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Lipoxygenases (LOXs) are a gene family of nonheme iron-containing dioxygenases that play 
important roles in plant development and defense responses. To date, a comprehensive 
analysis of LOX genes and their biological functions in response to abiotic stresses in peanut 
has not been performed. In this study, a total of 72 putative LOX genes were identified in 
cultivated (Arachis hypogaea) and wild-type peanut (Arachis duranensis and Arachis ipaensis) 
and classified into three subfamilies: 9-LOX, type I 13-LOX and type II 13-LOX. The gene 
structures and protein motifs of these peanut LOX genes were highly conserved among 
most LOXs. We found that the chromosomal distribution of peanut LOXs was not random 
and that gene duplication played a crucial role in the expansion of the LOX gene family. 
Cis-acting elements related to development, hormones, and biotic and abiotic stresses 
were identified in the promoters of peanut LOX genes. The expression patterns of peanut 
LOX genes were tissue-specific and stress-inducible. Quantitative real-time PCR results 
further confirmed that peanut LOX gene expression could be induced by drought, salt, 
methyl jasmonate and abscisic acid treatments, and these genes exhibited diverse expression 
patterns. Furthermore, overexpression of AhLOX29 in Arabidopsis enhanced the resistance 
to drought stress. Compared with wide-type, AhLOX29-overexpressing plants showed 
significantly decreased malondialdehyde contents, as well as increased chlorophyll 
degradation, proline accumulation and superoxide dismutase activity, suggesting that the 
transgenic plants exhibit strengthened capacity to scavenge reactive oxygen species and 
prevent membrane damage. This systematic study provides valuable information about the 
functional characteristics of AhLOXs in the regulation of abiotic stress responses of peanut.

Keywords: peanut, lipoxygenase, gene family, expression pattern, drought stress

INTRODUCTION

Peanut is one of the most important economic crops producing healthy oil and high-quality 
protein for global human diets (Bertioli et  al., 2016). The cultivated peanut (AABB genome) 
originated from two diploid progenitor species: Arachis duranensis and Arachis ipaensis (Bertioli 
et  al., 2016; Zhuang et  al., 2019). However, substantial peanut crop losses occur worldwide 
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each year due to a variety of abiotic and biotic stresses, such 
as drought, salt, herbivorous insects and viruses. In plants, 
the synthesis of oxylipins and their derivatives, such as jasmonic 
acid (JA), green leaf volatiles, divinyl ethers and traumatic 
acid, is catalyzed by LOXs in the LOX pathway (Silke and 
Baldwin, 2010; Christensen et  al., 2015). These oxylipins have 
been evidenced to be  involved in plant responses to various 
stresses (Porta and Rocha-Sosa, 2002; Zhou et  al., 2009).

Lipoxygenases are nonheme and iron-containing dioxygenases 
that compose multiple subfamilies in plants, fungi and animals 
(Brash, 1999). On the basis of specific LOX localization during 
the process of oxygenating substrates, including linoleic acid, 
α-linolenic acid (α-LeA), and arachidonic acid, plant LOXs have 
been divided into two classes: 9-LOXs and 13-LOXs. Furthermore, 
13-LOXs can be classified into two subfamilies: type I 13-LOXs 
and type II 13-LOXs. Type I 13-LOX genes exhibit high sequence 
similarity (75%) and have no transit peptides, while type II 
13-LOX genes exhibit low similarity with each other (up to 
35%) and possess a chloroplast transit peptide (Veldink et  al., 
1977; Brash, 1999). The LOX pathway in plants contains four 
major metabolic routes: the peroxygenase pathway, the allene 
oxide synthase pathway, the hydroperoxide lyase pathway and 
the divinyl ether synthase pathway (Feussner and Wasternack, 
2002; Porta and Rocha-Sosa, 2002). In the LOX metabolic 
pathway, LOXs catalyze polyunsaturated fatty acids, such as 
LA, α-LeA and arachidonic acid, to produce either 13S- or 
9S-hydroperoxy derivatives (Feussner and Wasternack, 2002). 
These hydroperoxides are then metabolized via several secondary 
reactions and converted into diverse oxylipins. The different 
oxylipins generated by these metabolic routes participate in 
plant development (tendril coiling, cell death, etc.) and defense 
responses (responses to wounds, pathogens, fungi, herbivory, 
and other stresses; Reymond et  al., 2000). In addition, LOXs 
have been proved to be  key factors regulating the growth, lipid 
metabolism, seed storage and vigor, maturation and senescence, 
as well as stress resistance in soybean, rice, maize, and peanut 
(Carrera et  al., 2007; Ying and Yz, 2020). More recent studies 
have focused on the functions of plant LOXs, especially with 
regard to growth, development, and stress responses.

Due to the rapid development of structural and functional 
genomics, many LOX genes were identified in a wide range of 
plants, and their functions in development (Liu and Chervin, 
1997; Kolomiets et al., 2001; Yan et al., 2017) and defense responses 
(Heitz et al., 1997; Hui et al., 2016a) have also been well studied. 
A total of six LOXs (AtLOX1 to AtLOX6) were characterized 
in Arabidopsis (Umate, 2011). With the applications of high-
performance liquid chromatography and gas chromatography–mass 
spectrometry analysis, AtLOX1 and AtLOX5 were classified as 
9-LOXs, and AtLOX2, AtLOX3, AtLOX4 and AtLOX6 were classified 
as 13-LOXs (Bannenberg et  al., 2009). AtLOX1 and AtLOX5 are 
reportedly involved in lateral root development and defense 
against pathogens (Tamara et  al., 2007). Oxylipins produced by 
the 9-lipoxygenase pathway in Arabidopsis regulate lateral root 
development and defense responses through a specific signaling 
cascade (Tamara et  al., 2007). AtLOX3 and AtLOX4 were proved 
not only to be  essential for male fertility but also to be  involved 
in global proliferation (Caldelari et al., 2011). Besides, Arabidopsis 

lox3 lox4 double mutants are male sterile, and the double mutation 
results in defective global proliferative arrest; these genes perform 
distinct functions in resistance to plant-parasitic nematodes (Ozalvo 
et al., 2014). AtLOX2 and AtLOX6 participate in the JA biosynthesis 
pathway, and can be  induced by different stresses (Bell et  al., 
1995; Grebner et  al., 2013). In addition, rice OsHI-LOX, maize 
ZmLOX10 and tobacco NaLOX3 mediate herbivore-induced 
defense, and they are involved in the JA biosynthesis (Zhou 
et  al., 2009; Rayko and Baldwin, 2010; Christensen et  al., 2013). 
In maize, the LOX8 localizes to chloroplasts and participates in 
the wound-induced JA biosynthesis pathway, during which the 
production of LOX10-derived oxylipins is essential (Christensen 
et  al., 2013). Furthermore, the ZmLOX10 localizes to organelles 
and acts to modulate both direct and indirect defenses against 
herbivores (Christensen et  al., 2013).

