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a b s t r a c t

Glycosyltransferase family14 (GT14) belongs to the glycosyltransferase (GT) superfamily that plays

important roles in the biosynthesis of cell walls, the most abundant source of cellulosic biomass for

bioethanol production. It has been hypothesized that DUF266 proteins are a new class of GTs related to

GT14. In this study, we identified 62 GT14 and 106 DUF266 genes (named GT14-like herein) in Arabidop-

sis, Oryza, Populus, Sorghum and Vitis. Our phylogenetic analysis separated GT14 and GT14-like genes into

two distinct clades, which were further divided into eight and five groups, respectively. Similarities in

protein domain, 3D structure and gene expression were uncovered between the two phylogenetic clades,

supporting the hypothesis that GT14 and GT14-like genes belong to one family. Therefore, we proposed

a new family name, GT14/GT14-like family that combines both subfamilies. Variation in gene expres-

sion and protein subcellular localization within the GT14-like subfamily were greater than those within

the GT14 subfamily. One-half of the Arabidopsis and Populus GT14/GT14-like genes were found to be

preferentially expressed in stem/xylem, indicating that they are likely involved in cell wall biosynthesis.

This study provided new insights into the evolution and functional diversification of the GT14/GT14-like

family genes.

© 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Plant cell walls are the major source of renewable biomass for

alternative biofuels (e.g., bioethanol) production [1]. One of the key

steps of cell wall biosynthesis involves glycosyltransferases (GTs),

which catalyze the transfer of sugar moieties from donor molecules

to specific acceptors, creating glycosidic bonds [2]. GTs are found

in most living organisms, but are particularly abundant in plants

[3]. It was reported that the DNA sequences encoding GTs occu-

pied ∼1.6% of the genomic sequence of Arabidopsis thaliana, much

higher compared to the ratio of ∼0.7% in humans [4]. GTs have been

classified into more than 90 families in the CAZy database [5]. Previ-

ous studies revealed important roles of GTs in biological processes

toward cell wall formation. For example, cellulose synthases (GT2

family) are involved in cellulose synthesis [6]. A. thaliana fucosyl-

transferase 1 (GT37 family) is involved in xyloglucan biosynthesis

[7]. Galacturonosyltransferases (GT8 family) are involved in pectin

biosynthesis [8]. Fragile fiber 8 (GT47 family) may function as a
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xylan biosynthetic enzyme [9]. GT14 enzymes identified in ani-

mals catalyze the transfer of �-(1-6)-linked N-acetylglucosaminyl

and �-linked xylosyl residues to proteins [10]. To our knowledge,

no GT14 genes have been functionally characterized in plants. Two

GT14 genes were identified to be preferentially expressed in the

xylem tissue of Populus tremula × tremuloides [10], indicating that

GT14 genes may play an important role in secondary cell wall

biosynthesis.

Recently, a new class of proteins, Domain of Unknown Function

266 (DUF266), was identified in Oryza sativa [11]. It was reported

that the OsBC10 gene in O. sativa encoded a DUF266 domain-

containing protein with GT activity [11]. Bioinformatic studies

suggested that DUF266 genes were distantly related to GT14 genes

[12]. DUF266 and GT14 genes were merged into one category based

on one shared protein domain, i.e., the Branch domain (PF02485) in

the Pfam database [13]. Therefore, it is hypothesized that GT14 and

DUF266 (herein named GT14-like) proteins belong to one gene fam-

ily, which we tentatively named as the GT14/GT14-like family. To

test this hypothesis, this study investigated the phylogenetic rela-

tionship of GT14 and GT14-like genes in five representative plant

species. We also studied protein domains, three dimensional (3D)

structure, subcellular localization and gene expression patterns.

Our results provide new insights into the evolution and functional

diversification of GT14 and GT14-like genes.

0168-9452/$ – see front matter © 2011 Elsevier Ireland Ltd. All rights reserved.
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2. Materials and methods

2.1. Gene identification

The annotated protein sequences of five plant genomes

were obtained from http://www.arabidopsis.org/ (A. thaliana;

