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Abstract UDP-xylose (UDP-Xyl) is a nucleotide sugar
used as substrate for producing non-cellulose materials, e.
g., hemicellulose and pectic polysaccharide, in the fibers of
cotton (Gossypium). Its biosynthesis is catalyzed from
UDP-glucuronic acid (UDP-GIcA) by UDP-glucuronate
decarboxylase (UXS). Here, we first cloned GAUXS! in
Gossypium hirsutum and Gossypium barbadense based on
a transcript-derived fragment that originated from our
cDNA-AFLP transcriptome profiling in cotton. GhUXS2
and GhUXS3 were also isolated via homology-based
cloning. GhUXS nucleotide sequences were identical
between the two species, and the deduced amino acid
residues had the conserved motif of the UXS family, i.e.,
GxxGxxG, Ser residues, and YxxxK. GhUXSI was
expressed in Escherichia coli and generated UXS activity
that converted UDP-GIcA to UDP-Xyl. Semiquantitative
RT-PCR results showed that GhAUXSs transcripts were
preferentially expressed during fiber development, from
elongation through the stage of secondary cell wall
synthesis. Although at the same number of days post-
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anthesis they were more abundant in G. hirsutum, expression
was sustained for a longer period in G. barbadense. These
different patterns of expression may affect quality and
partially explain why the latter species has better fiber
strength.
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The quality of cotton fiber, especially its strength, is most
essential to the textile industry. Therefore, its biosynthesis
is an important focus within biological research. Fiber
development comprises four major stages: initiation, elon-
gation (formation of primary cell walls), deposition of
secondary cell walls, and maturation (Basra and Malik
1984). Of these, secondary cell wall deposition is the key
stage for determining fiber strength. Because cellulose is
the main component at this stage, it has been the subject of
numerous investigations (Meinert and Delmer 1977; Kurek
et al. 2002; Jacob-Wilk et al. 2006). However, little is
known about non-cellulose proteoglycans, which are
related to fiber formation and cross-linkage polysaccharides
that are synthesized during fiber elongation and secondary
wall formation (Buchala 1999).

UDP-Xyl is an important glycosyl donor required for the
biosynthesis of hemicellulose proteoglycans in plants
(White et al. 1993; Baydoun and Brett 1997; Reiter and
Vanzin 2001). It can also be epimerized to form UDP-Ara,
which is used to produce pectic polysaccharides, such as
arabinose, galactose, and rhamnose (Reiter and Vanzin
2001). UDP-Xyl is mainly derived from UDP-glucose
(UDP-Glc) by the action of UDP-glucose dehydrogenase
(UGDH, EC 1.1.1.22) and UXS (EC 4.1.1.35). First,
UGDH catalyzes dehydrogenation of UDP-Glc to form
UDP-GIcA. UXS then converts UDP-GIcA to UDP-Xyl.
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This process probably occurs in Golgi membranes or the
cytosol (Feingold et al. 1960; Hayashi et al. 1988; Harper
and Bar-Peled 2002). Synthesis of UDP-Xyl can be
inhibited by the product of that UXS reaction (Bar-Peled
et al. 2001; Harper and Bar-Peled 2002). Because the
decarboxylation reaction catalyzed by UXS is essentially
irreversible, UXS represents a key enzyme for partitioning
glycosyl residues between the hexosyl and pentosyl
residues (Zhang et al. 2005). In addition, because of its
central role in sugar nucleotide interconversion, UXS is
likely ubiquitous and a target for regulatory control during
cell wall biosynthesis (Seifert 2004; Zhang et al. 2005).

UXS genes have been cloned from only a few plants,
including rice (Suzuki et al. 2004), Arabidopsis thaliana
(Harper and Bar-Peled 2002), pea (Kobayashi et al. 2002),
and tobacco (Bindschedler et al. 2007). Little information
is available about UXS in cotton (Gossypium). We
previously isolated a transcript-derived fragment (TDF),
similar to AtUXSI, from Gossypium hirsutum and Gos-
sypium barbadense, two species that differ in their fiber
strength (Pan et al. 2007). Here, we have characterized
three UXS gene family members (GhUXSI, GhUXS2, and
GhUXS3) from both species. GhUXS1 was elongated and
cloned based on our earlier described TDF; the other two
genes were isolated by homology-based cloning. We then
examined UXS activity and gene expression at different
stages of fiber development to understand the role that the
GhUXS enzyme might have in determining cotton fiber
quality.