The LOX gene family has been systematically studied in 
several plants, such as Arabidopsis, tomato, and maize 
(Bannenberg et  al., 2009; Mariutto, 2011; Ogunola et  al., 
2017), but data for peanut was sparse. In peanut, scientists 
casted most attention on the potential roles of LOX genes 
in resistance to Aspergillus flavus. The phylogenetic relationships 
and molecular functions (Aspergillus flavus infection) of wild-
type peanut LOX genes have been investigated (Hui et  al., 
2016b). A body of evidence has demonstrated that LOX and 
its products 9S- and 13S-hydroperoxy fatty acids (9S- and 
13S- HPODE) play a significant role in the Aspergillus/seed 
interaction (Burow et  al., 2000; Willis, 2005; Müller et  al., 
2014; Korani et  al., 2018; Khan et  al., 2020). However, the 
genome-wide identification and functional characterization of 
the LOX gene family under abiotic stresses in cultivated 
peanut has not been conducted. The availability of peanut 
genome annotation information made it possible to 
systematically and comprehensively characterize the LOX gene 
family. Here, 72 putative peanut LOX genes were identified 
by genome-wide searches of the wild-type and cultivated 
peanut genomes. The phylogenetic relationships, gene structures, 
conserved protein motifs and structures, subcellular localization, 
chromosome localization, gene duplication as well as cis-acting 
elements of LOX genes were characterized in peanut. To 
investigate the expression patterns of peanut LOXs in different 
tissues and under various stress challenges, the RNA-seq 
results were integratedly studied. Moreover, the expression 
patterns of five LOXs from three subfamilies in response to 
two stress treatments (drought and salt) and two hormone 
treatments (MeJA and ABA) were determined. These results 
will contribute to the selection of candidate genes for further 
characterization of peanut LOX genes which function in 
growth, development and defenses against various abiotic  
stresses.

MATERIALS AND METHODS

Identification of LOXs in Peanut
The protein sequences of the allotetraploid Arachis hypogaea 
(AABB) and its two wild diploid progenitor species A. duranensis 
(AA) and A. ipaensis (BB; Milligan et  al., 1998) were obtained 
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from the PeanutBase database.1 The GmLOX amino acid 
sequences were downloaded at https://phytozome.jgi.doe.gov/
pz/portal.html, and the MtLOX protein sequences were 
downloaded at http://jcvi.org/medicago/display.php?pa-geNam
e=General&section=Download.

A local BLAST search was performed to identify putative 
peanut LOX genes. First, the HMM profile of lipoxygenase 
(accession: PF00305) was obtained from PFAM,2 and the peanut 
local protein database was downloaded from PeanutBase. The 
versions of the peanut genomes from PeanutBase used in this 
study were as follows: Cultivated peanut (Version 2: A. hypogaea 
cv. Tifrunner) and A. ipaensis (Version 2). The HMM profile 
was then utilized to identify putative peanut LOXs in the 
peanut local protein database via the hmmsearch tool in 
HMMER3.0 software. All the putative LOX genes were further 
confirmed to contain LOX domains using the PFAM databases3 
(Finn et  al., 2006), InterPro4 (Quevillon et  al., 2005) and the 
NCBI Batch CD-search database5 (Marchler-Bauer et al., 2005). 
In addition, the physical and chemical properties of the putative 
LOX proteins, including the number of amino acids (NA), 
molecular weight (Liu et  al., 2016) and isoelectric point 
(theoretical pI), were calculated using the online tool ExPASy6 
(Gasteiger et  al., 1999). Detailed information on these physical 
and chemical properties of the peanut LOXs was presented 
in Supplementary Table S1.

Phylogenetic Analysis
Multiple alignments of LOX proteins from four species, including 
peanut (A. duranensis, A. ipaensis and A. hypogaea), Glycine 
max, Medicago truncatula and Arabidopsis thaliana, were 
conducted using ClustalW. The Gblocks Server7 was used to 
select conserved protein blocks for the above multiple alignment. 
A maximum likelihood phylogenetic tree with 1,000 bootstrap 
replicates was constructed via Molecular Evolutionary Genetics 
Analysis (MEGA X) software (Sudhir et  al., 2018). The tree 
was further edited with specific colors indiciating the different 
subfamilies by EvolView.8

Analysis of Gene Structures, Conserved 
Motifs and Promoters
The exon–intron structures were visualized with the online 
tool Gene Structure Display Server (GSDS) using the CDS 
and genomic sequences of peanut LOXs9 (Guo et  al., 2007). 
The conserved motifs of the peanut LOX proteins were identified 
using Multiple Expectation Maximization for Motif Elicitation 
(MEME Suite; Timothy et al., 2006).10 The promoter sequences 

1 https://www.peanutbase.org/
2 http://pfam.xfam.org/
3 http://pfam.xfam.org/
4 http://www.ebi.ac.uk/interpro/scan.html
5 https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi
6 https://web.expasy.org/protparam/
7 http://molevol.cmima.csic.es/castresana/Gblocks_server.html
8 http://www.evolgenius.info/evolview/
9 http://gsds.cbi.pku.edu.cn/
10 http://meme-suite.org/

(1.5 kb upstream of the peanut LOX transcription start site) 
were downloaded from PeanutBase, and were used to predict 
cis-acting regulatory elements with PlantCARE.11 Detailed 
information on the cis-acting elements in each LOX promoter 
was shown in Supplementary Table S4.

