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Abstract 

Background 2-oxoglutarate-dependent dioxygenase (2ODD) is the second largest family of oxidases involved in var-
ious oxygenation/hydroxylation reactions in plants. Many members in the family regulate gene transcription, nucleic 
acid modification/repair and secondary metabolic synthesis. The 2ODD family genes also function in the formation of 
abundant flavonoids during anthocyanin synthesis, thereby modulating plant development and response to diverse 
stresses.

Results Totally, 379, 336, 205, and 204 2ODD genes were identified in G. barbadense (Gb), G. hirsutum (Gh), G. 
arboreum (Ga), and G. raimondii (Gb), respectively. The 336 2ODDs in G. hirsutum were divided into 15 subfamilies 
according to their putative functions. The structural features and functions of the 2ODD members in the same 
subfamily were similar and evolutionarily conserved. Tandem duplications and segmental duplications served 
essential roles in the large-scale expansion of the cotton 2ODD family. Ka/Ks values for most of the gene pairs were 
less than 1, indicating that 2ODD genes undergo strong purifying selection during evolution. Gh2ODDs might act 
in cotton responses to different abiotic stresses. GhLDOX3 and GhLDOX7, two members of the GhLDOX subfamily 
from Gh2ODDs, were significantly down-regulated in transcription under alkaline stress. Moreover, the expression of 
GhLDOX3 in leaves was significantly higher than that in other tissues. These results will provide valuable information 
for further understanding the evolution mechanisms and functions of the cotton 2ODD genes in the future.

Conclusions Genome-wide identification, structure, and evolution and expression analysis of 2ODD genes in Gos-
sypium were carried out. The 2ODDs were highly conserved during evolutionary. Most Gh2ODDs were involved in the 
regulation of cotton responses to multiple abiotic stresses including salt, drought, hot, cold and alkali.
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Background
Approximately 7% of the world’s land (more than 900 
million hectares) is threatened by saline-alkalization 
stress. There are no effective measures to control soil 
salinization currently [1]. Thus, soil saline-alkalization 
has become a major limiting factor for crop production 
in global agriculture [2]. The effects of saline-alkalization 
on plants include the effects of both salt and alkali stress. 
Alkali stress is mainly induced by  NaHCO3 and  Na2CO3 
while salt stress results from NaCl,  Na2SO4 and other 
neutral salts. Compared with salinity, alkali stress causes 
greater damage to plants [3]. Although cotton plants 
are salt-tolerant, their growth and development can be 
severely affected by salt and alkali stresses [4].

2ODDs are non-heme proteins belonging to the sec-
ond largest oxidase family in plants. They regulate vari-
ous metabolic activities during growth and development 
of plants. For instance, it exerts effects in diverse pri-
mary metabolism processes including the synthesis and 
catabolism of gibberellins (GAs), ethylene biosynthesis, 
and catabolism of auxin and salicylic acid (SA). They also 
modulate secondary metabolisms, such as the biosynthe-
sis and/or metabolism of benzylisoquinoline alkaloids 
(BIAs), glucosinolates, tropane alkaloids (TAs), monoter-
pene indole alkaloids (MIAs), benzoxazinoids, cou-
marins, mugineic acid, steroid glycoalkaloids (SGs) and 
flavonoid [5].

Anthocyanins are a class of flavonoids that participate 
in a variety of biological processes. They are widely dis-
tributed in plant leaves, flowers, stems, fruits and other 
organs, making these organs’ different colors. There are 
hundreds of naturally occurring anthocyanins. Six of 
them are common ones, cyanidin, delphinidin, petunidin, 
peonidin, pelargonidin, and malvidin [6]. In the edible 
parts of plants, cyanidin accounts for about 50%, pelargo-
nidin, peonidin and malvidin acount for 12%, and petuni-
din and delphinidin account for 7% of the total contents 
of anthocyanins, respectively [7].

When plants are subjected to various biotic and abiotic 
stresses such as pathogens, low temperature, drought, 
UV and phosphate deficiency, the anthocyanin in tis-
sues accumulates to resist the stresses [8–10]. Anthocya-
nin has antioxidant activity, and can effectively scavenge 
reactive oxygen species, reducing cell damage caused 
by cell membrane swelling when plants are exposed to 
different stresses [11]. Furthermore, as a pure natural 
antioxidant, anthocyanin is safe and non-toxic, and can 
inhibit cancer, cardiovascular disease and other diseases 
to a certain extent in human beings [12, 13].

The anthocyanin biosynthesis is a branch of the fla-
vonoid and phenylpropane biosynthesis [6]. It begins 
with the formation of chalcone catalyze by chalcone 
synthase. Then, a series of key enzymes including chal-
cone isomerase (CHI), flavanone-3-hydroxylase (F3H), 
dihydroflavonol-4-reductase (DFR), flavonol synthase 
(FLS), colorless leucocyanidin dioxygenase/anthocya-
nin synthase (LDOX/ANS) participate in the biosyn-
thetic reactions, leading to the production of brick 
red/orange pelargonidin, red/pink cyanidin and blue/
purple delphinidin [14]. Finally, under the action of gly-
cosyltransferase (GTs), unstable anthocyanin forms a 
glycosidic bond with one or more glucose, rhamnose, 
galactose, xylose and arabinose and converts into stable 
anthocyanin [15].

LDOXs are 2-ketoglutarate-dependent dioxygenases 
belonging to the 2ODDs. They can convert colorless-
anthocyanin into unmodified colored anthocyanin. 
Studies have shown that  Fe2+, α-ketoglutarate, dioxy-
gen and ascorbate can bind to LDOXs, causing the oxi-
dative decarboxylation of LDOXs. Thus, succinate and 
carbon dioxide generate. The intermediate products of 
these reaction are dehydrated to form C-2, C-3 enol or 
C-3, C-4 enol, wherein C-2 and C-3 enol forms colored 
anthocyanin, and C-3 and C-4 enols form dihydrofla-
vonols [16, 17].

Evidence indicates that some genes involved in the 
anthocyanin synthesis can enhance stress resistance 
by increasing the accumulation of anthocyanin and 
flavonoids in plants under stresses [18]. In rice, over-
expression of OsCHI2 causes significant increases in 
the expression levels of genes implicated in flavonoid 
biosynthetic pathway, better growth status and higher 
survival rates [19]. Similarly, in Arabidopsis, PnF3H, 
AtDFR and RtLDOX2 genes can confer stress resistance 
to plants by raising anthocyanin and flavonol contents 
[20–23]. Also, in tobacco, overexpression of the antho-
cyanin synthesis-related gene AvFLS improves salt tol-
erance by increasing the total flavonoid contents [24].

LDOXs can convert leucocyanidin into colored 
anthocyanin, which is the first colored compound in 
the anthocyanin metabolic pathway. Evidence indi-
cates that suppressing the expression of the LDOX gene 
causes flowers lighter or even whiter. These are very 
intuitive phenotypes. After knockdown of the expres-
sion of the ANS gene of Torenia fournieri, the flower 
color changes from the blue to the white. In rice, over-
expressing the ANS gene results in a clear enhancement 
of the anthocyanin content, and the seed coat becomes 
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purple-red. ANS is a LDOX protein [25]. Consistently, 
the expression level of LDOX gene in red petals is con-
siderably higher than that in white petals of Magnolia 
sprengeri Pampan [26]. Additionally researchers inves-
tigated the expression of LDOX gene in the peel of 8 
different grape varieties, and found that the transcript 
abundances of LDOX are markedly higher in the peel of 
the red variety, but lower in the peel of the white vari-
ety [27]. To date, the involvement of LDOXs/ANSs in 
stress resistance has been reported in some plant spe-
cies. However, whether LDOXs serve roles in cotton is 
unknown. Therefore, it is of great significance to study 
the functions of cotton LDOXs in stress resistance.

