROOTS (RTCS) has been shown
to be involved in altering root development and architecture
(Hetz et al., 1996; Taramino et al., 2007). More recently, Salvi
et al. (2016) also reported co-mapping of a quantitative trait
loci controlling the number of seminal roots in maize, with
the RTCS gene. RTCS contains a Lateral Organ Boundaries
(LOB) domain, LBD, that is induced by auxin. RTCS acts
downstream of ARF34 (and is responsible for the initiation
of embryonic seminal and postembryonic shoot-borne roots
(Xu et al., 2015). Other RTCS LBD proteins are involved
in several developmental processes; for example, Arabidopsis
LBD16/ASYMMETRIC LEAVES18 (ASL18) is involved in the
regulation of lateral root formation, downstream of ARF7 and
ARF19 TF’s (Lee et al., 2009). RTCS was highly expressed in a P
efficient maize genotype under low-P conditions when compared
to a P inefficient genotype (De Sousa et al., 2012), indicating that
is modulated by maize P status.

The TF PTF1 (phosphorus starvation transcription factor) is
a member of the BASIC HELIX-LOOP-HELIX (bHLH) family
of TF’s and plays a role in low-Pi tolerance response in rice,
maize and soybean (Yi et al., 2005; Li et al., 2011; Li Z. et al.,
2019). In maize, ZmPTF1 is involved in the promotion of
lateral root development and also binds to the promoter and
positively regulates the transcription of a number of other TF’s
including 9-cis-epoxycarotenoid dioxygenase (NCED), C-repeat-
binding factor (CBF4), ATAF2/NAC081, and NAC30. RNA-seq
data showed that genes related to the auxin signaling pathway
are also up-regulated in ZmPTF1 overexpression lines (Li Z.
et al., 2019). These authors suggested that ZmPTF1 acts upstream
of signaling pathways related to biosynthesis and activation of
phytohormones such as ABA and auxin, which are associated
with root system development and the Pi starvation and drought
tolerance responses.

There are a number of other WRKY TFs involved in P
deficiency stress. One of these is WRKY6, which negatively
regulates PHO1 expression under normal, sufficient P conditions.
PHO1 is the phosphate efflux transporter that mediates xylem
loading of Pi in the roots. When the plant experiences P
deficiency, WRKY6 is degraded via 26S proteasome-mediated
proteolysis (Chen et al., 2009). Its homolog in Arabidopsis,
WRKY42, also negatively regulates PHO1 transcription under
P sufficiency, but under the same plant P status, it positively
regulates expression of the gene encoding the root Pi uptake

transporter, PHT1;1 (Chen et al., 2009; Su et al., 2015). Under
P deficiency, like WRKY6, WRKY42 is also degraded by the
26S proteasome. Another related TF, WRKY45, whose expression
is root-specific, binds to two W box elements in the promoter
of PHT1 and regulates its transcription (Wang et al., 2014).
WRKY75 appears to play dual roles in P deficiency responses.
It is an activator of expression of a number of P deficiency
induced genes, including phosphatases and P transporters
(Devaiah et al., 2007). But it also is a negative regulator of
root development associated with P deficiency. That is, when
it is knocked out, lateral root length and number, and root
hair density, were significantly increased. Hence, WRKY75 is
the first WRKY transcription factor to be shown to regulate
both a nutrient deficiency response and root development
and architecture.

Major Al Tolerance Genes That Are Also
Involved in P Deficiency Stress Pathways
As plants that have adapted to highly acidic soils have had to deal
with the dual stresses of Al toxicity and low soil P availability/high
P fixation (Kochian et al., 2015), it is not surprising researchers
have recently begun to discover that what were believed to
solely be Al tolerance genes also can be involved in P deficiency
responses and possibly P efficiency. These findings come from
research on Arabidopsis, and the three key players in this scenario
are STOP1, the TF that regulates Al-induced expression of a
number of Al tolerance genes (Iuchi et al., 2007), and two of
the genes regulated by STOP. These are ALMT1, the root tip
PM malate anion channel that is activated by Al and releases Al
chelating malate into the acid soil rhizosphere (Hoekenga et al.,
2006), and ALS3, whose function is more varied and puzzling.
ALS3 was first shown by Larsen et al. (2005) to be an Al tolerance
gene that encodes an ABC transporter that in the shoots, is
localized to the vasculature and hydathodes. The authors showed
in the shoot it was PM-localized and speculated it could confer
Al tolerance by loading Al into the phloem, thus moving it away
from the site of toxicity in the root tip.

More recently, Dong et al. (2017) found that in Arabidopsis
roots, knockout of ALS3 results in hypersensitivity to low-P. In
this study, ALS3 was found to be part of a root tonoplast ABC
transporter complex with AtSTAR1, which is the counterpart
of rice OsSTAR1, which in rice pairs with OsSTAR2 (the
rice counterpart of ALS3) to form a cytoplasmic vesicle ABC
transporter involved in rice Al tolerance (Huang et al., 2009).
The Arabidopsis ALS3/AtSTAR1 transporter complex was shown
to mediate electrogenic transport in oocytes (transports net
charge across the membrane), but it is not clear what solute
AtSTAR1/ALS3 transports across the root-cell tonoplast. This
study is one of several (the others being; Müller et al., 2015;
Balzergue et al., 2017; Mora-Macías et al., 2017) that together
explain the primary Arabidopsis P deficiency response, which
is inhibition of primary root growth and continued lateral root
growth under low-P growth conditions. This response involves
the genes initially shown to be involved in Al tolerance, ALS3,
ALMT1 and STOP1. The low-P inhibition of primary root
growth requires Fe to occur, and under low-P conditions, Fe
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accumulation both into the root symplasm and the cell wall is
increased. The path of events that start with P deficiency under
sufficient/high Fe growth conditions and end with inhibition of
Arabidopsis primary root growth are both elegant and relatively
complex. These events are summarized here:

(1) P deficiency inhibition of Arabidopsis primary root growth
requires available Fe in order to occur.

(2) Under P deficiency, STOP1 induces ALMT1 gene
expression; subsequently the ALMT1 protein releases
malate into the root tip apoplast and rhizosphere where
it increases Fe availability in the apoplast via chelation of
Fe3+ from the rhizosphere.

(3) At the same time, P deficiency induces the release of the
multicopper ferroxidase, LPR1, from the ER to the cell
wall of RAM cells surrounding stem cells in the RAM.
LPR1-mediated reduction/oxidation of ferric/ferrous ions
in this cell wall region generates peroxide, which catalyzes
lignification and cell wall stiffening, accounting for the
initial rapid inhibition of root growth.

(4) Concurrently, the ROS generation from LPR1-mediated
ferroxidase activity triggers callose formation in this region
of the RAM, which blocks plasmodesmata between the
stem cells and cells surrounding the stem cell niche.

(5) This prevents for cell-to-cell transport of the TF, SHORT-
ROOT, which is essential for stem cell division. This
inhibition of stem cell division exhausts the meristem,
resulting in the slower inhibition and termination of
primary root growth.

The way that cells in the RAM perceive P deficiency is
not understood, however, it is known that the accumulation of
AtSTOP1 in the nucleus is the on-off switch for the regulatory
mechanisms involved in the inhibition of primary root growth
associated with P deficiency and Fe accumulation. Wang et al.
(2019), building upon the research presented in Dong et al.
(2017), showed that STOP1, ALMT1, and LPR1 act downstream
of ALS3/STAR1 in controlling Arabidopsis primary root growth
in response to P deficiency. Furthermore, they found that
the tonoplast ABC transporter, ALS3/STAR1, represses STOP1
protein accumulation in the nucleus, thus inhibiting ALMT1
transcriptional activation. They suggested that an unknown
metabolite or ion is sequestered in the vacuole by ALS3/AtSTAR1,
and this metabolite or ion is necessary for STOP1 accumulation
in the nucleus. Subsequently, Godon et al. (2019) found that
the stability of AtSTOP1 in the nucleus is triggered by Fe3+

accumulated in root cells under P deficiency, and not the
decrease in P itself. They also found that Al3+ had the same
effect as Fe on stimulating STOP1 accumulation in the nucleus,
which is consistent with the abundance of toxic Al3+ ions in
acidic soils. The authors suggested that the AtALS3/AtSTAR1
transporter may be mediating the accumulation of either
ionic Fe or Al, or Fe/Al chelates in the vacuole, and in the
case of P deficiency, this transporter controls cytoplasmic Fe
homeostasis via the stability of AtSTOP1 in the nucleus under
low-P conditions.