Prediction of the 3D Structures of LOX 
Proteins
The 3D protein structures of the LOXs were predicted using 
SWISS-MODEL12 (Andrew et  al., 2018). We  randomly selected 
genes from each subfamily and from different species for 
modeling. As shown in Figure  1, 9-LOX (AtLOX1, GmLOX1, 
MtLOX1, AiLOX9, AdLOX11, and AhLOX20), type I  13-LOX 
(GmLOX6, MtLOX10, AiLOX4, AdLOX4, and AhLOX8) and 
type II 13-LOX (AtLOX3, GmLOX12, MtLOX18, AiLOX15, 
AdLOX17, and AhLOX30) were displayed.

Chromosomal Location and Gene 
Duplication
The chromosomal locations of the putative LOX genes in peanut 
were obtained from the PeanutBase database.13 Gene duplication 
events of the peanut LOX genes were analyzed (E-value<1e-10) 
using the Multiple Collinearity Scan toolkit (MCScanX).14 The 
segmental duplicated genes were characterized as homologous 
genes between different chromosomes. To visualize the 
segmentally duplicated pairs of peanut LOX genes, we  draw 
a map of the chromosomal distribution and duplication of 
peanut LOX genes using Circos software.15

Analysis of the Gene Expression Patterns 
of Peanut LOX Using RNA-Seq Values
To study the expression patterns of peanut LOX genes in 
different tissues and under different stresses, the fragments 
per kilobase of transcript per million fragments (FPKM) values 
of 22 tissues were obtained from the PeanutBase database (Josh 
et  al., 2016),16 and the FPKM values of LOX genes in response 
to drought and salt treatments were obtained from our previous 
work. The LOX accession number and FPKM values of different 
tissues and under different stresses were provided in 
Supplementary Tables S6 and S7. A total of 72 LOX gene 
expression data points were log2-transformed and visualized 
by Heml software (Wankun et  al., 2014).

Plant Materials and Treatments
Seedlings of the peanut cultivar Huayu71 (a cultivated peanut 
bred by our team) were grown until the three-leaf stage and 
used for the gene expression analysis. All the materials were 
grown in a climate chamber under controlled conditions: 
20°C /16 h light and 20°C/8 h dark, with 60% relative humidity. 

11 http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
12 https://beta.swissmodel.expasy.org/
13 https://www.peanutbase.org/
14 http://chibba.pgml.uga.edu/mcscan2/
15 http://circos.ca/
16 https://www.peanutbase.org/
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For the drought and salt stresses, the seedlings were immersed 
in Hoagland liquid medium supplemented with 20% PEG6000, 
200 mM NaCl, 100 μM MeJA or 100 μM ABA. The roots of 
the seedlings were harvested after 0, 6, 12, 24, and 48 h and 
rapidly frozen in liquid nitrogen. Three biological replicates 
were performed for the stress analysis in this study.

RNA Isolation and Quantitative Real-Time 
PCR Analysis
Total RNA was extracted using the Takara RNA Extraction 
kit (Code No. 9767, TaKaRa, Dalian) according to the 
manufacturer’s instructions. First-strand cDNA was synthesized 
using the Takara PrimeScript RT Reagent kit (Code No. RR037, 
Takara, Dalian). The quantitative real-time PCR (qRT–PCR) 
was carried out in a 20 μl reaction system containing 1 μl 
(100 ng) of cDNA, 0.4 μl of forward primer (10.0 μmol/l), 0.4 μl 
of reverse primer (10.0 μmol/l), 10 μl of 2 × qPCR mixture (2× 
Takara TB Premix Ex Taq Mix, No. RR820, Takara, Dalian) 
and 8.2 μl of RNase-free water using the ABI7500 Fast System 

(Applied Biosystems, CA, United  States). The PCR procedure 
was set as follows: 95°C for 5 min; 40 cycles of 95°C for 10 s 
and 60°C for 30 s. The relative expression levels of all the 
genes were analyzed using 2–∆∆CT. The primers specific for the 
AhLOX genes and actin used in this work were shown in 
Supplementary Table S8.

Vector Construction and Transformation 
Into Arabidopsis
The coding DNA sequence (CDS) of AhLOX29 was amplified 
from “Huayu71” cDNA. The 2,754-bp CDS was then ligated 
between a 35S promoter and the nopaline synthase (Nos) 
terminator in the pCambia2300EC vector to construct the 
overexpression vector (35S. AhLOX29. Nos). The constructed 
overexpression plasmid was transformed into Arabidopsis according 
to an established transformation procedure. After being cultured 
on MS media supplemented with 50 mg/l kanamycin, positive 
seedlings were obtained from the selective media. Subsequently, 
the surviving seedlings were transplanted to nutritional soil for 

A

B

FIGURE 1 | Predicted structures of LOX proteins. The modeled structures of LOX genes from different species are displayed. 9-LOX (AtLOX1, GmLOX1, MtLOX1, 
AiLOX9, AdLOX11, and AhLOX20), type I 13-LOX (GmLOX6, MtLOX10, AiLOX4, AdLOX4, and AhLOX8) and type II 13-LOX (AtLOX3, GmLOX12, MtLOX18, 
AiLOX15, AdLOX17, and AhLOX30).
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further confirmation by PCR using the vector-specific primers: 
VSP-F and VSP-R (Supplementary Table S8).

Determination of Drought-Related 
Physiological Parameters
Drought stress treatment was applied to both WT and transgenic 
plants while they grew to the seedling stage in a climate 
chamber. The WT and transgenic plants were grown in the 
same amount of nutrient soil, and the same amount of water 
was poured at each watering. The total chlorophyll contents, 
proline contents, malondialdehyde (MDA) contents and 
superoxide dismutase (SOD) enzyme activity were measured 
before drought treatment. The four physiological parameters 
were measured after water was stopped for 10 days. The total 
chlorophyll contents in leaves were determined using the 
chlorophyll assay kit (Comin, CPL-2-G, Suzhou). Leaves of 
Arabidopsis plants were measured for three replicates, and the 
average values were calculated as total chlorophyll levels. For 
quantification of the proline contents, MDA contents and SOD 
enzyme activity, the assay Kit (Comin, PRO-2-Y, MDA-2-Y 
and SOD-2-W, Suzhou) was used following previously described 
procedures (Bates et al., 1973; Hao et al., 2013; Yu et al., 2015).