In this study, 336 2ODDs in G. hirsutum were identi-
fied. They were divided into 15 subfamilies. The phyloge-
netic analyses showed that 2ODD family members were 
relatively conservative during evolution. Tandem dupli-
cations and segmental duplications served important 
roles in the large-scale expansion of 2ODDs. GhLDOX3, 
a 2ODD family gene, was isolated and characterized. 
VIGS plants with silenced GhLDOX3 were insensitive to 
 Na2CO3 stress. These data will provide new insights into 
the evolutionary history and functions of cotton 2ODDs 
in metabolite biosynthesis and stress responses.

Results
Identification of 2ODD proteins
In order to obtain the 2ODD family genes in four Gos-
sypium species, G. arboreum, G. raimondii, G. hirsutum 
and G. barbadense, the 2ODD Hidden Markov model in 
Pfam was used to search the genomes of these species in 
the HMMER software. The candidate proteins were then 
verified by the NCBI-CDD and Pfam tools as 2ODDs 
contains DIOX_N domain and 2OG-FeII_Oxy domains. 
Therefore, the candidates with incomplete domains of 
DIOX_N and 2OG-FeII_Oxy were deleted manually. In 
total, 1124 2ODD genes were identified, 379 from tetra-
ploid G. barbadense, 336 from tetraploid G. hirsutum, 
205 from diploid G. arboreum, and 204 from diploid G. 
raimondii. These genes were renamed according to their 
locations on the chromosomes (Table S1).

Allotetraploid G. hirsutum was originated from the 
genomic hybridization between an ancestral G. arboreum 
with an A genome and G. raimondii with a D genome 
[28]. It is a good model for studying the evolution and 
origin of polyploidy plants. Accordlingly, we focused on 
the 2ODD genes in G. hirsutum, and compared these 
genes with their homologs in other three Gossypium 
species. The physicochemical properties of these genes 
or their encoded proteins were then analyzed and pre-
dicted, including transcript length, CDS length, GC con-
tent of CDS, exon number, average exon length, average 
intron length, protein length, protein molecular weight, 

isoelectric spot, protein hydrophobicity and subcellular 
localization (Table S2). The results showed that the small-
est molecular weight of the Gh2ODDs in G. hirsutum 
was 5.753  kDa (GhF6H14), the largest was 59.301  kDa 
(GhH6H8). The number of amino acid of Gh2ODDs 
ranged from 52 (GhF6H14) to 522 (GhH6H8), and the 
isoelectric points of these proteins were 4.266 to 6.248. 
Gh2ODDs’ hydrophobicity coefficients were from posi-
tive 1.79% to negative 98.21%, indicating that most of the 
proteins in this family are hydrophilic. It was predicted 
that 168 Gh2ODDs were localized in the cytoplasm, 74 
Gh2ODDs in the nucleus, 47 Gh2ODDs in the chloro-
plast, 25 Gh2ODDs in the cytoskeleton, 8 Gh2ODDs in 
the mitochondrium, 5 Gh2ODDs in the peroxisome, 3 
Gh2ODDs in the extracellular matrix, 3 Gh2ODDs in the 
endoplasmic reticulum, 1 Gh2ODDs in the vacuole, and 1 
Gh2ODDs in the plasma membrane.

Phylogenetic analysis
In order to study the evolutionary relationship of the 
2ODD family members, a rootless phylogenetic tree was 
constructed using the 336 2ODD genes of G. hirsutum 
(Fig. 1A). The 2ODD proteins contained the highly con-
served DIOX_N domain and 2OG-FeII_Oxy domain. 
With the recombination, duplication and divergence of 
some protein sequence, the functions of 2ODDs might 
become more and more diverse. According to the protein 
structure and putative functions, the 336 2ODD genes of 
G. hirsutum can be divided into 15 subfamilies, named 
respectively GhP4H, GhACO, GhF6H, GhH6H, GhFNS, 
GhLDOX, GhF3H, GhIDS3, GhSRG, GhFLS, GhCODM, 
GhNCS, GhAOP, GhDAO and GhGAOX. Among them, 
GhGAOX has 76 members, being the most, and the 
GhDAO are the least, with only 2 members. The root-
less phylogenetic tree of 1124 2ODD proteins among 
four Gossypium species (336 in G. hirsutum, 379 in G. 
barbadense, 205 in G. arboreum, 204 in G. raimondii) 
was constructed (Fig.  1B). The four Gossypium species 
were likewise divided into 15 subfamilies. The compari-
son shows that the ratio of the number of 2ODD genes 
in the two diploid cottons is close to 1:1, and the ratio of 
the number of 2ODD genes in the A subgenome to the D 
subgenome in the two tetraploid cottons is close to 1:1. 
But it is less than the number of 2ODD genes in the two 
diploid cotton genomes. This may be due to gene loss 
during the hybridization of two diploid Gossypium to 
form heterotetraploid Gossypium.

Organization of 2ODD genes on chromosomes of four 
Gossypium species
To further study the genetic differentiation and gene 
duplication events of the 2ODD genes in four Gossyp-
ium species, their chromosome maps were constructed 
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(Fig. 2). Among the 1124 2ODDs, 1071 were assigned to 
their specific chromosomes, and the remaining 53 were 
assigned to unlabeled chromosomes. We therefore did 
not analyzed the 53 2ODDs in detail. The vast majority 
of the 1071 2ODDs were located at the ends of chromo-
somes (near telomeric region), and a few of them were 
distributed in non-telomeric and centromeric regions 
of chromosomes. Among the 336 2ODDs of G. hirsu-
tum, 164 and 172 were located on the chromosomes of 
the At subgenome (GhAt) and Dt subgenome (GhDt), 
respectively; 17 and 25 were positioned on the scaffolds 
of GhAt and GhDt, respectively. The 13th and 9th chro-
mosomes harbored 20 and 17 2ODDs, respectively, while 
the 3rd and 4th chromosomes had only 2 and 4 2ODDs, 
respectively. In addition, the number of Gh2ODDs on 13 
chromosomes in GhAt and GhDt was the same, indicat-
ing that these genes are relatively conservative during 
evolution.

In G. barbadense, 202 of the 379 2ODDs were located 
on the chromosomes of the At subgenome (GbAt), and 
the remaining 177 Gb2ODDs were placed on the chro-
mosomes of the Dt subgenome (GbDt). The thirteenth 
chromosomes in both GbAt and GhDt contained 30 
Gb2ODDs. By contrast, the third chromosome of GbAt 
had only three Gb2ODDs, and the fourth chromosome of 
GhDt harbored only four Gb2ODDs (Fig.  2). The num-
ber of Gb2ODDs on the homologous chromosomes of A 
and D subgenomes in G. barbadense was largely differ-
ent, suggesting that loss and addition events of Gb2ODDs 
occur during evolution.