Involvement of Posttranslational
Modification in P Deficiency Responses
SUMO E3 LIGASE (SIZ1) is responsible for post-translational
modifications based on the addition of small Ubiquitin-
like Modifier (or SUMO) proteins, which can affect protein
function (Gareau and Lima, 2010). The MYB-like transcription
factor, PHOSPHATE STARVATION RESPONSE1 (PHR1), which
modulates RSA under P starvation, is one example of a
protein modified by sumoylation (Miura et al., 2011). In rice,
OsMYB2P-1 positively regulates P starvation signaling and lines
overexpressing this gene have a longer primary root and more
lateral roots compared to the wild type under low-P conditions
(Dai et al., 2012). PHR1 and its homolog PHL1 (PHR1-Like1)
directly bind to the cis-element, P1BS (Rubio et al., 2001),
which is prevalent in the promoters of many P starvation
induced genes, including PHO1, miR399, IPS1 (INDUCED BY
PHOSPHATE STARVATION1), and RNS1 (RIBONUCLEASE1)
(Poirier et al., 1991; Bariola et al., 1994; Martín et al., 2000;
Bari et al., 2006). PHR1 has also been found to be sequestered
from the nucleus in a P-dependent manner by SPX1, a nucleus-
localized SYG/PHO81/XPR1 domain protein, inhibiting PHR1
activity (Puga et al., 2014). In rice, SPX4 negatively regulates
PHR2; under low-P, SPX4 degradation is accelerated through
the 26S proteasome pathway, releasing PHR2 into the nucleus
and activating the expression of PSI genes (Lv et al., 2014).
Getting back to sumoylation, a loss-of-function siz1 mutant
exhibited reduced primary root growth and increased lateral
root and root hair length and density, which is apparently
independent from the PHR1/SIZ1 signaling pathway (Miura
et al., 2011). SIZ1 is also involved in the negative regulation
of auxin patterning to modulate RSA in response to low-P
(Miura et al., 2011).

This siz1 mutation also revealed a dual role of the SIZ1
E3 ligase in the regulation of P homeostasis in rice. In siz1
rice plants grown under P deficiency, two root high-affinity P
transporter genes,OsPT1 andOsPT8, were more highly expressed
compared to the WT, whereas OsPT2 and OsPT6 (which
are expressed in both roots and shoots) were down-regulated
(Wang et al., 2015). OsPT2 and OsPT8 are phosphorylated
by CASEIN KINASE2 (CK2), which inhibits their interaction
with PHOSPHATE TRANSPORTER TRAFFIC FACILITATOR1
(OsPHF1) under normal conditions. OsPHF1 is a SEC protein
that facilitates the trafficking of Pi transporters from the ER to
the PM (González et al., 2005). The retained phosphorylated
phosphate transporters in the endoplasmic reticulum lead to
a reduced P absorption from the rhizosphere (Chen et al.,
2015). Also, rice PROTEIN PHOSPHATASE95 (OsPP95), a PP2C
protein phosphatase negatively regulated by OsPHO2, positively
regulates P homeostasis and remobilization, through the
interaction with OsPT2 and OsPT8. OsPP95 acts antagonistically
with CK2 to regulate the reversible phosphorylation of phosphate
transporters (Yang et al., 2020b).

Another transcriptional factor with a role in P homeostasis is
WRKY6, which was shown to negatively regulate the expression
of PHO1 (Chen et al., 2009), which is a phosphate efflux
transporter localized to the Arabidopsis root vasculature and
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is key in loading Pi absorbed by roots from the soil into the
xylem for translocation to the shoot (Hamburger et al., 2002). Its
closest Arabidopsis homolog, WRKY42, also negatively regulates
PHO1 transcription under P starvation, (Chen et al., 2009;
Su et al., 2015). Interestingly, under Pi-sufficient conditions,
WRKY42 positively regulates PHT1;1 expression, which is a
root high and low affinity Pi uptake transporter in Arabidopsis
(Shin et al., 2004). WRKY42 accomplishes this by binding
directly to the PHT1;1 promoter, and this binding is abolished
by low-Pi stress. During Pi starvation, the WRKY42 protein is
degraded through the 26S proteasome pathway. These results
show that AtWRKY42 modulates Pi homeostasis by regulating
the expression of PHO1 and PHT1;1 to adapt to environmental
changes in Pi availability.

Members of the Proteaceae Family Have
Evolved Unique Adaptations to Acquire P
From Low-P Soils
Some plant species of the Proteaceae family develop cluster or
proteoid roots in response to growth on low-P soils. Cluster
roots are specialized primary lateral roots that develop one
or more clusters of rootlets along their axes. Cluster roots
synthesize large amounts of organic acid, such as citrate and
malate, which are subsequently released into the rhizosphere
to increase P availability by chelating metals such as Fe,
Al, and Ca that are fixing the phosphate anions in the soil
(Keerthisinghe et al., 1998; Neumann et al., 2000; Peñaloza et al.,
2002). A number of genes are involved in the developmental
and biochemical responses in cluster roots. These include
upregulation of the root high-affinity phosphate transporters,
LaPT1, and phosphoenolpyruvate carboxylase 3 (LaPEPC3)
under P deficiency. Also, it was found that white lupine
homologs of the Arabidopsis SCARECROW (AtSCR), LaSCR
and LaSCR1 are localized to the root endodermis and presumably
help drive the developmental processes that result in these
impressive clusters of laterals, which play such an important
role in lupine adaptation to low-P soils (Peñaloza et al., 2005;
Sbabou et al., 2010).

Recently, a cultivated accession of white lupin was sequenced
and de novo assemblies of a landrace and a wild relative were
also performed (Hufnagel et al., 2020). The modern accession
displays an increased soil exploration capacity through early
establishment of lateral and cluster roots (Hufnagel et al.,
2020). The authors identified the presence of AP2/EREBP, a
large multigene family that is key to control of lateral root
development. They also identified several mature microRNAs
expressed in cluster root sections and related to P deficiency
responses, such as miRNA156, miRNA166, miRNA211139, and
members of miRNA399 family, that were not detected previously
in white lupin. Moreover, Hufnagel et al. (2020) identified
five genes that are targets of the detected miRNAs, including
the TFs LaWRKY (Lalb_Chr07g0182001) and LaPUCHI-3
(Lalb_Chr18g0055601). Activation of key regulatory genes
may trigger the early establishment of the root system, and
consequently P-uptake and P efficiency (increased grain yield
on low-P soils).

DROUGHT STRESS AND TOLERANCE

Drought stress is the most widespread abiotic stress affecting crop
yield and quality. Due to the sessile nature of plants, evolutionary
adaptations have enabled plants to develop sophisticated
mechanisms to tolerate or avoid drought. When plants sense
water deficit in the surrounding environment, it leads to the
generation of drought stress signals (Blackman and Davies, 1985;
Kuromori et al., 2014; Batool et al., 2019). These primary and
secondary drought response signals are perceived by receptor
molecules which leads to direct changes in the expression of genes
or expression of TFs that regulate expression drought-responsive
genes, which ultimately leads to drought adaptation (Kuromori
et al., 2014). Drought signaling networks are presumably complex
and to date poorly understood, but it is clear they involve both
intercellular and intracellular signaling (Kuromori et al., 2014).
Because this review focuses on root adaption to multiple stresses,
here we will focus on the role of drought-related communication
between the roots and shoots involving intercellular signaling
networks and TFs responsive to drought.