RESULTS

Identification of Peanut LOX Genes and 
Phylogenetic Analysis of LOXs From 
Different Species
To identify LOX genes in peanut, the HMM profile of LOX 
(accession: PF00305) was used to search the peanut local protein 
database. A total of 89 putative LOX genes were identified in 
peanut. After confirming the presence of the LOX domain 
using the PFAM, InterPro and NCBI Batch CD-search databases, 
72 peanut LOX genes were determined to have the whole 
lipoxygenase domain and were used for further analysis. Based 
on the analysis of physical and chemical properties, we  found 
that the length of peanut LOX proteins ranged between 509 
(AdLOX5) and 1,491 amino acids (AhLOX25), and the molecular 
weight of LOX proteins ranged from 58.35 kDa (AdLOX5) to 
170.64 kDa (AhLOX25). The pI was predicted to range from 
4.98 (AhLOX5) to 9.15 (AiLOX17), which indicated that various 
microenvironments were needed for each LOX protein to 
perform optimal function.

The classification and phylogenetics of LOX proteins have 
been analyzed in several plants, such as Arabidopsis, Glycine 
max, and Medicago truncatula (Jin et  al., 2008; Umate, 2011; 
Ogunola et  al., 2017), helping us to classify the evolutionary 
relationships of the peanut LOX proteins. Multiple sequence 
alignments of 117 LOX conserved protein blocks, including 
72 peanut LOXs, 6 AtLOXs, 19 GmLOXs and 20 MtLOXs, 
were performed using ClustalW, and their GenBank accession 
IDs were presented in Supplementary Table S2. A maximum 
likelihood phylogenetic tree with 1,000 bootstraps was constructed 
using the LOX proteins of these four species. On the basis 
of the phylogenetic relationships and the classifications of LOX 

proteins from other species, the peanut LOX gene family could 
be  classified into three clades: 9-LOX, type I  13-LOX and type 
II 13-LOX (Figure  2). As shown in Figure  2, the peanut 
LOXs were randomly distributed among the LOXs of the other 
three species. In the 9-LOX subfamily, AdLOX9-12, AiLOX8-
10, and AhLOX15-22 are closely related to AtLOX1, AtLOX5, 
GmLOX1-5, and MtLOX1-3. AdLOX1-8, AiLOX1-7, and 
AhLOX1-14 are type I  13-LOXs and are closely related to 
GmLOX6-10 and MtLOX4-13. In the type II 13-LOX clade, 
AdLOX13-18, AiLOX11-18, and AhLOX23-36 are closely related 
to AtLOX2-4, AtLOX6, GmLOX11-19, and MtLOX14-20. The 
bootstrap values for some parts of the phylogenetic tree are 
low, which may have occurred due to the low similarity of 
protein sequences.

Phylogenetic, Gene Structure and 
Conserved-Domain Analysis of Peanut 
LOX Genes
To gain a further understanding of the gene structure and conserved 
protein motifs of LOX genes, we constructed a maximum likelihood 
phylogenetic tree with the peanut LOX proteins, and compared 
the protein motifs (Figure  3A) and exon/intron structures 
(Figure  3B) of each LOX gene. The exon/intron structures of 
the LOXs were analyzed using GSDS. As shown in Figure  3B, 
most LOXs were found to have similar gene structures in terms 
of both intron numbers (7–9) and exon lengths. However, variations 
in the intron numbers of some LOXs were observed. The maximum 
number of introns (17 introns) was observed in AdLOX14. In 
addition, we found that AhLOX25 had 15 introns while AiLOX15 
and AhLOX30-31 contained 10 introns.

The LOX protein motifs were identified by searching the 
MEME Suite databases to explore the similarity and diversity 
of motifs within subfamilies. We  identified 10 distinct motifs 
in the peanut LOX proteins, named as motifs 1–10 (Figure 3A 
and Supplementary Table S3). As expected, all peanut LOX 
proteins contained highly representative motifs, including 
38-residue (motif 1), substrate-binding (motif 3), and oxygen-
binding (motif 2) motifs. Among them, motif 1 was essential 
for the stability of LOX protein, and the AhLOX1, AhLOX28, 
AdLOX13, AiLOX12, and AiLOX17 lacked this motif, indicating 
that these genes might exhibit altered enzymatic activity. In 
addition, motif 5 (except AhLOX1, AhLOX28, AdLOX13, 
AiLOX12, and AiLOX17), motif 6, motif 7 (except AdLOX5 
and AhLOX5), motif 8, motif 9, and motif 10 (except AdLOX5, 
AhLOX1, AdLOX13, AiLOX12, AiLOX17, and AhLOX28) were 
conserved in all peanut LOXs. The AhLOX1, AdLOX13, AiLOX12, 
AiLOX17, and AhLOX28 lacked motif 4. Whether the absence 
of these motifs confers unique functions to these proteins 
requires further investigation. In any case, the highly conserved 
motifs in peanut LOX proteins would contribute to the functional 
analysis of the peanut LOX proteins.

Analysis of the Predicted Structures of 
LOX Proteins
We randomly selected certain LOX proteins from each subfamily 
in the six species and modeled their structures using 
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SWISS-MODEL. The 9-LOX proteins had similar structures 
among different species, whereas the 13-LOX proteins seemed 
to have different structures among these species. As shown 
in Figure  1, the modeled structures of the type I  13-LOX 
proteins in peanut and the other two species were similar. 
However, the structure of type II 13-LOX proteins was not 
conserved; there were two types, and we  found that the 
modeled structure of type II 13-LOX in Medicago truncatula 
was different from those of the other species. The MtLOX18 
lacked motifs 9 and 10, thereby resulting in the difference 
of modeled structure with other subfamily members (Figure 1). 
In general, the modeled structures of 9-LOX and type I 13-LOX 
subfamily proteins in different species were similar, whereas 
the type II 13-LOX protein had diverse structures among 
different species.