There were 205 Ga2ODDs in G. arboreum and 204 
Gr2ODDs in G. raimondii. These genes were evenly dis-
tributed on 13 chromosomes in the two species. Among 
the 205 Ga2ODDs, 12 were not fixed on specific chro-
mosomes. We found that the majority of 2ODD genes in 
the four Gossypium species were evenly distributed on 
their homologous chromosomes, but some genes were 
not during evolution. This suggests that the genome of 
the two diploid speicies were directly inherited although 
the genomes of the allotetraploid AD are derived from 
the hybridization of the two diploid A and D genomes. 
However, during the long-term evolutionary process, 
gene loss and chromosome fusion events also occurred 
in the Gossypium genomes, and evolutionary asymmetry 
emerged (Table 1).

Duplication and collinearity analysis of 2ODD genes
The evolutionary relationship and collinearity of 2ODDs 
in two diploid ancestors G. arboreum (AA) and G. rai-
mondii (DD) and two tetraploid progenies G. hirsutum 
(AtAtDtDt) and G. barbadense (AtAtDtDt) were ana-
lyzed. The results showed that the subgenomes Ga-Ga, 
Ga-Gb, Ga-Gr, Ga-Gh, Gb-Gb, Gb-Gr, Gb-Gh, Gr-Gr 
and Gr-Gh were collinear. There were 3631 orthologous/
paralogous gene pairs in Gh-Gh, 597 pairs of segmental 
duplications, 219 pairs of tandem duplications, and 2815 
pairs of whole genome duplication (WGD). The latter 
enabled a large-scale extension of the 2ODD superfamily 
in Gossypium. G. barbadense had the most tandem dupli-
cations (90 pairs), followed by G. arboreum (48 pairs), G. 
hirsutum (42 pairs), and G. raimondii (39 pairs) (Fig. 3A). 

Fig. 1 Two rootless phylogenetic trees for 2ODDs. A A phylogenetic tree of 336 2ODDs in G. hirsutum by Neighbor-Joining (NJ) method. B A 
phylogenetic tree for the 1124 identified 2ODDs from four Gossypium species by Maximum Likelihood (ML) method. Boxes with varying color 
represent different clades of 2ODDs
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Fig. 2 Chromosomal positions of 2ODDs from four Gossypium species. Gene IDs are shown on the right side. The vertical bar on the left side 
represents the position of the genes and length of chromosomes. Black lines indicate tandem duplication gene pairs
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It was found that a number of 2ODDs in diploid A and 
D genome were orthologous genes in the tetraploid At 
and Dt subgenomes (Fig. 3B). Our findings indicate that 
many gene loci are highly conserved between At sub-
genomes and A genomes as well as Dt subgenomes and 
D genomes (Fig. 3B). In addition, it was seen that Ga-A 
genome had more homologous gene pairs with the sub-
genomes of Gh-At and Gb-At on chromosomes 5, 8, 9, 
10 and 11 than other chromosomes; and Gr-D genome 
had more homologous gene pairs with Gh-Dt and Gb-Dt 
subgenomes on chromosomes 4, 6, 7, 9 and 11 than other 
chromosomes (Fig. 3B).

Selection pressure analysis of 2ODDs among four 
Gossypium species
In order to determine the effects of Darwinian posi-
tive selection and selection pressure on the evolution of 
2ODDs, their non-synonymous substitution rate (Ka) 
and the synonymous substitution rate (Ks) of 2595 pairs 
of homologous genes were calculated between genomes 
and within genomes/subgenomes pairs of four Gossyp-
ium species. The Ka/Ks ratio, which reflects the selection 
pressure of homologous genes, was analyzed. The results 
showed that there were 57 pairs of homologous genes 
(accounting for 2.3%) with a Ka/Ks ratio greater than 1, 
indicating that these gene pairs were subjected to positive 
selection during the evolutionary process and occurred 
under strong artificial selection pressure. Favorable varia-
tion is evidence of adaptive evolution of proteins. The Ka 
/ Ks ratio for 2538 pairs of homologous genes (97.7%) was 
less than 1. Of these pairs, 2290 pairs had a Ka / Ks ratio 
lower than 0.5, and 248 pairs had the ratio between 0.5 
and 1 (Fig. 4), indicating that these genes are affected by 

purification selection. Next, the average separation time 
between the two diploid species as well as between the 
two tetraploid species above was evaluated and the aver-
age Ka/Ks value was assessed. The average separation 
time of G. arboreum and G. raimondii was the earliest, 
and the average ratio of Ka / Ks was the smallest. The 
average separation time of G. barbadense and G. hirsu-
tum was shorter than that of G. arboreum and G. rai-
mondii, but their average Ka / Ks ratio was greater than 
that of G. arboreum and G. raimondii (Table S3). These 
results indicate that G. arboreum and G. raimondii sepa-
rated first, but are relatively conserved during evolution, 
and then G. barbadense and G. hirsutum separated after 
a long time, but undergo relatively rapid and complex 
evolution.

Structure and conserved motifs of Gh2ODDs
To further understand the structural evolution of 
Gh2ODDs, the protein sequences of Gh2ODDs were 
used to construct a phylogenetic tree. We found that they 
were classified according to the tree topology of the evo-
lutionary tree (Fig.  5A). We also investigated conserved 
protein motifs of the Gh2ODD members in each subfam-
ily, and found that a total of 15 motifs (motif 1-motif 15) 
were detected in Gh2ODDs (Fig. 5B). Most members of 
the same subfamily, especially closely related members 
had the same motif composition. There are 1–13 motifs 
in each Gh2ODD proteins, and most members had the 
same motif distribution. This means they have similar 
functions at the protein level. Most Gh2ODD proteins 
were observed to contain motifs 1, 3, 4, 5, and 10 in com-
mon. The number of motifs in the GhP4H subfamily was 
relatively small. They shared motifs 5, 10, and 14. Some 

Table 1 Distributions of 2ODD genes on different genomes and sub genomes of four Gossypium species (Ga, Gr, Gh, Gb)

Chr.No Ga Gh-At Gb-At Gr Gh-Dt Gb-Dt Total

Chr. 1 12 12 19 15 16 18 92

Chr. 2 7 14 20 21 7 10 79

Chr. 3 15 2 3 5 3 7 35

Chr. 4 8 4 8 20 4 4 48

Chr. 5 16 14 16 11 8 12 77

Chr. 6 10 8 9 23 6 6 62

Chr. 7 13 12 13 12 12 14 76

Chr. 8 22 15 22 9 15 20 103

Chr. 9 20 20 21 15 23 19 118

Chr. 10 16 15 16 15 15 15 92

Chr. 11 11 7 13 16 10 11 68

Chr. 12 11 7 11 8 7 11 55

Chr. 13 30 17 30 34 20 30 161

Scaffolds 14 17 1 0 26 0 58

Total 205 164 202 204 172 177 1124
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Fig. 3 Collinearity relationships of 2ODDs in Gossypium. A The collinearity relationship of repeated gene pairs of 2ODDs among G. hirsutum, G. 
barbadense, G. arboreum and G. raimondii. The chromosomal lines in different colors indicate the collinearity area around the 2ODDs. B Collinearity 
relationships of Gh2ODDs and Gb2ODDs with their homologs in the ancestor species through multiple synteny plots. Dense grey lines in the 
background reveal collinear blocks, while blue lines represent syntenic 2ODD gene pairs
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members had motifs 4 and 6. Motif 14 was unique to the 
GhP4H subfamily. Most members of the other six sub-
families had more than 10 motifs, and a few members 
had lost part of their functions during evolution. Motif 
12 was unique to the GhACO, GhF6H, GhF6H, GhIDS3, 
GhLDOX, GhFLS, GhSRG and GhNCS subfamilies, 15 
motifs were exclusive to some GhACO members, and 13 
motifs were unique to the GhAOP, GhDAO subfamilies. 
The conserved motifs of each subfamily with their own 
unique arrangement may reflect the functional specificity 
of each subfamily.