Drought Signaling Molecules
Hormones
Several studies have shown that phytohormones act as signaling
molecules in response to drought. ABA is one of the most widely
studied phytohormones in part because of its role in regulating
stomatal conductance in response to different related abiotic
stresses that impact plant water status including drought, salinity,
high and low temperatures. Jones and Mansfield (1970) showed
that external application of ABA to roots led to a reduction in
stomatal aperture suggesting that ABA was involved in regulation
of stomatal conductance. This led a number of researchers to
conduct plant water stress studies investigating the hypothesis
that root-derived ABA is a primary candidate for root to shoot
drought signaling. It had been generally accepted that stomatal
closure in response to drought was triggered by reductions in leaf
water potential due to the drought conditions. A key finding in
changing thinking about drought signaling came from the work
of Blackman and Davies (1985), which showed that reduced water
content in roots in response to drought led to stomatal closing
or reduction in stomatal aperture without changes in leaf water
potential. This indicated that a signal was likely traveling from
the root to leaves to help induce stomatal closure. As described
above regarding the earlier work of Jones and Mansfield (1970),
ABA was already known to decrease stomatal opening and thus
it became a logical candidate for a drought-induced root signal
transmitted to leaves. Subsequently, it was shown that upon soil
drying, the ABA concentration was increased in maize roots and
xylem sap (Zhang and Davies, 1989, 1990a), and these findings
further strengthened the idea of ABA as a key drought induced
signal in root to shoot signaling. Subsequent work with a number
of plant species, including maize, sycamore, lupin, wheat, castor
bean and grapevine (Loveys and Kriedemann, 1974; Zhang et al.,
1987; Henson et al., 1989; Zhang and Davies, 1990b) all showed
that soil water deficit induced ABA synthesis in roots, and the
newly synthesized ABA was then translocated to leaves via the
xylem to induce stomatal closure.

Frontiers in Plant Science | www.frontiersin.org 9 November 2020 | Volume 11 | Article 565339179

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-11-565339 November 7, 2020 Time: 19:24 # 10

Barros et al. Root Adaptation to Acid Soils

Drought stress can cause arrested shoot growth; however, it
has been shown that under those conditions root elongation
can continue due to ABA-mediated plant adaptations (Sharp
and Davies, 1989; Saab et al., 1990; Sharp et al., 1994) observed
that primary root elongation was maintained under water
limited conditions, and in subsequent work it was suggested
that increased ABA accumulation in the root under drought
conditions (water potential [ψw] of −1.6 MPa) might play a
key role in the prevention of root growth elongation inhibition
under drought stress (Saab et al., 1990). In the Saab et al.
(1990) study, two treatments were employed. These involved
both the root application of fluridone, an inhibitor of carotenoid
biosynthesis that provides the precursors for ABA biosynthesis,
and the use of the vp5 mutant that is deficient in carotenoids
that leads to reduced ABA synthesis. They showed that in
both of these treatments, the roots did not maintain continued
root elongation at a lower water potential compared to wild
type maize plants. They also conducted these experiments in
a dark environment with saturated humidity to rule out the
indirect effects of ABA deficiency on photosynthesis and/or
alterations in stomatal control. Subsequently, Sharp et al.
(1994) confirmed the role of ABA in maintenance of tap root
growth under water limited conditions by applying exogenous
ABA, which recovered the wild type root growth phenotype
in both the vp5 mutant and fluridone-treated plants under
drought. Based on an earlier report by Wright (1980) on the
interaction between ABA and ethylene, researchers from the
Sharp lab also investigated whether ABA-dependent inhibition
of ethylene synthesis was involved in the maintenance of root
elongation under water limited conditions (Spollen et al., 2000).
In this study, wild type root growth elongation was recovered
by applying ethylene synthesis and action inhibitors in the
vp5 mutant and in fluridone-treated maize plants, suggesting
that the ability of root growth to better tolerate drought
compared to shoot growth does involve interactions between
ABA and ethylene.

Despite this body of work supporting the hypothesis of
root to shoot translocation of ABA in response to drought,
other studies suggesting the importance of leaf ABA synthesis
have been carried out in a number of labs using reciprocal
grafting between wild type and ABA deficient mutants in
tomato, Arabidopsis, and sunflower. In these studies, drought
stress was imposed on the wild type shoot/mutant roots and
mutant shoots/wild type roots grafting combinations. When
these different grafted “genotypes” were water stressed, the shoot
genotype was shown to control stomatal behavior, suggesting
that shoot-derived ABA was also important drought response
(Jones et al., 1987; Fambrini et al., 1995; Holbrook et al., 2002;
Christmann et al., 2007; Dodd et al., 2009). In summary, despite
the general acceptance in the plant water relations that the
primary mode of ABA signaling occurs via root ABA synthesis,
followed by translocation via xylem to the leaves, it is clear
that the field of plant ABA signaling is not unified behind
this hypothesis. As supported by the findings reported in the
publications summarized in this section of the review, ABA
signaling may involve both roots and leaves, with a systemic
response involving ABA that is made in roots under drought

and transported to leaves, and a more local response within the
drought-stressed leaf.

The ABA signaling pathway has been studied extensively in
the model plant, Arabidopsis thaliana. ABA receptors have been
identified in Arabidopsis, and during ABA signaling, ABA has
been shown to bind to intracellular ABA receptors from the
PYR/PYL/RCAR family, triggering a signal cascade that results
in ABA-mediated stomatal closure (Fujii et al., 2009; Nishimura
et al., 2009; Santiago et al., 2009; Cutler et al., 2010; Gonzalez-
Guzman et al., 2012). The binding of ABA to its receptor leads to
interactions with a Type 2C protein phosphatase (PP2C), which
inhibits PP2C-mediated activation of an OST (Open stomata)
1 kinase. This kinase is responsible for stomatal opening by
controlling anion channels in the guard cell plasma membrane,
and blocking its activation results in stomatal closure (Ma et al.,
2009; Park et al., 2009; Hauser et al., 2017). Hence, PP2C is a
negative regulator of the ABA signaling pathway, resulting in
stomatal closure. Interesting recent findings from Belda-Palazon
et al. (2018) showed that the PYL8 ABA receptor is responsible
for root perception of ABA though a non-cell-autonomous
mechanism. In this study the PYL8 transcript was localized to
the root meristem epidermis and stele, while the PYL8 protein
was also found in adjacent tissues. The authors go on to show
that both inter- and intracellular trafficking of PYL8 appears
to occur in the RAM. This study shows that ABA receptors
can interact with ABA in the root. It doesn’t appear that this
interaction plays a role in drought signaling to the shoot. Instead
the authors hypothesize that the binding of ABA to the PYL8
receptor in the root may be involved in well documented roles
of ABA in root function including root growth associated with
hydrotropism and salt stress, and root plasticity in response to
variation in nutrient availability (Barberon et al., 2016; Feng et al.,
2016; Dietrich et al., 2017).

There are a number of published papers indicating that ABA
biosynthesis occurs in both shoots and roots, and this occurs
first via biosynthetic processes in plastids, and then the ABA
precursors made in the plastid are transported to the cytosol,
where they are converted to ABA (Thompson et al., 2007; Fujii
et al., 2009; Nishimura et al., 2009; Santiago et al., 2009; Cutler
et al., 2010). With regards to drought signaling regulation of
stomatal function, cytosolic ABA has been found to bind to
PYR1-type ABA receptors also located in the cytoplasm (Fujii
et al., 2009; Nishimura et al., 2009; Santiago et al., 2009; Cutler
et al., 2010). Based on the findings presented above for (Belda-
Palazon et al., 2018), it is clear that ABA receptors are both
functioning in the root and the leaf. In the studies showing
that ABA binds to PYR1-type ABA receptors in leaf tissue,
although not directly stated, the clear implication is that this ABA
interaction with its receptor occurs in the guard cell cytoplasm,
although that has not yet been shown.