Materials and Methods
Plant Materials

Plants of G. hirsutum (cv. CRI 8) and G. barbadense (cv.
Pima90-53) were grown in a breeding nursery. Pedicels
from each cotton boll were tagged on their day of anthesis
to record their ages. Some ovules were sampled at 0 DPA
(days post-anthesis) and fibers were collected from the
epidermis of other ovules at 3, 5, 10, 15, 20, 25, 30, and
35 DPA.

cDNA Preparation

Total RNA was extracted from ovule and fiber samples with
an RNAplant Kit (TIANGEN, China) according to the
manufacturer’s instructions. Quality and quantity of that
RNA were assessed in agarose gels (1.6%, w/v) and
spectrophotometrically at 260/280 nm, respectively. cDNA
was synthesized with an M-MLV Kit (TaKaRa) either for
direct use in semiquantitative RT-PCR analysis or as
template for amplifying GhUXS.
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Cloning of Cotton UDP-Glucuronate Decarboxylase
(GhUXS)

One TDF similar to AtUXSI was previously separated
through our cDNA-AFLP transcriptome profiling of cotton
fibers (Pan et al. 2007). ESTs with high similarity to this
TDF were searched in the NCBI dbEST of cotton. This
TDF was then elongated by an in silico method and
GhUXS1 was cloned. The cotton ESTs database also was
searched by a BLAST program using four other UXS gene
sequences (AT3g62830, AT5g59290, AT2g47650, and
AT3g46440) from A. thaliana. Similar cotton EST sequen-
ces were identified and assembled with DNASTAR
software. Based on this, we isolated the other two cotton
UXS genes (GhUXS2 and GhUXS3) by homology-based
cloning. The derived sense and antisense primer pairs (5’ to
3") for the three integrated ORFs were designed as follows:
GhUXSI-sense TACGGATCCATGAAACAGTTACA-
CAAGC and GhUXSI-antisense GACGAGCTCT-
TAAGCTCCCTTCCCTT; GhUXS2-sense
CTAGAGCTCATGGGATCGGAGCTAATAT and
GhUXS2-antisense GCGGTCGACTTAAGATGAT-
GAGTCGT; and GhUXS3-sense CTAGAGCTCATGGC-
GACAGATTCATC and GhUXS3-antisense
GCGGTCGACTCACTCTTTAGAGATTCC.

Our 20-DPA-fiber cDNA template was used to amplify
these GhUXS genes. The RT-PCR reaction product was
cloned into a pGM-T vector (TIANGEN), then sequenced
by the Shanghai Sangon Biological Engineering Technology
and Service Company, China. Based on their ORF sequences,
the 5’ and 3’ sequences were also extended according to
instructions for the RACE kit (Clontech).

Expression and Purification of Recombinant Proteins

Coding regions for our three GhUXS genes were inserted
into a pET-32a(+) expression vector (Novagen), and the
resulting plasmids were introduced into Escherichia coli
host strain BL21 (DE3) pLysS (TIANGEN). Truncated
versions of GhUXS!I and GhUXS?2 that lacked the trans-
membrane domain also were processed as described as
above. The bacterial strain, carrying either various GhUXS
vectors or the control pET-32a(+) vector, was induced by
1 mM isopropyldithio-(-galactoside (IPTG) for approxi-
mately 3 h at 28°C. Afterward, GhUXSI recombinant
protein lacking the transmembrane domain (GhUXSI1K-
pET-32a(+)) was purified on an His Ni-Superflow resin and
gravity column (Clontech) for enzyme assay.

Enzyme Assay

We conducted a standard 50-pL reaction assay as described
by Zhang et al. (2005), using 100 mM sodium phosphate
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buffer (pH 6.5), 2 mMNAD", 0.12 mM UDP-GlcA, and
10 pg of purified GhUXSI1 recombinant protein (lacking
the transmembrane domain). The assay was performed at
25°C for 10 min, then stopped by the addition of 50 uL of
phenol/chloroform (1:1, v/v). The tube contents were mixed
and centrifuged at 16,000xg for 5 min at room temperature.
The aqueous phase was analyzed by HPLC (SHIMADZU
LC-20AB) using a Shim-pack VP-ODS column (5 pm,
4.6x150.0 mm). Nucleotide sugars were eluted through an
acetonitrile gradient (SHIMADZU) in 40 mM triethylamine
acetate and were detected by UV A254.

