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Abstract

Background: UDP-glucuronate decarboxylase (UXS) is an enzyme in plants and participates in cell wall
noncellulose. Previous research suggested that cotton GhUXS gene regulated the conversion of non-
cellulosic polysaccharides and modulates their composition in plant cell walls, showing its possible
cellular function determining the quality of cotton fibers. Here, we performed evolutionary, phylogenetic,
and expressional analysis of UXS genes from cottons and other selected plants.

Results: By exploring the sequenced cotton genomes, we identified 10, 10, 18, and 20 UXSs genes in
Gossypium raimondii , Gossypium arboretum , Gossypium hirsutum and Gossypium barbadense, and
retrieved their homologs from other representative plants, including 5 dicots, 1 monocot, 5 green alga, 1
moss, and 1 lycophyte. Phylogenetic analysis suggested that UXS genes could be divided into four
subgroups and members within each subgroup shared similar exon-intron structures, motif and
subcellular location. Notably, gene colinearity information indicates 100% constructed trees to have
aberrant topology, and helps determine and use corrected phylogeny. In spite of conservative nature of
UXS, during the evolution of Gossypium , UXS genes were subjected to significant positive selection on
key evolutionary nodes. Expression profiles derived from RNA-seq data showed distinct expression
patterns of GhUXS genes in various tissues and different development. Most of GhUXS gene expressed
highly at 10, 20 and 25 DPA (day post anthesis) of fibers. Real-time quantitative PCR analysis GhUXS
genes expressed highly at 20 DPA or 25 DPA.

Conclusions: UXS is relatively conserved in plants and significant positive selection affects cotton UXS
evolution. The comparative genome-wide identification and expression profiling would lay an important
foundation to understanding the biological functions of UXS gene family in cotton species and other
plants.

Background

Plant cells walls are composed of cellulose microfibrils, pectins, hemicelluloses, and lignin[1, 2]. In dicots
cell walls, Xyl (xylose) is a key component of hemicellulosic and pectic polysaccharides [1, 3]). UDP-Xyl is
biosynthesized via decarboxylation of UDP-glucuronic acid by UDP-glucuronate decarboxylase
(EC:4.1.1.35; UXS,), which has a central role in sugar nucleotide inter-conversion[4]. The UXS family
bound with NAD*, belongs to the NDP-sugar epimerases/dehydratases subclass [5]. UXS gene has an N-
terminal GxxGxxG pattern that is characteristic of the ADP-binding BaBapB-fold (Rosmann fold),
associated with NAD(P)-binding proteins. The UXS gene family also has YxxxK motif with highly
conserved amino acids Ser and Lys to activate Tyr to yield sugar intermediate[6].

UXS activity has been reported in microorganisms, vertebrate species, and plants. Eight hundred and
twenty-six in bacteria predicted bacteria UXS enzymes have been identified [7]. The crystal structure,
molecular dynamics, and response pathways of UXS have also been analyzed in humans [5]. Six UXS
protein isoforms have been isolated from Arabidopsis and three UXSs encode cytosol-localized enzymes
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down-regulation/mutations of UXS3, UXS5 and UXS6, encoding cytosol-localized enzymes, led to a
drastic reduction in secondary wall thickening [8, 9]. In tobacco, several UXSs have been purified and
antisense UXS could modification of hemicellulose content [10]. Also, rice and populous genes were
cloned [11, 12]. In G. hirsutum, three GhUXS genes expression suggests UXS may play important roles in
cotton fiber development [13, 14].

During plant genome evolution, tandem duplications, single-gene duplications, and large-scale or whole
genome duplications (WGD) are the motor to promote duplicated genes derived [15]. To adjust to the
changing environment, copies duplicated genes may be lost, nonfunctionalized, or develop novel
functions through acquiring various mutations [16].