Components of the ABA signaling pathway that are involved
in moving ABA either into guard cells or from roots to leaves
have been found. Kuromori et al. (2010) identified an ABC
(ATP binding cassette) efflux transporter gene AtABCG25 that
encodes an ABC transport protein localized in the root vascular
parenchyma plasma membrane. This transporter exports ABA
accumulated in root xylem parenchyma cells into xylem vessels
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in response to drought stress. Studies also showed that transgenic
Arabidopsis plants overexpressing AtABCG25 had higher leaf
temperatures and lower transpirational loss of water from
detached leaves, compared to wild type plants. This is consistent
with more ABA being provided to guard cells from the root,
leading to stomatal closure. Furthermore, Kang et al. (2010)
has identified an ABA uptake transporter, AtABCG40 (also
known as Pleiotropic drug resistance transporter PDR12). This
ABC transporter is localized to the plasma membrane and
predominantly expressed in leaf guard cells, where it acts to
transport ABA that is delivered via the xylem, into guard cells.
In summary, many of the structural components of the root to
shoot ABA signaling network are being identified, including root-
localized ABA biosynthetic pathways, transporters involved in
xylem translocation of ABA to the shoot, and transporters in the
leaf moving ABA into guard cells.

Another hormone that appears to be involved in drought
signaling is cytokinin. Reduced maize stomatal aperture due
to exposure to dry soil was reversed by the application of
cytokinin to the roots (Blackman and Davies, 1985). Whereas
xylem levels of ABA are increased in response to drought
treatment of rice seedlings, cytokinin levels are decreased under
the same drought conditions (Bano et al., 1993). These findings
suggest that both hormones are involved in drought signaling,
acting antagonistically to more finely regulate stomatal aperture
related to plant water status (Blackman and Davies, 1985;
Bano et al., 1993).

Peptide Hormones
The CLE (CLAVATA3/EMBRYO-SURROUNDING REGION)
family of peptides are small peptides that function as plant
hormones via release from cells into the extracellular space,
where they function as intercellular signaling molecules. They
have been shown to bind to receptor-like proteins at the outer
surface of the plant cell plasma membrane to help mediate
signal transmission. CLE peptides have been shown to regulate
a range of physiological and developmental processes, including
drought responses. CLE proteins have recently been shown to be
a mobile signal transmitted from roots to shoots and involved in
increased ABA biosynthesis after dehydration stress (Takahashi
et al., 2018). In this study, synthetic isotope-labeled CLE25 was
externally applied to roots and its accumulation was detected in
leaves of treated plants using nanoscale nLC-MS/MS. The CLE25
peptide has been shown to be involved in regulation of ABA
biosynthesis in leaves after the roots sense drought conditions in
the soil (Takahashi et al., 2018). CLE25 is expressed in vascular
tissues and its expression is induced in response to drought.
Subsequently, the CLE25 peptide moves from the roots to leaves,
where it enhances ABA synthesis and accumulation, helping
trigger stomatal closure. It does this by binding to BARELY ANY
MERISTEM (BAM) receptors in leaves. It is possible that CLE25
plays a role in the leaf-mediated regulation of stomatal function
described above from the earlier publications reporting on the
physiology of drought induced stomatal closure. If this is the
case, then CLE2 could be a second root-to-shoot drought signal
(the other being ABA itself) that triggers leaf-localized ABA
regulation of stomatal responses to drought.

Other Signals
Plant cellular and apoplastic pH has been proposed to be another
signaling factor that could play a role in stomatal aperture
regulation (Hartung et al., 1998; Wilkinson, 1999). Drought stress
has been shown to trigger an increase in xylem sap pH (Gollan
et al., 1992; Wilkinson and Davies, 1997; Hartung et al., 1998).
Under these conditions, Wilkinson and Davies (1997) found that
this led to an increase in apoplastic ABA in the leaves. They
hypothesized that as drought increases ABA concentrations in
the xylem sap, and are then transported to the leaves, the higher
apoplastic (xylem) pH will deprotonate acid groups in the ABA
molecules and the increased charge of the ABA anion will reduce
passive ABA flux through the lipid bilayer of the leaf cell plasma
membrane. Hence, they speculated that extracellular ABA may
be important in triggering stomatal closure. This is a topic that
will require more research to more clearly define both the role of
xylem pH in drought signaling and the role of apoplastic ABA in
directly regulating stomatal response to drought.

Recent studies have identified specific microRNAs that are
responsive to drought stress (Bakshi and Oelmüller, 2014;
Bakhshi et al., 2016; Aravind et al., 2017) and this could be
part of another drought signaling mechanism, as microRNAs
can regulate genes post-transcriptionally (Aukerman and Sakai,
2003). Bakhshi et al. (2016) identified 61 known and 11 novel
microRNAs involved in drought signaling in rice by performing
experiments with a divided root system where half of the root
system was water stressed and the other half kept well-watered.
They identified miRNAs that exhibited differential expression
when the entire root system is exposed to drought stress, along
with miRNAs whose expression was altered in response to
divided root system drought versus well-watered signaling. The
results for differential expression of many of the miRNAs were
validated via qRT-PCR. Furthermore, in silico target analysis led
to the identification of two to three hundred novel target genes for
the drought stress response of the entire root system, along with
responses of the divided root system to drought and well-watered
conditions. From the target analysis, the authors proposed these
miRNAs could be involved in a number of drought response
pathways, including ABA and calcium signaling, detoxification of
free radicals induced by drought, and stimulation of lateral root
initiation and growth, which could lead to bigger and deeper root
systems that could more effectively acquire water located deeper
in the soil profile under drought.

TFs Responsive to Drought
It is well known that transcription factor (TF) proteins can
play major roles in regulatory and signaling networks, and plant
drought response is no exception. A number of recent studies
have been conducted to identify TFs responsive to drought and
in some these studies, the function of the identified TFs has been
elucidated (He et al., 2016; Lee et al., 2016, 2017; Chen Y. et al.,
2018; Kumar et al., 2019). TFs responsive to drought are members
of several different TF families including: (1) the AREB/ABF
(ABA responsive binding or ABRE binding factor) family; (2) the
AP2/ERF (ethylene response element binding factor) family; (3)
the bZIP (the basic leucine zipper) family; (4) the NAC (NAM,
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ATAF1,2, CUC2) family; and (5) the WRKY transcription factor
family (Joshi et al., 2016).

With regards to a TF in the AREB/ABF family involved
in drought signaling, Marinho et al. (2016) showed that
soybean transgenic lines overexpressing AtAREB1 exhibited
enhanced performance under drought without any penalty on
yield. From changes in expression profiles for phosphatases
(PP2C) and kinases (SnRK2) in the AtAREB1-overexpressing
transgenic plants, the authors noted that the observed lower
expression of phosphatases and higher expression of kinases
are known to be linked to ABA-dependent stomatal closure,
and the resulting reduced stomatal conductance to water in
the OE lines could explain the observed drought resistance.
This overexpression line also had a higher leaf area index and
elevated intrinsic water use in subsequent research by Fuganti-
Pagliarini et al. (2017). In rice, overexpression of OsERF71
altered expression of genes that regulate lignin biosynthesis
and cell wall loosening enzymes, leading to increased root
radial growth, more cell layers in the vasculature, and increased
root aerenchyma, and these root structural changes were
associated with reduced water transpiration and increased
drought tolerance (Lee et al., 2016). OsERF71 belongs to
the AP2/ERF TF family and is mainly expressed in the root
endodermis, meristem and pericycle tissues. It was not clear
how these root structural changes confer drought resistance,
but the authors noted that increased radial growth has been
observed in other studies in response to drought. The authors
pointed out that in these previous studies, it has been suggested
that observed increases in aerenchyma could reduce the carbon
cost required to produce bigger root systems (Zhu et al.,
2010). In the OsERF71 overexpressing lines, the putative lignin
biosynthesis genes, cinnamoyl-coenzyme was expressed ten-
fold higher than in wild type plants. This was associated with
quantification of higher lignin accumulation in roots tissues
by phloroglucinol staining in the transgenic plants. Increased
lignin biosynthesis might be required for additional root
layer formation for wider radial root growth to accommodate
larger aerenchyma.