Semiquantitative RT-PCR

The ¢cDNAs from 3-, 5-, 10-, 15-, 20-, 25-, 30-, and 35-
DPA fibers and 0-DPA ovules of both species were used to
amplify three GhUXS genes by semiquantitative RT-PCR.
Cycling conditions were 95°C for 2 min; then 28 cycles of
94°C for 30 s, 55°C for 45 s, and 72°C for 1.5 min;
followed by a final elongation at 72°C for 10 min. Products
were separated by electrophoresis on 1% agarose gels and
visualized on a BIO-RAD Gel Doc 2000. The EF-/« gene
was used as a positive control (Zhu et al. 2006; Artico et al.
2010).

Results
Molecular Cloning of GhUXS

Based on the cotton ESTs from NCBI, at least three
members isolated here were revealed to have different
ORFs in the cotton UXS gene family. Because their
sequences are similar to those in 4. thaliana, we designated
them as GhUXS1, GhUXS2, and GhUXS3 (with respective
GenBank Accession Numbers EU817581, EU791897, and
EU791898). Their ORFs were cloned from G. hirsutum and
G. barbadense by RT-PCR, followed with analysis by 5'-
and 3'-RACE. These gene sequences showed no differences
between species. Full-length cDNAs of GhUXS1, GhUXS2,
and GhUXS3 were 1,922, 1,752, and 1,506 bp long, with
respective ORFs of 1,311, 1,329, and 1,038 bp. The
putative GhUXS protein sequences ranged from 335 to
442 amino acid residues and shared approximately 70%
identity. A BLAST analysis indicated that the various
Gossypium and Arabidopsis UXS isoenzymes had 66% to
91% sequence identity (Table 1).

Protein Alignment Analysis of GhUXS
The deduced amino acid sequences were compared for

three UXS members in Gossypium and five in A. thaliana
(Fig. 1). GhUXS protein belongs to the NAD-dependent

epimerase/dehydratase superfamily, which has a conserved
motif of GxxGxxG, YxxxK, and Ser (Fig. 1). The
GxxGxxG motif is associated with NAD(P)-binding pro-
teins. YxxxK and Ser complete the process that transfers
hydride from the C4 position on the sugar to NAD" (Baker
and Blasco 1992; Liu et al. 1997). Among the three
GhUXSs, GhUXS1 and GhUXS2 are more similar to each
other. The GxxGxxG motif is probably located at amino
acid position 127 to 133 in GhUXSI, 124 to 130 in
GhUXS2, and 39 to 45 in GhUXS3. The Ser residue is
found at amino acid position 232 in GhUXSI, 230 in
GhUXS2, and 146 in GhUXS3. The YxxxK motif is
probably located at positions 263 to 267 for GhUXS1, 260
to 264 for GhUXS2, and 176 to 180 for GhUXS3.
GhUXS1 and GhUXS2 have an N-transmembrane domain
(at amino acids 1 to 48 and 1 to 42, respectively) and can
be classified as a putative membrane-bound UXS. In
contrast, GhUXS3 lacks the N-terminal extension and is a
cytosolic protein. These structural characteristics are the
same as for those of members in the AtUXS gene family.

Protein Expression and Assay

To verify that our isolated cDNAs encode UXS, we induced
the recombinant proteins from E. coli under IPTG.
GhUXS3 expressed its recombinant protein with a molecular
mass of 60 kD. By comparison, GhUXS1 and GhUXS2
expressed truncated recombinant versions only, with molecular
masses of 60 and 66.7 kD (data not shown). The 60-kD soluble
protein of GhUXSI was later purified (Fig. 2).

HPLC profiles for the enzyme reaction of GhUXSI
recombinant are shown in Fig. 3. When induced under IPTG,
this protein catalyzed the UDP-GIcA conversion to UDP-Xyl.
Two sharp peaks that appeared in the recombinant enzyme
had an elution time (Fig. 3a) that was identical to that of the
standard mixture of UDP-GIcA and UDP-Xyl (Fig. 3c).
However, in the empty vector, only UDP-GIcA revealed a
sharp peak (Fig. 3b). Therefore, these results demonstrate that
GhUXSI1 is UDP-glucuronate decarboxylase.