Gossypium is the main fiber plant in the world-wide. Until now, two diploid cottons (G. raimondii and G.
arboreum) [17-19] and tetraploid cottons (upland cotton, G. hirsutum, and sea island cotton, G.
barbadense,) [20—25] had their genomes deciphered, and an ancestral decaploidy occurred to have
resulted in a complicated genome structure of cotton plants [26]. These efforts provided valuable
opportunities to investigate the functional evolution and phylogenetic characteristics of cotton UXS
genes. In this article we analyzed UXS genes in G. raimondii (Gr), G. arboretum (Ga), G. hirsutum (Gh), and
G. barbadense (Gb). Detailed information on their genomic structures, chromosomal locations,
phylogenetic trees, and expressional pattern is provided. The results obtained here provide a further
characterization of the evolution and function of UXS genes within Gossypium and a framework for UXS
evolutionary in plants.

Results
UXS family members in cotton and other plants

Six Arabidopsis UXS protein sequences were used in BLAST search to identify cotton UXS proteins.
Finally, 112 UXS genes involved plants were identified (Table S1). A total of 10, 10, 18 and 20 UXS genes
were found in Gr, Ga, Gh, and Gb, respectively. This shows a 1-1 orthologous correspondence between
two diploid cottons, and between two tetraploids, respectively, and near 1-2 correspondence between the
diploids and tetraploid, showing likely loss of copies after the tetraploidization. Using the same approach,
a total of 54 UXS homologs were identified from other 12 plants (Table S1). Except Vv08G0862 and
GhA05G097200, the core catalytic domain of the UXS, GXXGXXG and YXXXK, was conserved.

Seven primitive plant species have fewer UXS genes than higher plants. For example, there is only one
UXS gene in Ch. Reinhardti, C. subellipsoidea, V. carteri and M.pusilla (Table S1).

Phylogeny, Gene Structural and Conserved Motifs

A total of 112 UXSs were split into 8 groups representing 4 subfamilies (I, Il, [l and IV) by the phylogenetic
tree (Fig. 1). Group |, Il, and Il were like those in A. thaliana identified previously [11, 27]. Seven UXS genes
from 5 different green alga species were included in group 1V, indicating that they might be orthologs
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originated from a single ancestral gene. Each of the dicotyledon, monocot, moss, and lycophyte species
contributed at least one UXS gene to group Il and group lll, and these two clades were further divided into
three different subgroups. Group Il contained 3 subgroups, named group lla, llb and lic. Group lll also
included three subgroups, named group llla, lllb and llic. Group | only possessed member from
dicotyledon and rice species, including 2 subgroups (group la and Ib).

UXS members from phylogenetically closer species were clustered together within four groups. For
example, group la contained members from dicots, group Ib from monocot-specific UXS genes. Multiple
homologs in subtrees showed duplication in each genome of cotton and durian. Most of UXS members
were clustered reflecting the species evolutionary relationship. However, there were UXS members have
subtree topologies not consistent to species relationship. The cotton genes were often split into
subgroups by cacao and durian homologs, which should be their outgroups. This suggests that UXS
genes expanded after species formation, possibly related to polyploidization, and the expansion might
involve unbalanced evolutionary changes among duplicated genes. These findings will be further
discussed below.

Notably, Gossypium UXS genes have longer evolutionary branches, which illustrates Gossypium have
faster evolutionary rates than homologs from the other plants. This is evidence of adaptive evolution of
UXS genes in cotton.

The above classification is supported by analysis of exon-intron structures and conserved motifs as
shown below. To investigate the possible structural evolution of UXSs, we characterized the exon-intron
organizations of UXS genes (Fig. 2). Generally, the exon-intron structure is highly conserved within a
certain group. Number of introns (0—13) and the length of introns (22-1970 bp) in the UXS family genes
are significantly diverse. All genes in group | have a relatively small number (1-8) of exons. In group I,
there were 4 to 7 introns. Groupe Ill genes have more (12-14) exons. 0109G33309, 0114G43376,
0121G29801 and Mp07G109504 and Cs03G64859 in group IV have none intron. As shown in Fig. 2, the
UXS genes clustered in the same subfamily shared similar exon-intron patterns. As an older species, Vitis
vinifera had distinctively longer introns.