NAC TFs have been characterized in transgenic wheat and
it was reported that TaRNAC1-overexpressing lines exhibited
changes in root growth and structure, which resulted in larger and
deeper root systems and increased performance under drought,
presumably due to enhanced water acquisition (Chen D. et al.,
2018). Finally, He et al. (2016) evaluated Arabidopsis transgenic
lines overexpressing the wheat TaWRKY33 transcription
factor for drought tolerance. They observed that TaWRKY33
overexpression was associated with increased expression of
ABI5, which encodes a basic leucine zipper transcription factor
that in involved in the regulation of seed germination and early
seedling growth under abiotic stress conditions that involve
ABA. It has been shown that ABI5 is involved in the receptor-
mediated ABA signaling described above (PYR/PYL/RCAR ABA
receptors, PP2C phosphatases and SnRK2 kinases), through
its interaction with ABSCISIC ACID RESPONSE ELEMENT
(ABRE) motifs in target gene promoters. Hence, ABI5 has
been shown or proposed to be involved in many ABA-related
activities, including seed germination, seedling stress tolerance,

integration of hormone interactions, and ABA biosynthesis (for
a review, Skubacz et al., 2016).

In the He et al. (2016) publication, the authors suggested
that the TaWRKY-mediated increase in ABI5 expression was
likely central to the observed improved performance under
drought, possibly due to increased ABA synthesis under
drought conditions. In the OE lines they also observed reduced
transpirational loss of water from excised leaves, which would
correlate with increased ABA accumulation resulting in greater
stomatal closure.

ERECTA- A Leucine Rich Repeat
Receptor-Like Kinase
The ERECTA gene has been shown to be involved in the
regulation of leaf transpirational water loss through stomata
by altering leaf anatomy (Masle et al., 2005). Leaf carbon
isotope discrimination, which is due to the discrimination against
the naturally occurring carbon isotope, 13C, in favor of the
more abundant 12C isotope during photosynthetic CO2 fixation
by the rate-limiting enzyme, Rubisco, is negatively related
to leaf transpiration efficiency (ratio between transpirational
water loss and photosynthetic CO2 assimilation). Hence, leaf
isotope C discrimination can be used as a proxy phenotype
for transpirational efficiency. Using this approach, leaf isotope
C discrimination was used to phenotype an Arabidopsis Col-
4 x Ler RIL population. Genetic analysis of the data yielded a
significant QTL for transpirational efficiency for leaf isotope C
discrimination that was then fine mapped on chromosome 2
(48.96–51.02 cM) and explained up to 64% of the phenotypic
variation for this trait in the RIL population. The population
parents, Col and Ler, contain ERECTA (ER) and er1 alleles,
respectively. Upon screening of candidate genes residing in that
region, they found that the ERECTA gene was located in the
center of the QTL interval. They also observed contrasting
values of leaf isotope C discrimination for individuals with the
ER or er1 alleles. For functional validation of the candidate
gene for transpirational efficiency, multiple ERECTA mutants
were compared with near-isogenic lines containing ERECTA
allele homozygotes. They observed that all of the er mutants
exhibited higher leaf isotope C discrimination and therefore
lower transpirational efficiency than lines homozygous for
ERECTA allele. Further, in transgenic lines which complemented
the mutation with the ERECTA allele, they confirmed the identity
of ERECTA as a transpirational efficiency gene. By dissecting
leaf anatomical features, lower stomatal conductance because of
lower stomatal density caused by epidermal cell expansion, was
observed as the anatomical effect of the ERECTA gene. Loosely
packed fewer and smaller mesophyll cells were also observed,
and it was concluded that all of these phenotypes collectively are
affecting transpirational efficiency. These anatomical phenotypic
traits were maintained under drought stress which suggests
that the ERECTA gene could be an important genetic tool
to increase transpirational efficiency in crops in drought
stress environments.

Zheng et al. (2015) also showed that the expression
of two wheat TaER genes were positively correlated with
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transpiration efficiency and yield traits. Gene sequences for
ERECTA orthologs in wheat were identified by Linzhou et al.
(2013) using a homology-based cloning approach. Zheng
et al. (2015) subsequently found the physical chromosomal
location of these genes on chromosomes 6 and 7 by using
in silico approaches to compare TaER cDNA sequences to a
wheat genome sequence database. The authors also observed
significant variation in expression of these genes among 48
wheat varieties in the flag leaves at grain filling and at
the heading growth stages. There was a significant positive
correlation in TaER expression with water use efficiency,
flag leaf area and yield traits (biomass and gain yield),
whereas the rate of transpiration, stomatal density and rate of
photosynthesis were negatively correlated. These results were
consistent with Masle et al. (2005) and further strengthened
the role of ER genes in regulation of transpiration efficiency.
In addition to the above studies, Li H. et al. (2019) also
showed increased drought resistance in Arabidopsis and maize
plants by overexpressing the sorghum ER (SbER2-1) gene and
the transgenic overexpression lines exhibited increased rates of
photosynthesis and water use efficiency.

POSSIBLE COMMON DETERMINANTS
OF AL TOLERANCE, P EFFICIENCY AND
DROUGHT TOLERANCE

C2H2 TFs
Water deficit may disrupt the lipid bilayer in cell membranes,
triggering protein denaturation and accumulation of cellular
electrolytes, which may lead to osmotic imbalance in plant cells
(Fernando and Schroeder, 2016). Hence, osmotic adjustments
play a role in plant adaptation to dehydration via turgor
maintenance and by the production of osmoprotectants that
maintain proper cellular function (Blum, 2017). Cys2/His2-type
(C2H2), zinc fingers are known to play a role in plant abiotic
stresses tolerance and emerge as a possible hub controlling
tolerance to Al toxicity, low-P and also drought stress. Possible
mechanisms whereby C2H2 zinc fingers influence drought
tolerance have been recently reviewed by Han et al. (2020).
Those mechanisms involve the biosynthesis of solutes in the
cell leading to osmotic adjustments, reactive oxygen species
scavenging via enhanced antioxidant enzyme activity and ABA-
dependent signaling pathways.

As previously described, there is evidence linking the C2H2
transcription factor, STOP1, to both Al tolerance and P
deficiency tolerance (see section “Major Al Tolerance Genes
That Are Also Involved in P Deficiency Stress Pathways”).
This emerging pleiotropic role of STOP1 in abiotic stress
tolerance has been further supported by the recent finding
that stop1 knockout lines showed enhanced drought tolerance
in Arabidopsis (Sadhukhan et al., 2019). Among the genes
suppressed in the stop1 mutant was the CBL-interacting protein
kinase 23 (CIPK23), which may be involved in K+/Na+
homeostasis via regulation of K+ transporters. In agreement with
K+ involvement in stomatal opening (Munemasa et al., 2015),

further complementation experiments suggested that the STOP1
function in drought tolerance occurs via ABA-mediated stomatal
closure elicited by CIPK23. A protein phosphatase 2C-family
protein, PP2C61, was also repressed in the stop1 mutant, which
provides further indication of ABA-dependency for STOP1.
This scenario points toward a highly pleiotropic nature of the
transcription factor STOP1. In this context, STOP1 enhances
AtMATE- and AtALMT1-mediated Al tolerance (see section
“Transcriptional Regulation Involved in Al Tolerance”), inhibits
primary root growth and enhances lateral root proliferation
under P deficiency, possibly favoring P acquisition via Fe-
mediated RAM exhaustion (see section “Major Al Tolerance
Genes That Are Also Involved in P Deficiency Stress Pathways”).
In addition, STOP1 may also influence both salt and drought
tolerance (Sadhukhan et al., 2019). However, STOP1 was
suggested to negatively impact drought tolerance in Arabidopsis
(Sadhukhan et al., 2019), which may conflict with a possible
general role of STOP1 in crop adaptation to acidic, tropical
soils, where Al toxicity, P deficiency and drought stress
usually co-exist.