Transcript Levels of GhUXS at Different Developmental
Stages

Expression of GhUXS-specific transcripts was determined
by semiquantitative RT-PCR (Fig. 4), and patterns were
similar among our three GAUXS genes. Transcripts for
GhUXS remained abundant from 10 to 25 DPA, peaking at
15 DPA before dropping. At the same DPA, expression was
significantly higher in G. hirsutum (CRI-8) than in G.
barbadense (Pima90-53). However, expression was sus-
tained for a longer period in the latter. Furthermore,
transcripts differed in their abundance among genes, with
GhUXS1 showing a higher level of expression than the
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Table 1 Comparison of sequence identities for nucleotide sugar interconversion enzymes from Gossypium and Arabidopsis based on their

complete ORF amino acid sequences

Identity (%) AtUXSI (%) AtUXS2 (%) AtUXS3 (%)

AtUXS4 (%)

AtUXSS (%) GhUXSI (%) GhUXS2 (%) GhUXS3 (%)

AtUXS1 100

AtUXS2 68.5 100

AtUXS3 65.4 65.7 100

AtUXS4 68.6 89.3 65.7 100
AtUXS5 66.8 66.8 95.3 66.8
GhUXS1 84.6 68.1 66.9 68.5
GhUXS2 71.0 81.8 66.3 80.8
GhUXS3 66.3 67.2 89.8 67.4

100

66.8 100

67.1 69.5 100

90.9 68.0 67.7 100

other two. GhUXS3 transcripts were lowest among the three
and could not be quantified in samples from 25 DPA or
later. Expression of all three was detected in roots and
hypocotyls, and at very low levels in the leaves (data not
shown). Based on these findings, we can conclude that

AtUZS1 VPVGIGRERLIFTIVY 1 L 143
AtUZS2 IPLGLEREGL{Z : 148
AtUZS3 €0
AtUZS4 150
AtUXSS 59
GhUZ51 150
GhUZS2 147
GhUXS3 €3
Consensus

AtUZS1 1829
AtUZS2 188
AtUES3 100
AtUZS4 190
AtUXSS a9
GhUZ51 190
GhUZ52 187
GhUZS3 103
Consensusdn fry k

AtUXS51 228
AtUXS2 LTV AR 228
AtUZS3 Z ‘E K AR 140
AtUZ54 {THNVHG ] 230
AtUXSS E NMLG AR 132
GhUZS51 TWVRIG TLINMLC AR 230
GhUXS2 VEGTLNMLGL AR 227
GhUZS3 b T (e AR 143
Consensuslacpasp

AtUXS1 269
AtUXS2 2638
AtUXS3 180
AtUZS54 270
At UZSS 179
GhUZX51 LHP 270
GhUX52 LHP 267
GhUXS3 1t 183
Consensus ltstsﬁvvgdp 1 hpg e ywognvnpig racydegkr

Fig. 1 Alignment of amino acid sequences for UDP-glucuronic acid
decarboxylase (UXS) from Gossypium and Arabidopsis. Conserved
motifs GxxGxxG (NAD"-binding) and amino acid residues Ser and
YxxxK of active site are underlined. Alignments were generated via
DNAMAN program
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GhUXSs are preferentially expressed in cotton fibers from
the elongation stage to the synthesis of secondary cell
walls. Moreover, at the same DPA, expression is greater in
G. hirsutum than in G. barbadense.

Discussion

UXS proteins play essential roles in the biosynthesis of
non-cellulose proteoglycans. We found at least three
members of the GAUXS gene family, based on cotton EST
databases. Here, we cloned and sequenced their
corresponding cDNAs. Previous sequence analyses have
demonstrated that UXS genes occur widely in plants, with
five members being identified in Arabidopsis (Harper and

W 972D

= 66.4KkD
4__

W 443KkD

- 29.0kD

s 20.1 kD

Fig. 2 12% SDS-PAGE of GhUXS|1 during purification. Lane 1, total
soluble E. coli protein expressing pET-32a(+) was induced under
IPTG for 3 h and its His tag protein expressed (26-kD, arrow A). Lane
2, total E. coli protein GhUXS1 was induced under IPTG for 3 h.
Lanes 3 and 4, total soluble E. coli protein expressing GhUXSIK-
pET-32a(+) (Lane 3) was purified over Ni column (Lane 4, 60-kD,
arrow B) and induced under IPTG for 3 h. Lane 5, marker protein
with indicated molecular masses (TIANGEN)
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Fig. 3 Elution profiles for products of recombinant GhUXS reaction
with 1 mM UDP-glucuronic acid for 10 min at 25°C. a Total soluble
expressing combination GhUXS!1 protein (10 pg) derived from E.
coli. b Empty pET-32a(+) vector protein was separated on SHI-
MADZU HPLC. ¢ Standard mixture of UDP-glucuronic acid and
UDP-xylose products were separated on SHIMADZU HPLC

Bar-Peled 2002), two UXS genes in rice (Suzuki et al.
2004), and four HvUXS in barley (Zhang et al. 2005). In
tobacco, antisense downregulation of UDP-glucuronate
decarboxylase leads to high glucose-to-xylose ratios in
xylem walls due to fewer xylose-containing polymers. Such
plants also have an altered vascular organization and
reduced xylans in their secondary walls (Bindschedler et
al. 2007).