To better characterize the UXS gene family, conserved motifs were identified in UXS proteins (Table S2)
by MEME. In total, 20 distinct motifs were identified. UXS typical domain GXXGXXG and YXXXK were
located in the motif 6 and motif 1. Although the core catalytic domain of the UXS is conserved, except
Vv08G0862and GhA05G097200, variable regions are mainly focused on the N termini. Overall, the same
subgroup shares similar motif compositions, indicating a highly functional conservation. Group | and lI
have more motifs than group Il and IV. Group | and lll had the particular motif 20 and motif15 at N-
terminal. In group lll, in most of genes motif 18 and 6 replace motif 10 and 12 of group I. In group |,
several cotton genes have a special motif 19. Group Il and IV genes do not have the N-motif, as compared
to genes in group | and Ill. Motif 15 is at the N-terminal and motif 11 is its special motif in group Il. Motif
11 is partially exemplified the distribution of the N-terminal domains. All these specific motifs may have
contributed to the functional divergence of UXS genes.
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In addition, analysis of the UXS using PSORT and TargetP1.1 program indicated that UXS were predicted
in cytoplasm, chloroplast, endoplasmic reticulum (E.R.), and mitochondrion (Table S1). Similar
subcellular localization genes are distributed in the same branch, for example, At02G28760, At03G46440,
At05G59290, Pt01G237200, GhA05G097200, GbA05G009370, Dz06G0335 and Tc10G032030 are all
located in chloroplast. This illustrates that UXS gene function is related to its cell location [9, 27]

Chromosomal synteny and duplication in Gossypium

The chromosomal location of each UXS genes was established in cotton. As shown in Fig. 3, UXS genes
are distributed on 9 chromosomes in Ga, 9 in Gr, 18 in Gh, and 18 in Gb. Most chromosomes have a
single UXS gene and two genes are present in chromosome Gr09, Ga04, GbA05, and GbD04.

Gene duplications in genomes could provide important information for gene evolution analysis. UXS gene
duplication analysis in genome A, genome D and genome AD were performed respectively. A total of 40
pairs of syntenic paralogs are identified among the 4 cotton species (Fig. 3, Table S3). UXS genes form 7,
12, 6 and 16 synteny-supported paralogous pairs in Ga, Gr, Gh, and Gb, respectively. Checking gene
collinearity, gene structure and phylogeny, we found that syntenic paralogs had similar gene structure or
motif and were in the same branch in the phylogenetic tree, such as, Ga11G2843, Ga08G0887,
Ga11G2843 and Ga03G0563. This shows UXS gene expansion through the ancestral decaploidy and
more ancient genome duplication [28, 29].

Ks was estimated of duplicated UXS genes (Table S3). Two paralogs with Ks <0.03 between
allotetraploid cotton (Gh and Gb), consistent with the time of the divergence of Gb and Gh [24]. There
were also 18 paralogs with Ks to be 0.40—-0.80, associated with the decaploidy occurring approximately
16.6 (13.3-20.0) million years ago in the Gossypium. In addition, around one fourth of pairs occurred
within the Ks at 1.3-2.0, corresponding to the paleo-hexaploidization (ancient hexaploidization) event
shared among the dicots. In view of species collinearity, many UXS are whole genome duplication (Table
S3). Therefore, expansion of UXS genes in cotton might have occurred due to the large-scale duplication
events in evolution.

The micro conservative collinear indicated that UXS gene may be lost much in cotton plants after
decaploidization. For example, though affected by a decaploidy event, the number of UXS genes in G.
raimondii is much fewer than five times of those homologs in grape (Table S4). Based on gene colinearity
analysis, we found that each of four cacao UXS genes had one to three orthologous copies in cotton A or
D subgenomes, 2 to 6 copies in the tetraploid cotton (Table S4), suggesting extensive gene losses after
polyploidization.