NAC and bHLH Transcription Factors
There are many reports linking NAC TFs including NAM, ATAF,
and CUC TFs with drought tolerance (Nakashima et al., 2012),
which largely involves ABA-dependent pathways. However,
some NAC TFs show very early responses to ABA treatment,
probably before endogenous ABA accumulates (Tran et al., 2004).
Hence, some NACs are also thought to function through ABA-
independent pathways (Singh and Laxmi, 2015), at least to some
extent. Mutant analysis targeting class III SnRK2 protein kinase
genes resulted in repression of the NAC gene, RD26, indicating
that the expression of stress-inducible NACs is under control of
the central ABA perception and signaling module (Nakashima
et al., 2012; Fernando and Schroeder, 2016). Overexpression of
the stress responsive, NAC gene, SNAC1, has been reported to
lead to salt and drought tolerance in rice without a penalty
in yield (Hu et al., 2006). SNAC1 was shown to bind to the
promoter of the stress-induced gene, early responsive to drought
1 (OsERD1), and many stress-related genes were up-regulated
in the SNAC1-overexpressing rice plants. The transgenic lines
were also more sensitive to ABA and showed reduced water
loss due to enhanced stomatal closing (with apparent no effect
in photosynthesis), possibly by drought induction of SNAC1 in
guard cells (Hu et al., 2006). Also, OsNAC5 has been found to
improve drought tolerance in rice via up-regulation of stress-
inducible genes, and both OsNAC6 and OsNAC10 may also
improve rice drought tolerance (reviewed by Nakashima et al.,
2014; Singh and Laxmi, 2015).

Basic helix-loop-helix (bHLH) TFs have been implicated
in drought regulation of stress-related genes via a wide-
range of possible tolerance mechanisms, including stomatal
development, ABA signaling, trichome and root hair
development, osmoregulation, photosynthesis and growth
regulation, in addition to ROS scavenging (reviewed by Castilhos
et al., 2015; Sun et al., 2018). For example, AtMYC2 (bHLH)
and AtMYB2 (MYB) TFs interact with cis elements in the
promoter of the dehydration-responsive gene, rd22, to function
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as transcriptional activators in ABA-inducible gene expression
under drought stress in Arabidopsis (Abe et al., 2003). However,
strong alterations of stomatal development elicited by some
bHLH TFs may hinder their practical application in cultivar
development (Castilhos et al., 2015).

The bHLH family member, PTF1, has been found to play a
role in low-Pi tolerance in rice, maize and soybean (see section
“TFs Involved in Plant Low-P response/P Efficiency”). In maize,
ZmPTF1 was also shown to enhance lateral root development and
confer drought tolerance (Li Z. et al., 2019). Enhanced drought
tolerance in the ZmPTF1-overexpression lines might be a result
of activation of ABA and auxin signaling pathways and enhanced
lateral root growth, which may be at least in part caused by up-
regulation of NAC TFs. In fact, ZmPTF1 was shown to bind to the
promoter of NAC30 and other TFs, acting as a positive regulator
of those genes (Li Z. et al., 2019). Thus, a possible connection
between NAC-mediated tolerance to both drought and low-P
conditions may be mediated at some extent via bHLH-dependent
regulation of NAC TFs.

Interestingly, NAC TFs may also connect with Al tolerance
based on up-regulation of VuNAR1 in the Vigna umbellata
root apex (Lou et al., 2020) and Al inducibility of other
NACs (Escobar-Sepúlveda et al., 2017; Jin et al., 2020). Since
VuNAR1 was shown to bind to the promoters of wall-associated
receptor kinase genes, this NAC gene may confer Al tolerance
through regulation of cell wall pectin metabolism (Lou et al.,
2020). Interestingly, this mechanism could possibly feedback on
P acquisition, since wall-associated kinases have been shown
to affect root growth (Kanneganti and Gupta, 2008, 2011;
Kaur et al., 2013).

MYB TFs
Transcription factors possessing a conserved MYB domain
involved with DNA binding are important players in abiotic
stress tolerance and are intimately involved in cross-talk
between different types of abiotic stresses. MYB TFs may
influence drought tolerance via regulation of root growth
and development, leaf development, stomatal movement in
response to drought, cell wall biosynthesis, cuticle and suberin
biosynthesis, and antioxidant activity via accumulation of
flavonoids (reviewed by Baldoni et al., 2015). MYB TFs are
also closely associated with changes in root morphology, which
involves rather complex responses to different hormones. MYB77
has been implicated in auxin signaling via interaction with
auxin response factors (ARFs), changing lateral root growth
(Shin et al., 2007). MYB involvement with ABA signaling stems
from the interaction between the ABA sensing gene, PLY8,
and MYB77 (Zhao et al., 2014). By increasing auxin signaling,
this interaction leads to a recovery of lateral root growth
following inhibition by ABA. An important role for MYB TFs
in abiotic stress cross-talk is also suggested by the joint role
of AtMYB60 (Oh et al., 2011) and AtMYB96 in both stomatal
movement and lateral root growth, with an integrative role in
ABA and auxin signaling being proposed for AtMYB96 (Baldoni
et al., 2015). Another MYB transcription factor working in a
similar way is SiMYB75, which function in an ABA-dependent
manner to promote root growth and drought tolerance, which

results from enhanced stomatal closure to reduce water loss
(Dossa et al., 2020).

By far the most compelling case of a MYB transcription factor
jointly modulating drought stress and P deficiency tolerance
arises from AtMYB2 regulation of miR399 (Baek et al., 2016,
2017). As previously described (Section 3), miR399 is a key
component in P homeostasis (Fujii et al., 2005; Baek et al., 2013).
Baek et al. (2016) have shown that AtMYB2 regulation of miR399
is involved in drought responses, with transgenic Arabidopsis
plants overexpressing miR399f exhibiting ABA resistance and
drought hypersensitivity. This response is thought to be a
consequence of ABA-signaling, with miR399 targeting CSP41B
and ABF3 (Baek et al., 2016).

WRKY TFs
WRKY TFs can act both as activators or repressors of gene
expression and are involved both with abiotic and biotic stress
responses (Bakshi and Oelmüller, 2014). The function of WRKY
genes in drought tolerance is closely related to ABA signaling,
which gives rise to a multi-pronged mode of action on plant
performance under drought including stomatal closure and
changes in RSA. Studies with a promoter::reporter gene construct
for the sorghum member of the WRKY family, SbWRKY30,
indicated that the SbWRKY30 promoter responds to different
phytohormones such as ABA, GA and Me-JA (Yang et al.,
2020a). Expressed both in the tap root and leaf, SbWKRY30 was
induced by drought stress and conferred drought tolerance both
in Arabidopsis and rice by affecting RSA. This drought tolerance
response may also be a result of enhanced ROS scavenging
elicited by SbWRKY30. This transcription factor was also found
to influence the transcription of a number of stress-responsive
genes, including SbRD29 (Yang et al., 2020a).

Among other WRKY proteins, AtWRKY40 has been shown
to interact with the C-terminal of the ABA receptor ABAR,
with ABA acting to remobilize AtWRKY40 from the nucleus
to the cytoplasm (reviewed by Rushton et al., 2012). Since
AtWRKY40, AtWRKY18 and AtWRKY60 are negative regulators
of ABA signaling, this mechanism leads to de-repression of ABA-
dependent pathways and, hence, induction of ABA-responsive
genes (Shang et al., 2010). With ABA sensing by its receptors,
ABI5 is de-repressed and activates AtWRKY63, which activates
stress-inducible genes such as RD29 and COR47 (Ren et al., 2010;
Rushton et al., 2012).