Analysis of Cis-Acting Elements in Peanut 
LOX Genes
Cis-acting elements in the promoter are crucial for initiating 
transcription and regulating gene expression. To analyze the 
cis-acting elements in peanut LOX gene promoters, the sequence 
1.5 kb upstream from the initiation codon was predicted by 
searching the online PlantCARE database. The identified cis-acting 
elements were related to transcription, cell cycle, development, 
hormones as well as stresses, and most of these elements were 
hormone-related and stress-related elements (Figure  4). It was 
prediceted that the expression of peanut LOXs could be induced 
by hormones, such as MeJA, ABA, salicylic acid (SA), gibberellin 
(GA), auxin (IAA), and ethylene (ET). Moreover, many elements 
were involved in various stresses, such as anoxic induction, 
drought, zein metabolism, wounding, and low temperature. All 

FIGURE 2 | Phylogenetic tree of the peanut LOX gene family. Phylogenetic tree of 117 LOX proteins from peanut (72), Arabidopsis (6), Glycine max (19) and 
Medicago truncatula (20). MEGA X software was used to construct the maximum-likelihood (ML) phylogenetic tree with 1,000 replications.
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peanut LOX genes contained many light-responsive elements. 
In addition, elements associated with growth and development, 
including meristem and endosperm expression, were found in 
most LOXs. Detailed information about the elements and functions 
in each gene were presented in Supplementary Table S4.

Chromosomal Location and Gene 
Duplication of Peanut LOXs
As shown in Figure  5, the distribution of peanut LOXs 
on the chromosomes were not random. AdLOXs and AiLOXs 
were centrally distributed on chromosomes A9 and B9, 

respectively. Similarly, almost half of the AhLOX genes (17 
out of 36) were located on chromosomes 9 and 19. The 
chromosomal locations of AdLOX were mapped onto 6 of 
the 10 A. duranensis (A genome) chromosomes, and AiLOX 
was also distributed on 6 of the 10 A. ipaensis (B genome) 
chromosomes. Chromosomes A3, A8, B3, B6, 3, 6, 8, and 
16 each had 3 LOXs. There was only one LOX gene on 
chromosomes A2, A10, B2, B10, 2, 10, 12 13, and 20, and 
two LOX genes on chromosomes A6, B8, and 18. 
Chromosomes A1, A4, A5, A7, B1, B4, B5, B7, 1, 4, 5, 7, 
11, 14, 15, and 17 had no LOXs. These results indicated 
that gene duplication events might have occurred on 

A B

FIGURE 3 | Phylogenetic relationship, gene structure and conserved-motif analysis of the LOX genes in peanut. The maximum-likelihood phylogenetic tree was 
constructed using MEGA X with 1,000 replicates. (A) Conserved motifs of LOX proteins. Ten conserved motifs are shown in different-colored boxes, and detailed 
information on the motifs is provided in Supplementary Table S3. (B) Exon-intron structures of LOX genes. The yellow boxes represent exons, and the gray lines 
represent introns.
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chromosomes A9, B9, 9, and 19 during the evolutionary 
process of the LOX gene family.

Gene duplication is widespread in the peanut genome. 
We analyzed the segmental duplication events of the LOX genes 
in peanut using MCScanX software. As shown in Figure  6, 
among 72 peanut LOXs, 48 pairs of segmental duplication 
genes were identified (Figure  6, Supplementary Table S5), 
and 14 pairs were located on chromosomes A9, B9, 9, and 19.  
The largest number of gene duplication events occurred in 
type II 13-LOX (24 pairs), followed by type I  13-LOX (14 
pairs) and 9-LOX (10 pairs). These results suggested that 
segmental duplication played a vital role in the expansion of 
peanut LOX gene family.

Tissue-Specific Expression Patterns of 
Peanut LOXs
To confirm the tissue expression patterns and potential functions 
of LOX genes in peanut growth and development, the expression 
levels of the genes in 22 tissues (leaves, shoot tips, roots, 
nodules, perianths, flowers, pistils, stamens, gynophore tips, 
fruits, pericarps, and seeds in nearly all developmental stages) 
were investigated using RNA-seq data published by Josh et al. 
(2016). Based on the log2-transformed FPKM values, we   
found that the expression levels of peanut LOXs were notably 
different among the 22 tissues (Figure  7). Most LOXs were  
expressed in all 22 tissues, except for AdLOX4, AdLOX7, 
AiLOX3, AiLOX4, AiLOX6, AhLOX6-8, AhLOX12, AhLOX15, 

A

B

FIGURE 4 | Distribution of cis-acting regulatory elements in the peanut LOX gene promoters. (A) The distribution of cis-acting elements in the promoter of each 
peanut LOX. (B) The ratios of different functional cis-acting elements are shown in the form of pie graphs.
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AhLOX23-25, and AhLOX28. Interestingly, certain genes, 
AdLOX2, AiLOX2, AiLOX8, AiLOX13, AiLOX18, AhLOX3, 
AhLOX4, AhLOX17, AhLOX26, and AhLOX33-36, were 
expressed at extremely high levels in all the investigated 
tissues. Besides, a large number of genes with tissue-specific 
expression patterns were identified. AdLOX1, AdLOX6, AiLOX1, 
AiLOX5, AhLOX1-2, and AhLOX9-11 were specifically highly 

expressed in seeds, while AdLOX2-3, AdLOX8, AiLOX2, 
AiLOX7-8, AhLOX3-4, and AhLOX13-14 were found to 
be  specifically expressed in the shoot tips, roots, gynophore 
tips, fruits, and pericarps. As shown in Figure  7 and 
Supplementary Table S6, most homoeologous genes, such 
as AdLOX8 and AiLOX7, AdLOX1 and AiLOX1, and AhLOX26 
and AhLOX27, exhibited similar expression patterns. 

FIGURE 5 | Chromosomal locations of LOX genes. The approximate locations of the 72 peanut LOX genes are displayed on the right side of the chromosomes. 
Genes from different subfamilies are shown in different colors (9-LOX: green, type I 13-LOX: red, and type II 13-LOX: blue).
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Nevertheless, some peanut LOXs showed diverse expression 
patterns; for example, AhLOX2 was specifically expressed in 
seeds, while its homoeologous gene AhLOX4 was highly 
expressed in leaves, shoot tips, roots, nodules, perianths, 
flowers, pistils, stamens, gynophore tips, fruits, and pericarps. 
The different expression patterns of homoeologous genes may 
be  due to the polyploidization and duplication events that 
occurred in peanut evolution.