The GhF6H2 had 15 exons, being the largest number, 
whereas some had only 1, being the least number. It is 
interesting that the exon/intron arrangement of closely 
related genes like GhLDOX members was more similar, 
but their exon/intron length was clearly different. Among 
the 336 Gh2ODDs, 16 were intron-less, accounting for 
4.8% of the total number of genes, and 55 contained one 
intron, accounting for 16% of the total number of genes 
(Fig. 5C, Table S2). Fewer introns in these genes suggest 
that alternative splicing events of these Gh2ODDs may 
not happen during evolution. We found that the 2ODDs 
in 7 subfamilies (GhP4H, GhH6H, GhLDOX, GhF3Hs, 
GhSRG, GhFLS and GhDAO) contained at least one 
intron, indicating that those subfamilies are evolution-
arily conservative. There were only 1 to 2 introns in 12 
members of the GhLDOX subfamily. The other 8 sub-
families (GhACO, GhFNS, GhIDS3, GhCODM, GhNCS, 
GhAOP, GhGAOX and GhF6H subfamilies) contained 
intronless members (Fig.  5C), indicating these 2ODD 
members may be involved in response to alkaline stress 
in cotton. It is worth noting that the genetic structure of 

closely related genes was more similar, but the length of 
exons/introns was not necessarily the same.

Analyses of cis-regulatory elements and expression profiles 
of Gh2ODDs
Cis-regulatory elements (CREs) are non-coding DNAs 
in genes containing binding sites for transcription fac-
tors or other regulatory components during transcrip-
tion. They are involved in the regulation of plant growth 
and development, and responses to various stresses [29]. 
In order to understand the putative roles of Gh2ODD 
genes, we selected the 2 kb region upstream of the gene 
start codons and used PlantCARE software to predict the 
CREs in Gh2ODDs. The promoter regions of Gh2ODDs 
contained light-responsive elements, hormone-respon-
sive elements, growth and stress-related cis-acting ele-
ments, and a variety of elements with unknown function 
(Fig.  6). More than half of the Gh2ODD members con-
tained CREs of MYB, MYC, Box4, ARE, ERE, G-Box, 
GT1-motif, STRE, ABRE, as-1 motif, CGTCA-motif, 
TGACG-motif, TCT-motif, LTR, W box, WUN-motif 
and TCA (Table S4). These data highlight the possible 
important roles of Gh2ODD genes in diverse biological 
processes in cotton.

When plants are under stressful condition, the expres-
sion of many genes related to the stress will be induced, 
and some physiology and biochemistry properties will 
change in plants. Fourteen CREs involved in stress 
response were found to be abundant in the promoters of 
Gh2ODDs. They included low temperature response ele-
ments, anaerobic inducible response elements, defense 
and stress response elements, drought inducible response 

Fig. 4 Selection pressure based on non-synonymous to synonymous ratio (Ka/Ks) for 2ODDs. A The density of duplicated gene pairs in various 
ranges of Ka/Ks. Different colors mean different combinations of gene pairs among four Gossypium species. B Prediction of a number of duplicated 
gene pairs of different combinations from four Gossypium species. The blue, orange and grey colors show the different selection pressure
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Fig. 5 Conserved protein motifs of Gh2ODDs along the phylogenic tree and subfamily classification patterns. A Phylogenetic tree of Gh2ODDs. B 
Conserved motifs of Gh2ODDs. Boxes with varying color represent different motifs. C Gene structure of Gh2ODDs. Green boxes indicate exons, and 
black lines show introns
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Fig. 6 Analysis of cis elements and expression profiles of Gh2ODDs. A Phylogenetic tree of Gh2ODD genes. B Cis regulatory elements present in 
promoter regions of Gh2ODDs. Bars in diverse colors indicate different cis-acting elements. C Differentially expressed Gh2ODDs under cold, hot, 
salt or drought stress, as well as tissues expression patterns of Gh2ODDs at various growth stages. The expression level from lower to high are 
represented by red bar to blue one
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elements and wound response elements (Table S4). Of 
these, MYB (drought response) and MYC (low tem-
perature response) elements were enriched, accounting 
for about 96% of the total elements (Table S4). Anaero-
bic induction response elements and stress response 
elements accounted for 86 and 73% of Gh2ODD mem-
bers, respectively. In addition, there were 13 elements 
involved in hormone response. They are response ele-
ments for ethylene, abscisic acid, methyl jasmonate, sali-
cylic acid, gibberellin and auxin. Ethylene- and abscisic 
acid-responsive elements were widely distributed in 
Gh2ODD members, accounting for 81 and 71% of the 
total of elements, respectively, indicating that Gh2ODD 
may be essential for the signal transduction of ethylene 
and abscisic acid (Table S4). The Gh2ODDs also con-
tained meristem expression (CCG TCC -box), endosperm 
expression (GCN4_motif ), and circadian regulated 
response elements (circadian). Additionally, there were 
a large number of elements with unknown functions or 
specific functions in the Gh2ODDs. AAGAA-motif ele-
ment, box S element, and CARE element were cis-ele-
ments with unknown functions. About 68% of Gh2ODD 
family members contained AAGAA-motif elements, 
pointing to the possible important roles in Gh2ODDs. 
However their functions had not yet been reported. 
Besides, 38% of the promoters of Gh2ODDs contained a 
specific element 02-site, which may be related to the reg-
ulation of zein metabolism (Table S4).

We analyzed the expression levels of Gh2ODDs in 
22 different tissues, and found that different Gh2ODD 
members had diverse expression patterns during cotton 
development. Most Gh2ODDs were expressed in vari-
ous tissues. Yet, GhP4H10, GhP4H12 and GhP4H1 in 
the GhP4H subfamily were not expressed in the torus, 
and GhP4H10 and GhP4H1 were not expressed in the 
stem. GhACO subfamily member GhACO1 were highly 
expressed in the stem, and GhACO49, GhACO26, 
GhACO50 and GhACO35 were strongly expressed in 
the calycle. The expression levels of GhF6H subfam-
ily members in each tissue were lower than those of 
other subfamily members. The transcriptional levels 
of GhH6H7, GhCODM6, GhSRG19, GhSRG10, and 
GhACO34 in stems were dozens of times higher than 
those in other tissues. The transcript abundances of 
GhFNS1, GhLDOX3, GhCODM5, GhSRG21, GhACO40, 
GhACO53, and GhACO29 in leaves were several times 
or even dozens of times  of those in other tissues. The 
expression levels of GhAOP subfamily genes were 
relatively low in various tissues, and only few mem-
bers were highly expressed in specific tissues, For 
instance GhAOP40, GhAOP12, GhAOP38, GhAOP4, 
GhAOP49, GhAOP24, GhAOP17, GhAOP19, GhAOP20, 

GhAOP21, GhAOP22, GhAOP43 and GhAOP43 had 
high expression levels in stems. The mRNA abundances 
of GhAOP10, GhAOP36, GhAOP1 and GhAOP30 
were enriched in leaves. The transcriptional levels of 
GhDAO2, GhAOP13, GhAOP41 and GhAOP23 were 
high in petals. GhGA20OX49 and GhGA20OX22 
showed significantly higher expression levels in petals 
and stamens than in other tissues (Figs. 6 and 7).