Selective pressure analysis

The ratio of Ka/Ks can be used to show selective pressure acting on coding sequences [30]. The Ka/Ks of
cotton UXS paralogous pairs were estimated. The Ka/Ks ratios of UXS pairs were all <1 (Table S3),
suggesting that most of them were subjected to negative selection.
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According to the homeologous UXS gene colinearity (Table S4), we found that the tree of UXS genes was
often not well reconstructed. Paralogs produced by the cotton-specific decaploidy are expected to group
together on the tree, with their Dz and Tc orthologs to form outgroups. However, we found five branches
of Tc and Dz orthologs were grouped together, which were not in accordance with the species relationship
(Fig. 1). These aberrant groupings account 100% of homologous subgroups of Tc, Dz, and Gossypium
genes. Actually, at least four times the Tc and Dz orthologs came between their cotton orthologs, splitting
the cotton orthologs into two subgroups. For examples, unexpectedly each of Tc02G030560,
Tc06G005310, Tc0910g032030, and Tc11G003610 was grouped with a subset of their cotton orthologs,
with the other cotton orthologs being the outgroup. These aberrant groupings account 80% of 5 cases of
homologous subgroups of Tc, Dz, and Gossypium genes. This intervening phenomenon of Tc and Dz
gene into its cotton orthologous cluster on the phylogenetic tree can be explained by increasing
substitution accumulation in partial cotton paralogs.

In order to speculate natural selection effect on the evolution, we must have a correct phylogenetic tree.
Here, based on gene colinearity, for each subgroup we restricted the Tc and Dz UXS genes, as outgroups,
to be clustered with their corresponding collinear cotton orthologs. Therefore, we made trees with
possibly corrected topology. Based on the corrected trees of UXS genes (Fig. 4), we inferred positive
selective pressure along each lineage. We found that different subgroups of cotton UXS genes have been
under divergent evolutionary pressure. The subgroup displayed in Fig. 4a, with a common Tc ortholog
Tc02G030580, has two branches under positive selection, with one decaploid-produced lineages of gene
(Ga08G0887) was likely subjected to positive selection after the decaploidization event. As to the
subgroup displayed in Fig. 4b, one decaploid-produced lineages of gene and one D subgenome gene were
likely subjected to positive selection. In subgroup displayed in Fig. 4c, none selection was detected. In
subgroup displayed in Fig. 4d, with a Tc ortholog Tc10G032030, three A subgenome gene
(GhA05G097200, GbA05G009370 and GhA03G040100) of them were likely under positive selection after
the formation of the tetraploid cotton. In the subgroup displayed in Fig. 4e, with a GbA05G035510 and
Ga04G1413 genes were likely under positive selection after the origination of A genome.

Expression of UXS among various tissues and development

To better understand the tissue-specific expression profile of cotton UXS genes, FPKM (Fragments per
Kilobase of transcript per Million mapped reads) values were used to assess their expression levels
across different organs and developmental stages (Table S5). As shown in Fig. 5, of these 18 GhUXS
genes, GhD11G119700, GhD10G225110, GhA11G114600 and GhA10G216100 were ubiquitously
abundant in most tissues, suggesting that they might execute some universal roles in plant growth and
development processes. GhD11G208200 and GhD10G225110 is highestly expressed in petal.
GhA11G114600 is preferentially expressed in fiber at 10DPA. GhAT10G216100 was highestly expressed in
root. On the contrary, expression of GhA02G050000, and GhD02G055100 were relatively low in all
tissues. With respect to fiber, all transcripts are abundant in 10 and 20 DPA and GhA11G114600 is the
highest. During fiber development, all the transcripts are preferentially expressed at 10 or 20DPA.

Page 6/23



GhA11G114600 is highly expressed in fiber. Therefore, UXSs play a role in cotton growth. Further analysis
indicated that all these highly expressed genes belonged to clade | of the phylogenetic tree. And also,
these genes mainly located in cytoplasm, except GhD10G225110.

We carried out quantitative real-time RT-PCR analysis of GhUXS genes in fiber development (Table S6,
Fig. 6). The data shows that all of the 18 genes are expressed during fiber development stage and have
distinct but partially overlapping expression profiles. The expressions of most of genes increase
significantly from 10 DPA to 25 DPA, with peak values about 20 DPA or 25 DPA. This implied that UXS
genes expressed highly in the overlapping stage of fiber primary and secondary cell wall synthesis.
Contrary to RNA-seq, some of genes are highest expressed at 20DPA. For example, GhD11G119700 is in
high expression at 20 DPA, whereas RNA-seq was lower. The inconsistency probably was the
consequence of genotype-dependent expressions. In addition, GhA11G114600, GhD11G119700,
GhD05G097300 and GhD03G127900 located in cytoplasm have relative high expression. All of this
illustrated that UXS gene subcellular location may affect their function.