Peanut LOX Expression Patterns Under 
Abiotic Stresses
Previous studies have revealed that LOX genes play an 
important role in plant defenses against abiotic and biotic 
stresses. In this study, the expression profiles of peanut 
LOXs were analyzed under salt and drought stresses using 

published transcriptome sequencing results. The peanut LOX 
genes presented diverse expression patterns under salt and 
drought stress. In Figure  8, the expression of 35 peanut 
LOXs was upregulated more than 2-fold under salt stress, 
and that of 19 LOXs was upregulated more than 5-fold. 
Moreover, the greatest increase was up to 30-fold (AiLOX9 
and AhLOX20). The expression of eight peanut LOXs was 
downregulated nearly or more than 2-fold. Unlike the salt 
treatment, only a few peanut LOXs were upregulated under 
the drought treatment. Similarly, there were only 11 genes 
that were downregulated more than 2-fold after the drought 
treatment. It is worth noting that most of the homoeologous 
LOX genes presented similar expression patterns under salt 
and drought stress. In particular, the expression of AdLOX10 
decreased while the expression of AhLOX20 stay unchanged 
in response to drought stress.

FIGURE 6 | Segmentally duplicated gene pairs of LOXs in peanut. The lines highlighted in different colors indicate duplicated LOX gene pairs.
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Analysis of the Expression Patterns of 
Peanut LOXs in Response to Four 
Treatments by qRT-PCR
The qRT-PCR was used to validate the peanut LOX expression 
patterns under abiotic stresses (salt and drought) and hormone 
treatment (MeJA and ABA). As shown in Figure  9, five genes 
from different subfamilies, AhLOX20 (9-LOX), AhLOX8 (type 
I  13-LOX), AhLOX12 (type I  13-LOX), AhLOX29 (type II 
13-LOX), and AhLOX30 (type II 13-LOX), were investigated 
at six time points (0, 6, 12, 24, and 48 h) using peanut leaves 
(Figure  9A) and roots (Figure  9B) in the three-leaf stage.

The five selected peanut LOX genes exhibited different 
expression patterns in response to the salt, drought, MeJA and 
ABA treatments. After drought treatment, the expression profiles 
of most LOX genes were similar in both leaves and roots, 
while AhLOX12 presented opposite expression patterns in leaves 
and roots. The expression of two genes (AhLOX12 and AhLOX30) 
in leaves and that of three genes (AhLOX20, AhLOX29, and 
AhLOX30) in roots were upregulated. Remarkably, the relative 

expression of AhLOX29 and AhLOX30 was upregulated more 
than 20-fold in roots. A significant decrease of the relative 
expression of AhLOX8 at 6 h in leaves and roots, and AhLOX29 
at 12 h in leaves after drought treatment were observed. After 
salt treatment, only the AhLOX8 was downregulated in both 
leaves and roots. The expression levels of selected LOX genes 
(AhLOX12, 20, 29, and 30) were increased by 4- to 8-fold in 
leaves. The greatest changes were found for the AhLOX8 and 
AhLOX29 in roots, which were increased up to 20-fold (Figure 9). 
The above-described results show that only AhLOX12 in roots 
exhibited different expression patterns in response to drought 
and salt stress. In addition, the relative expression level of 
AhLOX29 in roots was increased by approximately 20-fold in 
response to both drought and salt treatments. As for the MeJA 
and ABA treatments, the expression of all the genes except 
AhLOX8 was upregulated, and the maximum change was nearly 
30-fold (AhLOX30 after ABA treatment) in roots. Both MeJA 
and ABA stress led to the downregulation of AhLOX8 in roots, 
and ABA treatment resulted in upregulation of AhLOX8 in 
leaves. Together, the relative expression of three genes, AhLOX20 
(9-LOX), AhLOX29 (type II 13-LOX), and AhLOX30 (type II 
13-LOX), increased in response to the four treatments (drought, 
salt, MeJA, and ABA). The expression of other AhLOX gene 
members, such as AhLOX8 (type I  13-LOX), was decreased 
after exposure to these four stresses. The expression of AhLOX12 
(type II 13-LOX) was upregulated by salt, MeJA, and ABA 
treatment and downregulated by exposure to drought.

Overexpression of the AhLOX29 Gene in 
Arabidopsis Enhances Resistance to 
Drought
WT and transgenic Arabidopsis were exposed to drought stress 
during the seedling stage, and the drought tolerance of the 
AhLOX29 transgenic lines was significantly improved 
(Figure  10A). The relative expression levels of AhLOX29 in 
the transgenic and WT lines were measured by qRT-PCR. 
Results showed that the relative expression levels of the two 
overexpression lines were significantly higher than that of the 
WT lines (Figure  10B), indicating that the AhLOX29 was 
successfully transcribed in Arabidopsis. After being treated with 
20% PEG6000 for 1 h, the expression of AhLOX29 in the AhOL 
and WT lines was obviously increased, and the transcript levels 
of AhLOX29 in the AtOL lines were significantly higher than 
those in the WT (Figure 10B). Compared with 1 h, the expression 
of the AhLOX29 in the WT was unchanged after 6 h of 20% 
PEG6000 treatment, but the expression of AtOL1 and AtOL2 
was decreased at 6 h (Figure  10B). To briefly sum up, the 
AhLOX29 is a stress-responsive gene, and the rapid accumulation 
of AhLOX29 at 1 h suggests its positive role in drought resistance.