We also investigated the gene expression pat-
terns of Gh2ODD genes in cotton response to cold, 
heat, salt, and PEG stress. Some of the family mem-
bers showed significant changing trends in response 
to one of the stresses. GhP4H2, GhP4H4, GhP4H7, 
GhP4H14, GhP4H15, GhACO26, GhACO49, GhF6H3, 
GhF6H12, GhSRG14 and GhSRG21 were significantly 
down regulated under cold stress and only responded 
to cold stress. GhF3H1, GhF3H14, GhACO3, GhACO9 
and GhF6H2 could respond to two stresses. GhP4H8, 
GhP4H9, GhP4H11, GhACO12, GhACO14, GhACO21, 
GhACO32, GhACO35, GhFNS4, GhIDS3-1, GhIDS3-
3 and GhNCS1 responded to three stresses. GhFNS1, 
GhFNS2, GhFNS3, GhF3H4, GhF3H11, GhLDOX3, 
GhLDOX9, GhFLS1, GhFLS3, GhFLS4, GhCODM1, 
GhACO10, GhACO13, GhACO17, GhACO28, 
GhACO37, GhACO39, GhACO28 and GhAOP43 
responded to two stresses. Members of the same sub-
family had different response patterns to four abiotic 
stresses. The results showed that although genes in the 
same subfamily had similar motifs, they were function-
ally different. (Fig. 6, Table S5). Transcriptome data also 
showed that most Gh2ODD family members had differ-
ent degrees of response under different abiotic stresses 
(Fig. 8). Most of the Gh2ODD genes had significant up-
regulated expression or up-regulated expression trend 
under  Na2CO3 stress, indicating that Gh2ODD fam-
ily play important roles in cotton response to  Na2CO3 
stress. In order to determine whether Gh2ODD indeed 
have response to  Na2CO3 stress, we measured the 
expression of multiple Gh2ODDs in cotton variety 
Zhong 9807 after treatment with  Na2CO3 for 0, 6, 12 
and 24  h by qRT-PCR. A majority of members in the 
same subfamily had different expression patterns under 
alkaline stress (Fig. 9). For example, GhACO subfamily 
member GhACO17 was up-regulated while GhACO38 
was down-regulated after alkali stress. Some mem-
bers in the subfamilies of GhAOP, GhF6H, GhFLS and 
GhFNS also displayed similar expression patterns to 
those in GhACO. The transcription levels of GhLDOX1, 
GhLDOX3 and GhLDOX7 reduced upon alkali treat-
ment. By contrast, those of GhSRG14, GhCODM3 
markedly increased under alkali stress. Therefore, most 
Gh2ODDs may function in cotton responding to alkali 
stress.
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Interaction network of 2ODD proteins
Protein interaction network analysis of the orthologs 
of Gh2ODDs in Arabidopsis was performed using the 
STRING software (Fig. 10). The interactions of P4H pro-
tein were predicted with AGP11, AGP40, RRA1, RRA3, 
P5CR, PIP and ERD5 protein. NCS protein interacted 
with CPK25, CYP71B31, PETE1, DLAH and FUR1 pro-
tein. SRG protein interacted with CYP82C3, CYP82F1, 
CYP4;1 and ABCC9 protein. IDS3 protein interacted 
with AIF1, RHS19, SPX3, MGD2 and CYP78A9 pro-
tein. H6H protein interacted with RSH1, SK19, RPP4 
and XRN3 protein. CODM proteins interacted with LEJI 
protein. F6H protein interacted with BAN, DFR, TSD2, 
CYP82C4, CYP71B5, ABCG37 and IRT2 protein. AOP 
protein interacted with CYP83A1, TASTY, MAM1, SUR1 
and IMS2 protein. DAO protein interacted with AAO1, 
AAO2, AMI1, NIT1, YUC7 and YUC11 protein. ACO 
protein interacted with PTP1 protein. There was a pair-
wise interaction among the members in LDOX, FLS, 

F3H subfamily. The GAOX subfamily proteins GA2OX, 
GA20OX, and GA3OX interacted reciprocally in pairs. 
This suggests that 2ODD proteins likely interact mutu-
ally to regulate various stress responses. The members in 
other subfamilies interacted with the proteins other than 
2ODDs. P4H proteins interacted with multiple glycosyl 
hydrolase proteins (AT5G15870, AT1G18310, GH9C1 
and GH9B14).

Cotton plants with silenced GhLDOX3 by VIGS were 
insensitive to  Na2CO3 stress
To examine whether GhLDOXs play roles in respond-
ing to  Na2CO3 stress, we studied the functions of a low-
expressed gene GhLDOX3 from transcriptome data 
by virus-induced gene silencing (VIGS). The phytoene 
desaturase (PDS) gene, which encodes the Mg-chelatase 
subunit I (CHLI), was firstly silenced by the method of 
an Agrobacterium infiltration-based VIGS. The leaves of 
the pYL156:PDS VIGS plants exhibited clear chlorosis 

Fig. 7 Tissue specific expression profilings of different Gh2ODDs in the stem, root, stamen, leaf, pistil, petal, ovule and fiber. Error bars show standard 
deviations among three independent biological replications
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phenotypes (Fig.  11A), indicating the efficiency of the 
VIGS system. Then, cotton leaves were infiltrated by 
Agrobacterium containing the pYL156:GhLDOX3 vec-
tor or the empty vector pYL156. After 2 weeks of growth, 
the expression levels of GhLDOX3 showed about 70% 

decrease in pYL156:GhLDOX3 compare to pYL156 
plants (Fig.  11B). Of note, the leaves from pYL156 
seedlings were wilted and light green compared with 
those from pYL156:GhLDOX3 plants after treatment 
with 50  mM  Na2CO3. The proline levels in leaves of 