These studies all show that UXS genes are expressed
throughout plant development as they influence cell wall
structure. Their conserved sequences, N-terminal GxxGxxG
sequence, Ser residues, and YxxxK motif are believed to be

CIR 8
GhUXS1
Pima90-53

GhUXS3

EF-lo

GhUXS2

Pima90-53
CIR 8
Pima90-53

Fig. 4 RT-PCR expression of GhUXSI1, -2, and -3 in Gossypium.
Total RNA isolated at different developmental stages: ovule at day 0
and fiber at 3, 5, 10, 15, 20, 25, 30, or 35 days post-anthesis (DPA).
Corresponding gene-specific transcript cDNAs were used for RT-PCR
amplification, with EF-/« serving as internal control

involved in catalysis (Baker and Blasco 1992; Liu et al.
1997). All were present in our GhUXSs deduced amino acid
sequences. Multiple sequence alignments suggested that
GhUXS3 has diverged from the other two GhUXSs. That
is, GhUXS1 and GhUXS2 have a transmembrane domain
near their NH, termini that is absent in GhUXS3. In
addition, transcript levels are lower in the latter gene at each
stage of fiber development. This implies that GhUXS3
followed another branch during GhUXS evolution.

To confirm that our cloned genes encode UDP-
glucuronate decarboxylase, we selected GhUXS! cDNA
for expression in E. coli to analyze enzyme activity.
GhUXSTI protein purified on an Ni-NTA column exhibited
UXS activity, as measured by the conversion of UDP-GIcA
to UDP-Xyl. Although activities were not analyzed for
GhUXS2 and GhUXS3, we surmise that they also encode
typical UDP-glucuronate decarboxylase based on their
conserved domain with the GhUXSI1 protein.

Using the subcellular information for homologous UXS
genes in other species (Feingold et al. 1960; Hayashi and
Matsuda 1981; Feingold 1982; Kearns et al. 1993), we
speculated on the location of these GhUXS genes. Because
GhUXS3 lacks a putative transmembrane domain at the NH,-
terminal end, it is a soluble protein that might be located in
the cytosol, whereas GhUXS1 and GhUXS2 may function in
the Golgi apparatus due to their hydrophobic N-terminal
extensions.

Semiquantitative RT-PCR analyses showed that expression
of these GhUXS genes peaked during the stage of primary cell
wall formation, and transcripts levels were much higher in G.
hirsutum than in G. barbadense. We found similar expression
patterns for polysaccharide and genes related to non-cellulose
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formation. Meinert and Delmer (1977) also have reported that
the contents of UDP-GIcA, xylose, and arabinose gradually
increase until the beginning of secondary cell wall synthesis
in cotton fibers. Pectic polysaccharide and xyloglucans also
rise during the stage of primary cell wall formation
(Tokumoto et al. 2002). Changes in GhUXSs expression
leads to altered UDP-Xyl synthesis, which affects the
production of hemicellulose and pectic polysaccharide. This
implies that the GhUXS genes are closely correlated with
non-cellulose polysaccharide synthesis, a process that is
critical to the development of primary walls in fiber cells.

Because cellulose content is similar among fibers with
dissimilar strengths (Liu et al. 1994), we can presume that
the difference in strength between G. barbadense and G.
hirsutum may originate during the process of fiber-structure
formation. In fact, we found overlap in the stages of
elongation and secondary cell wall synthesis. As described
previously, the non-cellulosic and cellulose network that
fixes the structure of the primary cell wall during that
overlapping period and results in the first significant
increase in fiber strength (Wilkins and Jernstedt 1999;
Hsieh 1999). In primary cell walls, Al-Ghazi et al. (2009)
have detected that the content of UDP-D—glucuronate 4-
epimerase, involved in pectin synthesis, is higher in the
fiber of G. hirsutum than in G. barbadense. Similar to the
trend of GhUXSs expression observed in our study, Haigler
et al. (2005) have found that a longer period of cellulose
synthesis leads to higher-strength cotton. Therefore, we
believe that GhUXS is a key enzyme in determining the
quality and integrity of cotton fibers.
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