The total chlorophyll, proline and MDA contents as well 
as SOD activity in the leaves on day 0 and day 10 after 
drought stress were measured (Figures  10C–F). After 10 days 
of drought treatment, the chlorophyll content in leaves 
decreased, and the chlorophyll contents in the gene-
overexpressed plants were significantly higher than those in 
the WT plants (Figure  10C). The proline content in plants 

FIGURE 7 | Expression profiles of LOX genes in 22 different peanut tissues. 
The heatmap was generated by Heml software, and the fragments per 
kilobase of transcript per million fragments (FPMK) values of peanut LOX 
genes were log2-transformed. The red and blue colors represent the 
maximum and minimum values, respectively.
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increased under drought challenges, thereby functioning as 
an osmotic protective agent to alleviate or resist the damage 
caused by drought stress. After drought stress, the proline 
content in Arabidopsis leaves increased by approximately 2-fold 
in the WT plants and 4-fold in the transgenic plants, and 
the gene-overexpressed lines accumulated higher levels of 
proline than the WT (Figure  10D). The MDA contents were 
remarkably increased by drought stress, and higher MDA 
resulted in greater damage to the membrane and plants. The 
MDA contents in the WT and transgenic Arabidopsis lines 
were equal before drought treatment, and drought treatment 
significantly increased the MDA contents from 6.99 to 
24.85 nmol/g in the WT plants and to 18.8 and 17.6 nmol/g 
in the AtOL1 and AtOL2 lines, respectively (Figure  10E). 
Under normal conditions, no difference in SOD activity were 
found between the WT and transgenic plants (Figure  10F). 
However, after drought challenge for 10 days, the SOD activity 

was obviously increased, and gene-overexpressed Arabidopsis 
displayed a notable increase in SOD activity compared with 
WT Arabidopsis.

DISCUSSION

To date, the LOX multigene family has been identified and 
functionally characterized in various plant species, such as 
Arabidopsis (Umate, 2011), rice (Umate, 2011), cotton (Shaban 
et  al., 2018), tomato (Upadhyay et  al., 2019), and pepper 
(Sarde et  al., 2018). Furthermore, previous studies in these 
species have focused mainly on its roles in protein structure, 
evolution, growth and development, improvement of seed 
quality as well as defense responses to biotic and abiotic 
stresses (Feussner and Wasternack, 2002; Porta and Rocha-
Sosa, 2002; Roy Chowdhury et  al., 2016). Although several 

A B

FIGURE 8 | Heatmap of the expression patterns of LOX genes under salt and drought stress treatments in peanut (A and B). The FPKM values of the peanut LOX 
genes were log2-transformed to create the heatmap using Heml software. The red and blue colors represent the higher or lower relative abundance of each LOX 
gene, respectively.
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genes related to the molecular characterization of peanut 
LOXs have been reported, a genome-wide identification of 
the LOX gene family in cultivated peanut and the functional 
analysis of these genes under abiotic stress conditions have 
not been performed. The fully annotated reference genomes 
of A. duranensis and A. ipaensis have been released (Bertioli 
et  al., 2016), and whole-genome sequences of cultivated 
peanut (Tifrunner) were recently available as well (Bertioli 
et  al., 2019). Accordingly, it becomes possible to identify 
all the putative LOX genes in peanut and analyze 
potential functions.

Unlike the other plant species investigated in this study, 
the number of AhLOXs in peanut (36) was significantly 
higher than that of AtLOXs (6), AiLOXs (18), and AdLOXs 
(18). The high numbers of AhLOXs might be  attributed to 
the allotetraploid genome of peanut, which experienced 
whole-genome duplication and gene duplication events 
(Bertioli et  al., 2011). Gene duplication and whole genome 
duplication events contributed to the expansion of gene 
families in plant evolution (Cannon et al., 2004). In addition, 
a collinearity analysis showed that there were three groups 
of tandem duplications, and 48 pairs of segmental duplication 

A

B

FIGURE 9 | Analysis of the relative expression levels of peanut LOX genes by qRT-PCR. The expression profiles of five peanut LOX genes (AhLOX20, AhLOX8, 
AhLOX12, AhLOX29, and AhLOX30) under two stresses (drought and salt) and two hormone treatments (MeJA and ABA) were validated. (A) Leaves; (B) Roots. 
The data are presented as the mean ± SD (n = 3), and the values differed significantly at p < 0.05. The different letters indicate significant differences.
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genes were identified in peanut. Our results regarding gene 
duplication events further elucidated the mechanism 
underlying the expansion of the LOX gene family. New 
genes might have been generated during such duplication 
events, thereby resulting in the generation of new biological 
functions (Conant and Wolfe, 2008).

Based on the protein structure, sequence similarity and 
presence of a chloroplast transit peptide (Feussner and 
Wasternack, 2002), peanut LOXs were classified into three 
subfamilies via phylogenetic analysis, 9-LOX, type I 13-LOX, 
and type II 13-LOX. The gene structure analysis indicated 
that most of these peanut genes had similar structures. 
Intron gain or loss was observed in several genes in the 
9-LOX, type I  13-LOX, and type II 13-LOX subfamilies, 
which might be due to the selection pressures during peanut 
evolution (Zhang, 2003; Babenko et  al., 2004). Accordingly, 
the diverse exon–intron structure contributed to their 
functional diversification (Mattick, 1994). Moreover, we gained 
additional insights into protein motifs in peanut (Figure  3). 
As expected, the motifs of the peanut LOXs were conserved, 
demonstrating that these conserved motifs might play key 
roles in the conservation of LOX gene functions. The predicted 
3D structures of proteins were also determined to compare 
protein structures within the three subfamilies in different 
species (Figure  1). The modeled structures of four genes 
(AhLOX1, AhLOX28, AdLOX13, and AiLOX17), which lacked 
motifs 1, 4, 5, and 10, were looser than those possessing 
all of the 10 motifs (Supplementary Table S3). In addition, 
the structures of these four genes were different from each 
other as well, and the variation was likely to be  the main 
factor leading to a variety of protein functions. Taken together, 

the structure and phylogeny of the LOX gene family showed 
diversity and complexity, thereby contributing to functional  
diversification.

The results for cis-acting elements revealed that peanut 
LOXs might participate in regulating various biological and 
molecular processes, such as transcription, cell cycle, 
development, hormones, and biotic/abiotic stresses. A large 
number of cis-acting regulatory elements related to hormones 
(MeJA, ABA, SA, GA, IAA, ET, etc.) and various stresses 
(anoxic conditions, drought, zein metabolism, wounding, 
low temperature, etc.) were identified in each peanut LOX 
promoter. Our findings were in consistent with previous 
studies which proved that LOX played multiple roles in 
cotton (Shaban et  al., 2018) and tomato (Upadhyay et  al., 
2019). A recent study demonstrated that the cis-acting 
elements of LOX genes could regulate the response to abiotic 
stresses in tomato (Upadhyay et  al., 2019). In addition, two 
previous studies revealed that the LOX gene played an 
important role in resistance to root-knot nematodes (Gao 
et al., 2008) and phloem feeders (Zhou et al., 2009). Therefore, 
this analysis further proved that the LOXs belonged to a 
multifunctional gene family, and they were involved in 
defense responses to various environmental stresses as well 
as in plant growth and development.