Fig. 8 Expression patterns of Gh2ODD genes under different saline-alkali stress (100 mM NaCl, 50 mM  Na2CO3and 0.125 mM NaOH). Statistical 
analyses were performed by Student’s t-test (*P < 0.05 and **P < 0.01)
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Fig. 9 Expression analysis of Gh2ODDs in response to alkaline stress in leaves by qRT-PCR. Cotton seedlings were treated with  Na2CO3 stress. The 
mean values were from three independent biological replicates. Statistical analyses were performed by Student’s t-test (*P < 0.05 and **P < 0.01)
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Fig. 10 Protein–protein interaction analysis of 2ODD proteins. Protein–protein interaction network produced by the STRINGV9.1. Each node 
represents a protein and each edge represents an interaction. They are colored by evidence type
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Fig. 11 Silencing GhLDOX3 via VIGS reduced sensitivity to  Na2CO3 stress. A The phenotype of cotton after GhLDOX3 gene silencing under  Na2CO3 
stress. pYL156:PDS as a positive control, pYL156 was a negative control (containing empty vector), and pYL156:GhLDOX3 shows a VIGS plant 
silencing GhLDOX3. B The expression levels of GhLDOX3 by qRT-PCR under  Na2CO3 stress. C Proline (Pro) contents. D Chlorophyll contents. VIGS 
plants containing vectors pYL156 and pYL156:GhLDOX3 were treated with 0 and 50 mM  Na2CO3 for 24 h. Then, the parameters above were assayed 
in leaves. Statistical analyses were performed by Student’s t-test (*P < 0.05 and **P < 0.01)
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pYL156:GhLDOX3 were considerably higher than those 
of pYL156 plants under  Na2CO3 stress (Fig.  11C). The 
chlorophyll content of pYL156:GhLDOX3 was increased 
significantly compared to pYL156 under  Na2CO3 stress 
(Fig. 11D). These results suggest that GhLDOX3 plays a 
negative role in  Na2CO3 stress tolerance in cotton.

Discussion
2ODD is the second largest oxidase family in plants 
and is involved in various oxidative reactions, including 
hydroxylation, demethylation, dehydrogenation, halogen-
ation and demethylation [30]. In the primary metabolism 
of plants, 2ODD members are involved in the synthe-
sis of plant growth regulators such as gibberellin and 
ethylene. In secondary metabolism, 2ODDs play roles 
in the biosynthesis of flavonoids, alkaloids, terpenoids 
[31–33], etc. Secondary metabolites (phenylpropanoids, 
quinones, flavonoids, alkaloids, etc.) are gradually pro-
duced in plants during the long-term evolution process 
for enhancing stress resistance and chemical defense 
functions. As important secondary metabolites of poly-
phenols, flavonoids are widely distributed among mosses, 
liverworts, and vascular plants including angiosperms. 
However, flavonoids have not been found in lower algae 
and microorganisms [34]. Plants produce excessive fla-
vonoids to cope with biotic and abiotic stresses, such as 
the attack of pathogenic microorganisms insects, ultra-
violet radiation, drought, etc. [8–10]. 2ODD in plants is 
divided into three categories, called DOXA, DOXB and 
DOXC. The DOXA class contains the plant homologs of 
Escherichia coli AlkB, which are involved in the alkyla-
tion of nucleic acids and the oxidative demethylation of 
histones [35]. The DOXB class modulates the levels of 
proline 4-hydroxyl in cell wall protein synthesis. DOXCs 
affect plant hormone metabolism and biosynthesis of 
secondary metabolites, such as flavonoids, alkaloids 
and terpenoids. It is worth mentioning that most of the 
2ODDs from land plants are classified as DOXC classes, 
and their evolution and expansion lead to the generation 
of multiple specialized metabolites in plant responding to 
environmental stresses [36].

Active prolyl 4-hydroxylase is a tetramer consist-
ing of two α subunits and two β subunits, with α subu-
nits playing a major role. The α subunit binds to  Fe2+, 
α-ketoglutarate and ascorbic acid, and has a hydroxyla-
tion active site. The β subunit is also an important com-
ponent of prolyl 4-hydroxylase and has protein disulfide 
isomerase activity [37]. Members of the GhACO sub-
family possess the activity of 1-aminocyclopropane-
1-carboxylic acid oxidase (ACO), which is involved in 
the biosynthesis of ethylene [38]. The GhF6H subfamily 
has the function of feruloyl COA 6-hydroxylase1 (F6H), 
which is the control enzyme of scopolamine biosynthesis 

[39]. The GhH6H subfamily members have the func-
tion of hyoscyamine 6β-hydroxylase, which catalyzes 
the formation of scopolamine from hyoscyamine via 
two consecutive steps [40]. GhIDS3 subfamily members 
are involved in the biosynthesis of phytosiderophore in 
mugineic acid family, which encodes a dioxygenase that 
catalyzes the hydroxylation step from 2’-deoxymugineic 
acid (DMA) to mugineic acid (MA) [41]. GhNCS has 
norcoclaurine synthase (NCS) activity, and is involved 
in the synthesis of benzylisoquinoline alkaloid (BIA) 
[42]. GhSRG subfamily is a new member of 2ODD, hav-
ing some aging-related genes [43]. Codeine demethylases 
(CODMs) of the GhCODM subfamily are responsible 
for the last two steps of codeine biosynthesis, convert-
ing codeine to morphine [44]. The GhAOP subfamily 
possesses AOP enzymatic activity and catalyzes the con-
version of methylsulfinylalkyl glucosinolates to alkenyl 
glucosinolates [45]. GhGAOX subfamily members are 
key oxidases in gibberellin biosynthesis. GhLDOX sub-
family is a key enzyme at the end of the anthocyanin 
synthesis pathway. It can convert colorless-anthocya-
nin into unmodified colored anthocyanin [46]. GhFLS 
subfamily catalyzes the formation of flavonols from 
dihydroflavonols [47]. GhF3H subfamily catalyzes the 
3-beta-hydroxylation of 2S-flavanones to 2R, 3R-dihy-
droflavonols which are intermediates in the biosynthesis 
of flavonols, anthocyanidins, catechins and proantho-
cyanidins in plants [48]. Flavonoid synthase in GhFNS 
subfamily member is the key enzyme in the conversion 
of flavanones to flavones [49] The GhDAO subfamily is 
essential for auxin catabolism and maintenance of auxin 
homeostasis in reproductive organs [50].

A gene family is a group of genes consisting of two or 
more copies of the same ancestral gene produced by gene 
duplication. Gene duplication is a major source of forma-
tion of new genes and gene functions and plays a key role 
in trait diversity and speciation [51]. Genome changes 
generally occur during the formation of polyploid plants, 
and the changes include duplication between genes, rear-
rangement of chromosomes and changes in the number 
of genes. The evolution of gene families mainly includes 
segmental duplication, tandem duplication and whole 
genome duplication. Among them, whole-genome dupli-
cation plays an important role in gene amplification 
[52–54].

In this study, 1124 2ODD genes were identified in 
four species (G. hirsutum, G. arboreum, G. raimondii, 
G. barbadense). Of these, 336 were found in G. hirsu-
tum. However, only 130 and 114 2ODDs were detected 
from Arabidopsis and Oryza, respectively [36]. Overall, 
Gh2ODD genes were conservative during evolution, 
but, the events of gene loss and unbalanced evolution 
between genes occurred. The possible reason is the 
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doubling of the entire genome when two diploids (G. 
arboreum and G. raimondii) are hybridized to form 
an allotetraploid (G. hirsutum and G. barbadense). An 
increase in the number of genes contributes gene evo-
lution. Whole-genome duplication, tandem duplication 
and segmental duplication also play an important role 
in family expansion [55]. The existence of gene dupli-
cation can promote new genes to acquire new func-
tions, and tandem duplication can promote the changes 
in gene structure and function more quickly [56]. The 
combined effect leads to functional progress in genetic 
diversity and environmental adaptability.