Although there are many reports of WRKY TFs influencing
drought responses (Rushton et al., 2012; Rabara et al., 2014;
Singh and Laxmi, 2015), examples of common WRKY proteins
also acting on Al tolerance and P deficiency tolerance are rather
scarce, which might merely reflect less research focus on the
involvement of WRKY TFs in abiotic stresses other than drought.
Transgenic Arabidopsis with constitutive expression of the stress-
response transcriptional coactivator, multiprotein bridging factor
1c (MBF1c), were more tolerant to bacterial infection, heat, and
osmotic stress (Suzuki et al., 2005). AtWRKY46 expression was
found to be elevated in the transgenic lines, albeit only slightly,
suggesting that AtWRKY46 could possibly be involved with
stress tolerance in the MBF1c lines. Somewhat more compelling
is the observation that AtWRKY46 was induced by drought,

Frontiers in Plant Science | www.frontiersin.org 14 November 2020 | Volume 11 | Article 565339184

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-11-565339 November 7, 2020 Time: 19:24 # 15

Barros et al. Root Adaptation to Acid Soils

salt and oxidative stress (Ding et al., 2014). AtWRKY46 was
expressed in guard cells and may regulate stomatal opening and
drought stress. Additionally, AtWRKY46 was found to regulate
lateral root development in osmotic and salt stress conditions,

possibly via ABA-signaling (in part via ABI4 regulation) and
auxin homeostasis (Ding et al., 2015).

This suggests that AtWRKY46 could act on stress tolerance
beyond its repressor role on the expression of the Al tolerance

FIGURE 1 | Model for cross-talk between Al toxicity, low-P availability and drought stress. Four transcriptional regulatory networks are highlighted that we identified
in this review that may be involved with plant responses to these three abiotic stresses. (I) The SENSITIVE TO PROTON RHIZOTOXICITY 1 (STOP1) transcription
factor is involved in Al tolerance, P deficiency and drought stress. In addition to AtMATE, STOP1 transcriptionally activates the ALUMINUM ACTIVATED MALATE
TRANSPORTER1 (ALMT1) which encodes the root PM anion channel that mediates Al activated malate release from roots, detoxifying Al in the rhizosphere. P
deficiency induces the release of the multicopper ferroxidase (LPR1) that reduces/oxidizes Fe. P deficiency also induces expression of ALMT1, and the malate
released via the ALMT1 protein chelates and facilitates accumulation of Fe in the cell wall where its oxidoreduction is catalyzed by LPR1, generating peroxides, which
triggers lignification and cell wall stiffening, and rapid inhibition of root growth. At the same time, ROS generated from oxidoreduction of Fe triggers callose formation,
which blocks plasmodesmata between stem cell initials and cells of the RAM outside the stem cell niche. This blockage of the plasmodesmata prevents cell-to-cell
transport of the transcription factor, SHORT-ROOT, which is needed to drive stem cell division. This exhausts the RAM and terminates primary root growth. The Fe
accumulated in the cell wall also drives increased Fe influx into the cytoplasm of RAM and the increased Fe helps stabilize and enhance STOP1 accumulation in the
nucleus. Under P sufficient conditions, the tonoplast ABC transporter, ALS3/STAR1, is hypothesized to transport the Fe or Al (depending on soil conditions) or
possibly Fe/Al-chelates into the vacuole and the reduction of Fe/Al levels in the cytoplasm and nucleus represses STOP1 protein accumulation in the nucleus,
inhibiting ALMT1, transcriptional activation. With regards to STOP1’s involvement in drought response, STOP1 also transcriptionally activates CBL-INTERACTING
PROTEIN KINASE 23 (CIPK23) expression, and the CIPK23 protein is an activator of high affinity K+ transporters in the root and possibly the shoot, which could
result in enhanced stomatal opening and a reduction in drought tolerance due to increased transpirational water loss. (II) A second family of candidate TFs are the
large WRKY family. There are several WRKY transcription factor family members involved in responses to drought and Al toxicity. For example, AtWRKY46 represses
ALMT1 expression in the absence of Al and also is expressed in guard cells in response to drought stress; although its role in drought response remains to be
elucidated (III) The AtMYB2 transcription factor co-regulates P efficiency and is involved in drought response via regulation of miR399. AtMYB2 induces miR399 in
response to ABA and salt stress, and overexpression of miR399 results in salt and ABA tolerance but interestingly, is associated with drought sensitivity. miR399
plays a well-documented role in long distance P deficiency signaling in the phloem as it is synthesized in response to P deficiency in mature source leaves and is
translocated in the phloem to the root, where it silences PHOSPHATE 2 (PHO2), which encodes a ubiquitin-conjugating E2 enzyme that negatively regulates P
transporters under P sufficiency. (IV) NAC and Basic helix-loop-helix (bHLH) transcriptional factors have been implicated in drought regulation of stress-related genes
via a wide-range of possible tolerance mechanisms, which involves ABA-dependent and independent pathways. The bHLH family member, PTF1, plays a role in low
P tolerance, enhancing lateral root development. ZmPTF1 bind to the promoter of NAC30 and other TFs, acting as a positive regulator of those genes. Thus, a
possible connection between NAC-mediated tolerance to both drought and low-P conditions may be mediated at some extent via bHLH-dependent regulation of
NAC TFs. NAC TFs may also connect with Al tolerance based on up-regulation of VuNAR1 root apex and Al inducibility of other NACs. VuNAR1 also binds to the
promoters of wall-associated receptor kinase genes, conferring Al tolerance through regulation of cell wall pectin metabolism. Although there is no evidence for direct
interaction of STOP1, AtMATE1 and AtALS3 promoters, it is clear that STOP1 is crucial for induction of these genes. Not shown here is a possible link between Al
tolerance and drought tolerance via ERF transcription factors, whose supporting evidence is more limited and preliminary. The figure was created with
BioRender.com.
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gene, AtALMT1 (Ding et al., 2013), possibly influencing P
acquisition and tolerance to drought stress. While enhanced
lateral roots by AtWRKY46 might be expected to lead to
enhanced P acquisition on low-P conditions, the nature of the
impact of AtWRKY46 on drought tolerance, whether negative or
positive, is yet to be unraveled in detail. Another possible case of
cross-talk between drought stress tolerance and tolerance to low-
P conditions involves WRKY45. Arabidopsis lines overexpressing
OsWRKY45 showed enhanced disease resistance and drought
tolerance, possibly via ABA-mediated stomatal closure and
induction of stress-related genes (Qiu and Yu, 2009). In
Arabidopsis, AtWRKY45 is induced by low-P, regulates PSI
genes and is involved with changes in RSA that are apparently
P-independent (see section “TFs Involved in Plant Low-P
response/P Efficiency”; Devaiah et al., 2007). Also, AtWRKY45
participates in P responses by binding to the PHT1;1 promoter
and regulating its transcription, thereby enhancing P uptake (see
section “TFs Involved in Plant Low-P response/P Efficiency”;
Wang et al., 2014). These reports suggest that WRKY45 could
have a pleiotropic effect, enhancing both drought tolerance and
P acquisition in low-P conditions.