The expression patterns of peanut LOX genes were analyzed 
using public RNA-seq data for 22 tissues. The 72 candidate 
LOX genes exhibited prominently different expression profiles 
in 22 tissues, and even genes in the same subfamily were 
expressed differently. Thus it could be  summarized that the 
LOX genes performed diverse and crucial functions in 
different growth and developmental stages. For instance, 

A B

C D

E F

FIGURE 10 | Overexpression of AhLOX29 improved tolerance to drought stress in transgenic Arabidopsis. (A) Phenotype of control and transgenic plants before 
and after drought stress treatment; (B) the relative expression level of AhLOX29 in WT and transgenic plants; (C) chlorophyll contents; (D) proline contents; (E) MDA 
contents and (F) SOD activity.
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LOXs played a dual role in the fruit development of tomato; 
the three tomato LOX genes were separately regulated during 
fruit ripening, and the expressions could be  influenced by 
ethylene and developmental factors (Griffiths et  al., 1999). 
In Arabidopsis, LOX genes have been evidenced to participate 
in the developmental transition from vegetative to flowering, 
lateral root development and stress-induced senescence (Feng 
et  al., 2012). Hence, different LOXs could regulate various 
physiological processes in different tissues by specific 
expression patterns.

Lipoxygenases were a multifunctional gene family, which 
was confirmed via the RNA-seq data and qRT-PCR results 
in this study. We found that peanut LOXs exhibited different 
expression patterns in response to abiotic stresses and 
hormone treatments, suggesting that they might be  involved 
in various plant stress response pathways and closely related 
to hormonal regulation. As for rice, OsLOX-silenced plants 
were more susceptible to striped stem borers, which were 
chewing herbivores, but more resistant to brown planthoppers, 
which were phloem feeders; thus, the LOX played opposite 
roles with regard to resistance to chewing and phloem-
feeding herbivores (Zhou et  al., 2009). Additionally, the 
LOX participated in herbivore-induced JA biosynthesis, and 
the modulation of JA activity was essential for the plant 
defense responses (Zhou et al., 2009). It was also corroborated 
that the rice LOX3 gene could function in response to 
drought and pathogens (Liu et  al., 2008). In peanut, a 
number of LOX genes were functionally characterized 
according to the response to Aspergillus-seed interactions. 
For instance, PnLOX1 and PnLOX2/PnLOX3 were either 
positively or negatively regulated during Aspergillus infection, 
and these genes were proved to be  one of the host genetic 
factors influencing the aflatoxin contamination (Korani et al., 
2018). In mature peanut seeds, AhLOX1 (PnLOX1) expression 
could be  highly induced by Aspergillus spp., or by MeJA 
and wounding (Burow et al., 2000). Although multifunctional 
LOX gene families have been found in many plants, the 
functional characterization of LOXs in peanut was rarely  
investigated.

Drought is one of the key stresses that has negative 
impact on crop yield (Dietz et  al., 2021). Above results 
from the analysis of cis-acting elements in promoters, gene 
expression profiles, and transgenic plants suggested the 
potential role of AhLOX genes in drought resistance. 
Overexpression of AhLOX29 significantly enhanced the 
resistance to drought in Arabidopsis (Figure 10). Supporting 
our findings, previous studides revealed that LOX6 was 
essential for the production of 12-oxo-phytodienoic acid 
in leaves and roots in response to osmotic stress and drought 
(Grebner et  al., 2013; Savchenko et  al., 2014). Furthermore, 
jasmonates produced in roots were independent in leaves, 
which was demonstrated by grafting experiments with 
jasmonate-deficient mutants (Grebner et al., 2013). Osmotic 
and salt stresses could trigger the overproduction of reactive 
oxygen species (ROS) in plants, and the scavenging of ROS 
was an important mechanism for the resistance to abiotic 
stresses (Ullah et  al., 2017). MDA is widely used as an 

indicator of drought exposure to evaluate the degree of 
plasma membrane damage and the drought tolerance capacity 
of plants (Zhang et  al., 2021). The decrease of chlorophyll 
contents in transgenic Arabidopsis was obviously lower than 
that in WT, which indicated that the overexpression of the 
AhLOX29 gene could reduce the negative effect of drought 
stress on Arabidopsis photosynthesis. Compared with the 
WT, the OE-AhLOX29 lines had higher SOD activities and 
lower MDA contents, suggesting the improved capacity to 
scavenge ROS, thereby protected the membrane from being 
damaged in transgenic plants. Hence, the AhLOX29 gene 
could enhance the resistance to drought stress in Arabidopsis. 
Peanut LOX genes are of critical significance for peanut 
growth and development as well as the response to various  
stresses.

CONCLUSION

In this study, 72 LOX genes in the whole peanut genome 
were identified and classified into 9-LOX, type I  13-LOX 
and type II 13-LOX subfamilies. The investigation of 
phylogenetic relationships, gene structures and protein motifs 
revealed that the structure and function of most LOXs in 
peanut were relatively conserved during evolution. The LOX 
genes are nonrandomly located on chromosomes, and most 
of them are located on chromosomes A9, B9, 9, and 19. 
The segmentally duplicated genes contribute significantly 
to the expansion of the LOX gene family. Peanut LOX 
genes are involved in various biological processes, including 
growth and development, hormones (MeJA, ABA, SA, and 
JA) and responses to multiple stresses (drought, salt, anoxic 
induction, wounding, and low temperature). Overexpression 
of AhLOX29 in Arabidopsis increased the tolerance to drought 
stress possibly by scavenging ROS and alleviating membrane 
damage. The systematic and comprehensive data from this 
study not only provide a foundation for revealing the 
functional roles of peanut LOX genes but also contribute 
to the selection of appropriate candidate LOX genes for 
further characterization with regard to plant development 
and stress responses.
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