The Ka/Ks ratio can reflect whether there is selective 
pressure acting on the gene encoding a certain protein. 
In the study of gene family evolution, synonymous sub-
stitutions refer to nucleotide variations that do not lead 
to amino acid changes, so synonymous substitutions 
are generally not affected by natural selection and are 
selected as neutrals. Non-synonymous substitutions 
refer to those nucleotide variations that result in cod-
ing amino acid variations. In general, non-synonymous 
substitution causes amino acid changes that may alter 
protein conformation and function. Thus, adaptive 
changes may occur, which may be favorable or unfa-
vorable (usually unfavorable) [57]. Synonymous substi-
tution does not change the composition of the protein, 
and plant genes are therefore not subject to natural 
selection (here we ignore the effect of codon prefer-
ence). It is generally considered that when Ka > Ks or 
Ka/Ks > 1, the homologous gene is positively selected. 
Ka = Ks or Ka/Ks = 1, the homologous gene is neutrally 
selected. Ka < Ks or Ka/Ks < 1, homologous genes are 
affected by purification selection.

From the functional point of view, the new gene 
formed by replication is not seriously differentiated from 
the source gene, and is relatively conservative in evolu-
tion, having relatively stable structure and consistent 
function (Table S3). 57 pairs of homologous genes with a 
Ka/Ks ratio greater than 1, it is speculated that the dupli-
cated gene pairs of these two tetraploid genomes may 
have evolved to acquire new and different functions to 
adapt to the environment. Since most of the Ka/Ks values 
are less than 1 (Fig. 4), it can be speculated that the cot-
ton 2ODD gene family has undergone a strong purifying 
selection pressure with limited functional differentiation 
after segmental duplication and WGD.

Gene DNA is divided into coding region and non-
coding region, and the coding region contains exons and 
introns. In plants, most genes are interrupted by single 
or multiple exons/introns, and their arrangement and 
location can be used to study the evolutionary relation-
ships among gene family members. Generally, genes of 
the same subclass have similar exon/intron arrangements 

in terms of intron number and exon length. Studies have 
shown that exons/introns are related to their related bio-
logical functions [58].

In previous studies, genes with few or no introns were 
thought to have higher expression levels in plants [59, 
60]. To respond to various stresses in a timely manner, 
genes must be activated rapidly, and compact gene struc-
tures with fewer introns can aid in stress-responsive gene 
activation.

LDOX plays a key regulatory role in a variety of plant 
biological processes. The leaves of the LDOX allele 
mutant tds4 lack anthocyanins in Arabidopsis. Trans-
mission electron microscopy revealed that tds4 endothe-
lial cells had multiple small vacuoles, instead of a large 
central vacuole as observed in the WT [61]. Under dif-
ferent abiotic stresses, Gh2ODD genes showed different 
expression trends. Different Gh2ODD genes also have 
diverse expression patterns during development, indicat-
ing that Gh2ODD genes may be involved in these pro-
cesses through different mechanisms. Gh2ODDs play 
more important roles in cotton responding to salt and 
PEG stress than to cold and heat stress. The higher con-
centration of  Na+ in saline-alkali soil solutions leads to 
hyperosmotic stress, which hinders plants from absorb-
ing water and nutrients from the soil. Drought stress 
affects nutrient availability and transport [62, 63]. The 
expressions of 6 members of the GhP4H subfamily were 
down-regulated under cold stress, and 5 GhP4Hs were 
up-regulated under PEG stress. Among these GhP4Hs, 
GhP4H9 and GhP4H21 were down-regulated under cold 
stress and up-regulated under PEG stress. It was found 
that GhACO32 was significantly down-regulated under 
salt stresses. This is consistent with the expression trend 
of TaACO1 under salt stress [64]. In the GhF6H sub-
family, only GhF6H2, GhF6H3, GhF6H16 and GhF6H17 
serve roles in responding to stress. The expression lev-
els of each member in tissues are very low. It may be 
that members of the GhF6H subfamily play a negative 
regulatory role in development or do not modulate plant 
growth and developmental in plants. In the GhFNS sub-
family, GhFNS4, GhFNS1, GhFNS2 and GhFNS3 were 
significantly down-regulated under the four stress treat-
ments above. In the GhLDOX subfamily, the expression 
of GhLDOX3 was up regulated at 1  h and significantly 
decreased at 3, 6 and 12 h under cold, salt and PEG stress, 
but continued to decrease under heat stress, indicat-
ing that GhLDOX3 has a different response mechanism 
to stress. Other GhLDOXs did not change significantly 
in expression under stress treatment. Collectively, these 
results imply that GhLDOX3 may play an important role 
in cotton response to saline-alkali stress. Most members 
of the GhGAOX subfamily do not change in expession 
upon stress, only GhGA2OX11 and GhGA2OX7 were 
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up-regulated under heat and cold stress, respectively. 
They had high expression levels in calycle and stamens. 
Together, these data suggest that many 2ODDs in plants 
may regulate different cellular processes, and they likely 
interact, restrict and coordinate with each other, and 
jointly modulate plant growth, development and stress 
response.

As a major abiotic stress limiting agricultural produc-
tion, alkali stress severely disrupts plant physiology, bio-
chemistry, metabolism, and development, and inhibits 
plant growth [65]. Studies show that alkali stresses sig-
nificantly inhibit cotton growth. The reason may be that 
a high concentration of  Na+ leads to osmotic imbalance, 
membrane dysfunction, increased production of ROS, 
as well as the disruption of plant nutrient metabolism by 
high pH under alkali stress, and thus affecting cell divi-
sion and growth [66, 67]. Soil salinization and alkaliza-
tion frequently co-occur, but compared with salt stress, 
alkali stress causes greater damage to plants [3]. In this 
study, it was found that the expression patterns of genes 
were different under salt and alkali stress, indicating that 
the mechanism of action of alkali stress and salt stress is 
different (Fig. 9). Presumably, alkali stress with the high 
pH will severely disturb cell pH stability, destroy cell 
membrane integrity, and decrease root vitality and pho-
tosynthetic function [65].

Pro is a ubiquitous protective substance in plants. It is 
a low molecular weight cyclic amino acid and is known 
to provide osmotic adjustments in plants under stress-
ful environments. Plants adjust the content of Pro under 
stress to change the osmotic pressure, maintain the sta-
bility and integrity of the cell membrane, ensure the nor-
mal physiological activity of enzymes, and maintain the 
intake and maintenance of water [68]. Chlorophyll is a 
typical representative indicator of photosynthesis. As the 
important photosynthetic pigment, it can reflect the pho-
tosynthetic energy efficiency [69]. After  Na2CO3 stress, 
the Pro and chlorophyll contents of pYL156:GhLDOX3 
were evidently more than pYL156 (Fig. 11C and D). Com-
bined with the phenotype of Fig. 11A, we speculated that 
the GhLDOX3 is involved in the response to  Na2CO3 
stress in cotton.

Conclusion
There were 336 Gh2ODDs in G. hirsutum. They were 
divided into 15 subfamilies. Ka / Ks and collinearity 
analyses indicated that Gh2ODDs experienced strong 
purifying selection pressure, and segment duplication 
and whole-genome duplication played important roles in 
gene expansion. Tetraploid G. hirsutum is derived from 
the two diploid Gossypium species (Ga & Gr), during 
the evolution process, gene loss and chromosome fusion 
events occurred. Silencing GhLDOX3 led to more Pro 

and chlorophyll in cotton, suggesting that GhLDOX3 is 
involved in the response to  Na2CO3 stress in cotton.