Discussion

The number of UXS family genes indicated the UXS family is not a large family. The number of UXS
family genes in Arabidopsis, poplar, and rice was same to previous analysis [4, 12]. Compared to the
grape, larger number of UXS arises in other dicotyledons. Gene duplication, including tandem duplication,
segmental duplication, transposition events, and whole-genome duplication, acts the major role in plants
evolution process [31—-34]. Here, we found that many UXS genes are in colinearity in each cotton genome,
and can be related to the cotton-specific decaploidy. This shows that ancient polyploidies contributed to
their expansion. Besides, gene losses following cotton polyploidies occurred to reduce increased gene
redundancy [26], but still retain appreciable number of duplicated genes. Furthermore, some truncated
genes were detected in grape and G. hirsutum, indicating that some UXS genes might become
nonfunctional through pseudogenization [35].

Evolutionary analysis always starts from reconstruction of gene phylogeny, and in animals often use
orthologous genes as subjects of study. This is not sufficient in plant research in that enormous
duplicated genes exist in plant genomes. Recursive rounds of polyploidies or whole-genome duplications
(and other gene duplications) resulted in thousands of duplicated genes in extant plant genomes [36].
These duplicated genes provide enormous opportunities for biological innovation [37-39]. It has been
more and more evident that whole-genome duplications have contributed to the origination, fast
divergence [40], establishment of major plant taxa[41, 42], such as seed and flowering plants [43], and
furthermore the subsets of the latter monocots and dicots [44-47].

Up to date, duplicated genes have been a hot spot in plant biological research. Theoretically, the existence
of abundant copies of a gene may lead to different evolutionary avenues: they may divide their ancestral
gene’s functions (subfunctionalization), one of them may develop new functions (neofunctionalization),
or one may lose its functional (pseudo-functionalization) [48]. A meaningful discussion of gene
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functional changes depends on a reconstruction of gene phylogeny, reflecting their evolutionary history.
However, often divergent evolutionary rates among genes may result in difficulty to reconstruct the
phylogeny, and a wrong phylogenetic tree would lead to problematic explanation of their functional
changes about adaption and natural selection [45].

Here, according the gene colinearity produced by the cotton-specific decaploidy, we found that
accelerated evolution of some subgroups of orthologs may lead to topological changes in phylogenetic
trees. Further exploration of functional changes must be based on corrected tree topology. Fortunately,
the gene colinearity information could help us perform tree construction, and by using the correct trees we
explored positive pressure along each gene lineage. Notably, with a small sample, we found that 80% of
cases could have aberrant trees. This is a percentage that could not be neglected in phylogenetic and
evolutionary analysis. We propose that similar analyses from the plant community take a serious attitude
in their research of gene evolution and use gene colinearity as an indispensible check of their
reconstructed trees.

UXS is a crucial enzyme for the non-cellulosic polysaccharides biosynthetic pathway. We showed that the
majority of the UXS gene exhibited similar expression trend, increased significantly from 20 DPA to 35
DPA.UXS family had extremely expressed in elongation and secondary cell wall synthesis stage [13].
Most of the paralogous UXS gene pairs exhibited different expression profile in the fiber development
stage, indicating that duplicated genes could have much divergent expression profiles. These duplicated
genes might have evolved new functions.

UXS subcellular location may affect its function. Antisense-expressed one cytoplasm UXS gene could
reduce xylose content in stem [49]. T-DNA mutant of UXS3, UXS5 and UXS6, located in the cytoplasm, had
lower xylans than that in the wild type. The three UXS genes located in the cytoplasm play a more
important role than the UXS genes located in the Golgi apparatus [9]. Due to the different prediction
method, there were considerable discrepancy, but the AtUXSs in cytoplasm were ties specific function.
Similar to AtUXS genes, antisense-expressed GhUXS3 gene, which was located in cytoplasm, could
reduce xylose content in stem in Arabidopsis [14]. GhD08G085500 and GhD12G134200, predicted in
cytoplasm, had higher expression. Further research into gene subcelluar location and function is still
needed to explore to understand their biological functions.