Ethylene Response Factors (ERFs)
Ethylene response factors are TFs in the AP2/ERF superfamily,
which are involved in tolerance to multiple abiotic stresses
(Debbarma et al., 2019). Well-known members of this family
include the Dehydration Responsive Element Binding (DREB)
factors, which are frequently involved in the ABA-independent
regulation of drought responsive genes (Singh and Laxmi, 2015),
possibly involving ethylene signaling (Leng and Zhao, 2019).
However, in some cases, DRE elements on some promoters are
involved in both ABA-dependent and ABA-independent abiotic
stresses (Agarwal et al., 2017). Overexpression of DREB TFs
has resulted in increased drought tolerance, but with occasional
deleterious side-effects (Agarwal et al., 2017). Chen Y. et al. (2018)
identified in Jatropha curcas a P starvation responsive AP2/ERF
transcription factor, JcERF035, which was downregulated under
-P conditions. Overexpression of this P-starvation responsive
AP2/ERF in Arabidopsis resulted in enhanced root hairs but
reduced number and length of lateral roots, which was apparently
independent from P supply. Recently, overexpression of ERF74
in Arabidopsis was shown to enhance tolerance to a variety
of stress factors, including drought, high light, heat and Al
toxicity, whereas the erf74 mutant displayed higher sensitivity
to these stresses. Like many other abiotic stresses, Al toxicity,
generates ROS (see Section 2.2a), which may both be a toxic
product and also can be a signal. Yao et al. (2017) showed
that the erf74 mutant lacked the reactive oxygen species burst
often seen in the early stages of various stresses, which was due
to lower expression level of RESPIRATORY BURST OXIDASE
HOMOLOG D (RbohD) in the erf74 mutant. Possibly this is
part of a ROS signaling pathway conditioning tolerance to
stresses such as Al toxicity, drought and temperature extremes,
which may be related to ROS signals (Yao et al., 2017). While
these studies with JcERF35 and AtERF74 suggest that some
ERF transfactors might be involved in plant responses to P,
Al and drought stress, this area awaits considerable further

investigation. Also, given the involvement of ABA as a positive
regulator of Al tolerance, including induction of AtALMT1 and
AtMATE expression (see Section 2.2b), other, yet unidentified
factors may connect drought and Al tolerance via ABA-
dependent pathways.

CONCLUSION

In this review, we examined the literature for common elements
shared between the three major stresses that often co-occur
on acidic soils: Al toxicity, low P availability and drought,
with a focus on genes/proteins involved in signaling and/or
regulatory pathways and networks controlling plant responses
and adaptations to these three abiotic stresses. In general,
research on crop adaptation to acidic soils has focused on
one of the two primary stresses resulting from the unique
chemistry of acidic soils, Al toxicity or P deficiency. But as this
field has advanced and matured, we showed here that quite
recently, a number of genes have been identified that are involved
both in Al resistance and adaptation to P deficiency. The very
broad field of research on crop adaptations to drought, on
the other hand, has not focused much on the possible role of
drought resistance mechanisms in adaptations to acidic soils.
This is primarily because drought, by its very nature, occurs
on all types of soils in many different eco-agricultural systems.
Nonetheless, in this review we did identify several genes and
the proteins they encode that could play a role in adaptation
to all three of these abiotic stresses. At the beginning of this
review, we speculated that genes involved in signaling/regulatory
networks might be the best source for candidates involved
in crop adaptation to all three stresses. This turned out to
be the case as we identified transcription factors from several
TF families that could play this pleiotropic role. These TF’s
are summarized here and a model of the function of the
best candidate TF’s in the three abiotic stresses is presented
in Figure 1.

(1) STOP1, a C2H2 Zinc Finger Transcription Factor: This
is probably the most interesting candidate as it has been
shown to clearly be a key Al tolerance gene, regulating
the Al-induced transcriptional activation of a number of
Al tolerance genes in Arabidopsis, including the major
Al tolerance gene, ALMT1 (Iuchi et al., 2007). STOP1
also plays a key role in Arabidopsis root response to
P deficiency, as under low P STOP1 again activates
ALMT1 expression, enhancing the production of the
ALMT1 anion channel that facilitates root malate release,
which is central to the root apex Fe accumulation
needed to exhaust the primary root RAM and root
growth (Müller et al., 2015; Balzergue et al., 2017; Mora-
Macías et al., 2017). The loss of primary root apical
dominance then appears to lead to enhanced lateral root
growth which could confer enhanced P acquisition in
low P soil. Additionally, there is a reasonable amount
of circumstantial evidence implicating STOP1 in several
drought responses. This includes the recent finding that
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stop1 knockout lines showed enhanced drought tolerance
in Arabidopsis (Sadhukhan et al., 2019), suggesting that
STOP1 is a negative regulator of drought tolerance. These
authors also found that the STOP1 regulated the expression
of the gene encoding the CBL-interacting protein kinase 23
(CIPK23), and complementation of the stop1 mutant with
CIPK23 reversed the drought phenotype (back to drought
sensitivity). Furthermore, in a heterologous system,
Xenopus oocytes, CIPK23 can activate via phosphorylation
the guard cell PM anion channel, SLAC1 (SLOW ANION
CHANNEL-ASSOCIATED 1) (Maierhofer et al., 2014), the
direct link between this process and drought physiology
involving stomatal closure is still unclear. Nevertheless,
these findings all point toward the highly pleiotropic nature
of the transcription factor, STOP1.

(2) WRKY Transcription factors: We found different members
of the WRKY TF family that were involved in all
three stresses, but did not identify a single WRKY
member clearly influencing all stresses. One possibility is
AtWRKY46, which is involved in Al tolerance where it
represses ALMT1 expression in the absence of Al (Ding
et al., 2013). Additionally, it was shown to be involved
in drought response, as it is expressed in guard cells and
this expression is induced by drought, salt and oxidative
stress (Ding et al., 2014). Additionally, AtWRKY46 was
found to enhance lateral root development in response
to osmotic and salt stress conditions, possibly via ABA-
signaling and auxin homeostasis (Ding et al., 2015). It
would be interesting to find out if this increased lateral
root development and growth could also play a role in
improved P efficiency.

(3) AtMYB2 Regulation of miR399: There is good evidence
for this MYB transcription factor co-regulating P efficiency
and drought tolerance via regulation of miR399 (Baek
et al., 2016, 2017). As detailed above, miR399 is an
important player in P homeostasis via a long distance
systemic signaling system in the phloem translocating
miR399 from mature source leaves to the root, where
it silences PHO2, the ubiquitin-conjugating E2 enzyme
that negatively regulates P transporters under P sufficiency
(Fujii et al., 2005; Baek et al., 2013). It was also shown that
AtMYB2 regulation of miR399 is also involved in plant
responses to abscisic acid (ABA), and to salt and drought
(Baek et al., 2016). Salt and ABA treatment induced
the expression of miR399, and overexpression of miR399
resulted in enhanced salt tolerance and interestingly,
hypersensitivity to drought. Hence the pleiotropic nature
of AtMYB regulation of miR399 spanning low P and
drought stress is apparent, although the functional
basis of its impact on drought responses remains
to be elucidated.

In conclusion, there are tantalizing links in the literature
between the regulation of plant adaptation and responses to
Al toxicity, P deficiency and drought stress. To provide the
readers with a summary of the work reviewed in this paper, we
have included Supplementary Table 1 (Gene families possibly

involved in pleiotropic mechanisms) resulting in multiple stress
tolerances (tolerance to Al toxicity, P deficiency and drought)
which contains lists of members of five gene families (WRKY,
STOP1, MYB, bHLH, and NAC) involved in Al toxicity, drought
stress and P deficiency. However more research is needed to say
with certainty that the same factors can regulate tolerance to
all three stresses. If that is the case, it will be quite intriguing
to determine if these genes would be useful in a plant breeding
program for multiple environmental stresses. Within a scenario
where the same genes in some way influence tolerance to
multiple stresses, instances of conflicting effects may be foreseen,
as previously discussed. If the same gene acts simultaneously
as positive and negative regulators of tolerance to different
stresses, this may cancel its final effect in phenotypic expression
or even be detrimental to crop performance on acidic soils.
Within the context of molecular breeding strategies targeting
quantitative traits such as genomic selection, these and other
negative effects may be filtered out along the selection process
via genomic estimation of breeding values. However, transgenic
approaches may be more sensitive to this problem. In that
regard, gene editing has emerged as a powerful approach to
fine tune gene expression, which could help circumvent negative
effects coming from pleiotropy or epistasis. This approach has
proven useful in bypassing negative epistasis effects on yield
in tomato (Soyk et al., 2017) and to tackle quantitative trait
variation (Rodríguez-Leal et al., 2017). Particularly to deal with
possible hurdles when exploring pleiotropy in crop adaption to
acidic soils, it is more than certain that in-depth knowledge of
the physiological and genetic underpinnings of multiple stress
tolerance will be required.
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