Material and methods
Data acquisition
Genome files of four cotton species, Gossypium 
arboreum (CRI), Gossypium raimondii (JGI), Gossypium 
barbadense (ZJU) and Gossypium hirsutum (NAU) were 
obtained from Cotton Functional Genomic Database 
(CottonFGD) (https:// cotto nfgd. org/) [70].

Identification of 2ODD family members
To identify the members of the 2ODD gene family, the 
protein sequences and genome annotations of 2ODDs 
from two tetraploid (G. barbadense & G. hirsutum) and 
two diploid (G. arboreum & G. raimondii) species were 
downloaded from Cotton Functional Genomic Data-
base (CottonFGD) (https:// cotto nfgd. org/) [70]. The 
HMMER 3.0 software was used with default settings and 
parameters to obtain the sequences of 2ODDs contain-
ing Pfam PF14226 and PF03171 domains. We removed 
the redundant genes with an e-value greater than 1E-05. 
We further examined various biophysical properties of 
2ODDs including protein and genomic lengths, molecu-
lar weights (MWs), isoelectric points (pIs), the number of 
exons and other biophysical properties from CottonFGD 
(https:// cotto nfgd. org/).

Phylogenetic analysis and sequences alignments
The full-length amino acid sequences of 2ODDs from 
G. hirsutum, G. arboreum,  G. raimondii and G. bar-
badense were downloaded, and multiple sequence align-
ment analysis was performed using MEGA software 
(version 7.0) and ClustalW program. Subsequently, we 
constructed the phylogenetic tree using neighbor join-
ing (NJ) method and Maximum likelihood method (ML) 
with 1000 bootstrap replicates,  respectively, in MEGA 
software (version 7.0) [71].

Gene duplication relationship, selection pressure 
and collinearity analysis of 2ODD genes
The 2ODDs homologous gene pairs of four cotton spe-
cies were identified by searching the gene duplication 
across the four species through the NCBI local blast 
toolkit combined with the TBtools software under strict 
criteria (1) alignment length coverage was set over 70%, 
(2) similarity index in the aligned region was consid-
ered at least 80% and (3) for strongly connected genes 
a minimum of two duplication events were given con-
sideration [72]. Syntenic relationship and collinear-
ity among orthologs/paralogs were examined with the 
MCScanX software [73]. Duplicated gene pairs belong-
ing to the same genome/subgenome and locating at the 

https://cottonfgd.org/
https://cottonfgd.org/
https://cottonfgd.org/
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same chromosome with a maximum of 200  kb distance 
between each other are considered as tandem duplica-
tion. Selection pressure experienced by each duplicated 
pair during evolution was calculated according to the rate 
of non-synonymous (Ka) to synonymous (Ks) substitu-
tion using the Ka/Ks calculator 2.0 software [74]. While 
separation time for duplicated pairs was measured using 
the following formula, that is Ks / 2r, r = 1.5 ×  10–8, and 
the unit of separation time was Mya, where M =  106.

Organization of 2ODD genes on chromosomes of four 
Gossypium species
Physical positions of 2ODD genes in chromosomes 
from four Gossypium species were drawn by the TBtools 
software [75]. Genomic sequences, coding sequences, 
Generic Feature Format (gff) files of all of the four spe-
cies were downloaded from CottonFGD (http:// www. 
cotto nfgd. org/) [70]. The positions of 2ODDs were deter-
mined based on the gff files and gene IDs.

Analysis of the conserved protein motifs and gene 
structure
Online webtool Multiple Em for Motif Elicitation 
(MEME) (http:// meme- suite. org/) was used to identify 
the conserved protein motifs [76]. The Gene Structure 
Display Server program (http:// gsds. cbi. pku. edu. cn/) 
was applied to illustrate the gene structures by aligning 
the coding sequences with the DNA sequences of 2ODD 
genes [77]. The phylogenetic tree, gene structure and 
conserved motifs of 2ODD genes were visualized and 
integrated into graphics by TBtools software.

Analysis of cis elements in promoter regions and gene 
enrichment and protein interaction network
DNA sequences of 2000 bp in upstream regions of 2ODD 
genes were obtained from CottonFGD database (http:// 
www. cotto nfgd. org/) as promoters. The PlantCARE 
(http:// bioin forma tics. psb. ugent. be/ webto ols/ plant care/ 
html/) was used for the prediction of cis-acting elements 
in promoter regions of 2ODD genes. The 2ODD protein 
interaction network was examined using the STRING 
online server (https:// cn. string- db. org/).

Tissue-specific expression profilings, stress treatments 
and qRT-PCR
RNA-Seq data (PRJNA490626) were downloaded from 
the website (http:// grand. crica as. com. cn/ page/ tools/ 
expre ssion Visua lizat ion) to examine the relative expres-
sion patterns of 2ODDs under abiotic stress (cold, heat, 
salt and PEG) with various time periods (0, 1, 3, 6 and 
12 for each treatment) and different tissues includ-
ing the root, shoot, petal, leaf, pistil, stamen, torus and 
calycle, along with the ovule and fiber [78]. Zhang’s 

transcriptome data under different saline-alkali stress 
(100 mM NaCl, 50 mM  Na2CO3, 0.125 mM NaOH) were 
used to determine the expression levels of Gh2ODD fam-
ily members [79]. The heat map was generated through 
the TBtools software with FPKM values for relative 
expression analysis.

G. hirsutum accession Zhong 9807 was used in this 
study. Cotton seedlings at three true leaf stage under 
normal field conditions were treated by various abi-
otic stresses and sampled for tissue specific expression 
analysis. Tissue specific expression profilings of differ-
ent Gh2ODDs in the root, stem, leaf, petal, stamen, pistil, 
ovule and fiber were assayed. The expression of different 
Gh2ODDs in cotton response to salt (400  mM NaCl), 
drought (20% PEG), cold (4℃) and heat (37℃) for differ-
ent time points (1, 3, 6 and 12 h) were analyzed. We used 
the FastPure® Plant Total RNA lsolation Kit (Nanjing 
Vazyme Biotech Co., Ltd.) to extract total RNA from all 
samples of cotton plants which were further used to syn-
thesize cDNA with Prime-Script®RT reagent kit (Takara, 
China) following manual instruction. All the samples 
were collected and transferred to liquid nitrogen imme-
diately, saved at – 80℃ for future use.

Virus-induced gene silencing (VIGS) experiment
The purified GhLDOX3 fragment was inserted into the 
empty pYL156 to form the pYL156:GhLDOX3 vector, 
with the sites of BamHI and SmaI. The GV3101 strains 
carrying pYL156 (empty vector), pYL156:GhLDOX3 
(VIGS), pYL156:PDS (positive control), and pYL192 
(helper vector) were cultured to OD600 = 1.2. Each 
mixture was injected into the cotyledons of cotton vari-
ety Zhong 9807 plants. After injection, the plants were 
placed in the dark overnight, and a 16  h light/8  h dark 
cycle was performed at 25  °C. The plants injected with 
pYL156 and pYL156:GhLDOX3 were treated with alka-
line treatment after the cotton plants with pYL156:PDS 
developed an albino phenotype.
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