Conclusions

Here, 112 UXS genes are identified in 17 plants. We found that (1) UXS genes in plants have highly
conservative sequence; (2) UXS genes mainly expand through segmental duplication and have significant
positive selection during evolution, especially in cotton; (3) UXS genes lost much following cotton
decaploidy; (4) Most of the UXS genes expressed higher at secondary cell wall synthesis stage. The
present research will contribute to understanding biological synthesis of fibers in Gossypium species.

Methods
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Identification of UXS Genes and subcellular location
analysis

The Gr (JGI, D subgenome) Ga (A subgenome), Gh (JGI, AADD) and Gb (HAU, AADD) genome sequence,
and annotations were downloaded from CottonFGD database (http://www.cottonfgd.org/). The genome
information of other five dicotyledons (Arabidopsis thaliana, Populus trichocarpa, Vitis vinifera,
Therobroma cacao, Durio zibethinus), a monocot (Oryza sativa), five green alga species
(Chlamydomonas reinhardti, Ostreococcus lucimarinus, Coccomyxa subellipsoidea, Volvox carteri,
Micromonas pusilla), amoss (Physcomitrella patens) and a lycophyte (Selaginella moellendorffii) was
also retrieved from Phytozome database (https://phytozome.jgi.doe.gov/pz/portal.html) to analyze UXS.

The amino-acid sequence of A. thaliana UXS was used to search for potential UXS homolog hits in the
whole genome sequence with local BLASTP at the Gr, Ga, Gh, and Gb genome database with E-value less
than 1e-5. At the same criteria, UXS homologs were identified from other 13 plant genomes. The
annotated protein sequences were then checked for the conserved UXS domain using SMART
(http://smart.emblheidelberg.de)[50] and performing Pfam (http://pfam.sanger.ac.uk) searches [16].
Systematic names were assigned based on the chromosome distribution for plant.

The subcellular location of UXS was predicted using PSORT (https://psort.hgc.jp/)[51] and TargetP
(http://www.cbs.dtu.dk/services/TargetP/) [52].

Phylogenetic, structural and motif analyses of the UXS
proteins

To gain the insight into the evolutionary relationships of cotton UXS and their homologs in other plant
species. The UXS sequences of the candidate proteins were aligned using the ClustalW program with the
default parameters [53]. Sequence alignment of multiple UXS was performed using MEGA 6.0 [54] and a
phylogenetic tree was constructed using the Maximum Likelihood method with a bootstrap analysis of
1000 replicates.

The exon/intron structures of individual UXS genes were analyzed using the GSDS (Gene Structure
Display Server) software through the cDNA sequences and their corresponding genomic DNA sequences
position information [55].

Conserved motifs in different UXS proteins were analyzed using MEME (http://meme-
suite.org/tools/meme), and the optimized parameters were: maximum number of motifs, 20; and, the
optimum width of each motif, between six and 100 residues.

Chromosomal Location and estimation of duplication
events
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Chromosomal distribution of cotton UXS genes was displayed using Mapinspect. Conserved collinear
blocks in cotton were evaluated using MCSCAN program [56], and alignments with E-value 1e-5 or lower
were considered as significant matches. UXS genes were defined as segmentally duplicated paralogous if
four or more colinear genes were located within 15 adjacent predicted genes upstream and downstream.
Tandem duplications were characterized as two or more genes of UXS located in 1 Mb chromosomal
locations. At the same time, WGD effect for cotton was also estimated using the colinearity information
at the genome level. Multiple alignment of cacao, durian, and cotton was downloaded from the
supplemental materials of the previous publication and provided information of decaploid-produced
cotton paralogous genes, preserving gene colineartiy, and their cacao and durian orthologs[26, 45].

Ks and Ka calculation and frequent drive of positive
selection

Synonymous [57] and non-synonymous (Ka) substitution per site between UXS genes were estimated
using DnaSp5.0 [58].

To more rigorously evaluate the positive selection on the evolution of UXS family in Gossypuim plants,
Codeml from PAML package was used to calculate w (the ratio of nonsynonymous to synonymous
distances) UXS family [59, 60].

Expression pattern analysis of UXS genes in cotton different
tissues

To provide further insight into cotton UXS function, transcriptome analyses were performed using RNA-
seq data information from the CottonFGD (https://cottonfgd.org/) of Gh. The corresponding FPKM
(fragments per kilobase per million reads) values were log2 transformed. Finally, UXS genes was found in
multiple tissue types and various development stages, including ovule (-5-35DPA), fiber (5-25DPA), root,
stem, leaf, flower (torus, petal, stamen, pistil and calycle). The normalized expression data was used to
generate heatmap using the TBtools [61] to visualize the similarities and differences in the GhUXS family.

RNA extraction and quantitative real-time RT-PCR of cotton
fiber

Plants of G.hirsutum ‘CCRI 8’ were grown in an experimental field in Baoding, China. Ovules and
epidermal fibers were collected at 0 DPA and 5, 10, 15, 20, 25, 30, and 35 DPA, respectively, and were
immediately immersed in liquid nitrogen.

Total RNA was extracted using EASYspin Plus plant RNA kit (Aidlab, China) according to the
manufacturers’ instruction. RNA integrity was verified by 1.2% agar gel electrophoresis and the RNA
concentration was measured using NanoDrop1000 (Thermo, USA). The PrimeScript™ RT reagent Kit with
gDNA Eraser (TaKaRA, JAPAN) was used to remove genomic DNA contamination and synthesis the first
cDNA strand.
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Quantitative real-time polymerase chain reaction (qQRT-PCR) was conducted using THUNDERBIRD gqPCR
Mix (TOYOBO, China) on a ABI7300 Real-Time PCR Detection System (ABI, USA). Cotton EF1A2 (GenBank
Accession No. DQ174251.1) was amplified as the reference gene. No-template controls were also used

for each primer pair. Each sample had three replicates. Data were examined by the 222CT yalue method.
Conditions for PCR procedures included 40 cycles of 10 s at 95 °C, 10 s at 58 °C, and 20 s at 72 °C.

All the 18 primers for qRT-PCR were designed based on the reference sequence obtained from the G.
hirsutum UXS genome database.

Abbreviations

UXS UDP-glucuronate decarboxylase
DPA day post anthesis
FPKM Fragments per kilobase of transcript per million mapped reads

gRT-PCR Quantitative real-time polymerase chain reaction
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Figure 1

Phylogenetic tree representing relationships of UXS proteins using MEGA (v6) software. The different-
colored rectangular background indicates different groups of UXS. Numbers on branches are ML
bootstrap percentages. The green line showed the special branch of cotton, cacao and durian.
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Figure 2

Phylogenetic relationships, gene structure and architecture of conserved protein motifs in UXS genes. (a)
The phylogenetic tree. (b) The motif composition of UXS proteins. The motifs, numbers 1-20, are
displayed in different colored boxes. (c) Exon-intron structure of UXS genes. Green boxes indicate
untranslated 5- and 3'-regions; yellow boxes indicate exons; black lines indicate introns.
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Figure 3

Genomic distribution of cotton UXS genes on chromosomes. The chromosome numbers and size are
indicated at the top and bottom of each bar, respectively. The arrows next to gene names show the
transcription directions. The number on the right side of the bars designated the approximate physical
position. The red line that connects the two genes represents the colinear gene pair.
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The corrected phylogenetic tree corresponding to the Tc10G032030 branch. (e) The corrected
phylogenetic tree corresponding to the Tc11G003610 branch.

Page 20/23



-3 DPA
-1 DPA
0 DPA 890
1DPA | ovule 6.00
3 DPA 4.00
5 DPA

10 DPA 2.00
20 DPA 0.00
25 DPA
35 DPA -2.00
5 DPA -4.00
10 DPA fiber

20 DPA
25 DPA
root

stem
leaf
torus
petal
stamen

pistil

calycle
\ 8]
‘7@%“‘3@:\‘ @Qi\@i&? ‘3\@“‘({9‘ {\Aﬂfﬁz@\%"\ N ’& QQ\Q@ mqgj QQQ@
Rl ! = A, P
cﬁb,\o CLLEEFEL L L @obga O caq; &

& Q R >
FFFTFFTFFTS S \3’0\“ > ‘S)chﬂ‘ 6‘3" §

Figure 5

Heat map of expression profiles for GhUXS genes at different tissue and developmental stages.
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