version 9), http://www.phytozome.net/ (Populus trichocarpa; ver-

sion 2.0), http://rice.plantbiology.msu.edu/ (O. sativa; version 6.1),

http://www.phytozome.net/ (Sorghum bicolor; version 1.4), and

http://www.genoscope.cns.fr/ (Vitis vinifera; version 1.0). To test

the hypothesis that GT14 and DUF266 (or GT14-like) proteins

belong to one family with the signature protein domain Branch, the

HMM profile for Branch domain (PF02485) was obtained from Pfam

(http://pfam.janelia.org/). HMMER [14] was used to search the cus-

tomized database containing the protein sequences of the five

plant genomes for proteins containing the Branch domain with the

threshold set at 1/100 of the Pfam GA gathering cutoff [15], result-

ing in 184 HMMER-selected proteins, which were then scanned

for the presence of Branch domain by InterProScan [16]. Two

sequences without the Branch domain were excluded from fur-

ther analysis. The remaining 182 protein sequences were divided

into three categories: category I (150 proteins) in which each pro-

tein corresponds to a unique gene locus with full-length transcripts

(containing both start and stop codons); category II (10 proteins) in

which each protein corresponds to a unique gene locus with trun-

cated transcripts (missing start or stop codons); and category III (22

proteins) in which multiple protein sequences corresponds to one

gene locus with full-length transcripts. For proteins in category II,

the JGI Populus and Sorghum genome browsers (http://genome.jgi-

psf.org/Poptr1 1/, http://genome.jgi-psf.org/Sorbi1/) were used to

search for better alternative gene models that have full-length

transcripts with higher protein sequence homology to Arabidop-

sis proteins. As such, seven incomplete protein sequences were

changed to full-length alternatives. For the proteins in category III,

only one (i.e., the longest) protein sequence was retained for each

of the 11 gene loci. Altogether, 168 non-redundant full-length pro-

tein sequences (150 category I + 7 category II + 11 category III) were

selected for further analysis (Supplemental Table 1).

All of the Arabidopsis glycosyltransferase (GT) protein sequences

were obtained from ftp://ftp.arabidopsis.org/home/tair/Genes/

Gene families/. The protein sequences (RefSeq) of Homo sapiens

were obtained from NCBI (http://www.ncbi.nlm.nih.gov/).

2.2. Phylogenetic tree construction

The protein sequences were aligned using MAFFT [17]. The

phylogenetic tree was constructed using PhyML [18] with

aLRT SH-like branch support and protein evolution model JTT,

which was selected by ModelGenerator [19]. The gene tree

was reconciled with a species tree ([[Vitis, [Arabidopsis, Popu-

lus]], [Oryza, Sorghum]]) using Notung [20] to estimate upper

and lower bounds of the time of duplication. The phylogenetic

tree of all Arabidopsis GT sequences were constructed using

http://mafft.cbrc.jp/alignment/server/clustering.html with accu-

rate distance measure and the UPMGA clustering method. The trees

were displayed using MEGA version 4.1 [21] with 50% threshold of

branch value.

2.3. Gene expression analysis

The Arabidopsis and Populus microarray gene expression data

were obtained from AtGenExpress [22] and poplar eFP [23], respec-

tively. Paralog and ortholog pairs were identified according to the

phylogenetic trees. Heatmaps of gene expression were generated

using R (http://www.r-project.org/). Clustering of gene expression

pattern was performed with SOTA in GEPAS [24]. In addition, the

Table 1
The number of GT14/GT14-like genes in Arabidopsis, Oryza, Populus, Sorghum and

Vitis.

Subfamily Arabidopsis Populus Oryza Sorghum Vitis Total

GT14 11 17 12 12 10 62

GT14-like 22 27 19 22 16 106

Total 33 44 31 34 26 168

gene expression pattern of Populus wood series was obtained from

PopGenIE [25–27].

2.4. Prediction of three-dimensional (3D) protein structure and

subcellular localization

3D protein structures were predicted by I-TASSER [28]. The

structure alignment was performed with TM-align [29]. The com-

parison of the 3D protein structures was assessed using ANOVA

with Waller–Duncan mean separation method. The protein sub-

cellular localization was predicted by YLoc [30].

2.5. Identification of protein motifs

Protein sequences were scanned for domains using Blast-

ProDom, FPrintScan, HMMPIR, HMMPfam, HMMsmart, HMMTigr,

ProfileScan, Scan-RegExp, and SuperFamily implemented in Inter-

ProScan [16].

3. Results

3.1. Identification of GT14 and DUF266 (or GT14-like) proteins

To test the hypothesis that GT14 and DUF266 proteins belong

to one family with the signature protein domain Branch, a

HMMER-InterProScan approach [15] was used to obtain Branch

domain-containing protein sequences in five sequenced plant

species, including A. thaliana (annual eudicot), O. sativa (mono-

cot), P. trichocarpa (perennial eudicot), S. bicolor (monocot), and

V. vinifera (perennial eudicot). A total of 168 non-redundant

full-length Branch domain-containing protein sequences were

identified, with 33 in A. thaliana, 31 in O. sativa, 44 in P. trichocarpa,

34 in S. bicolor, and 26 in V. vinifera (Table 1; Supplemental Table 1).

The length of the protein sequences ranged from 75 to 651 amino

acids (aa), with an average of 376 aa. The protein set generated by

the HMMER-InterProScan approach contains all of the 11 A. thaliana

GT14 proteins in CAZy database [5] and the 12 O. sativa GT14 pro-

teins in the rice GT database [1], indicating that our method for

gene selection is valid.

3.2. Phylogenetic relationship among the GT14 and GT14-like

genes

A phylogenetic tree was created using full-length Branch

domain-containing protein sequences in the five plant species

(Fig. 1A). According to the phylogenetic tree, the 168 Branch

domain-containing proteins were separated into two phylogenetic

clades, designated as GT14 and GT14-like. The GT14-like proteins,

previously known as DUF266 proteins, were manually classified

into 5 groups (A1–A5). The GT14 proteins were divided into 8

groups (B1–B8). We used InterProScan [16] to investigate the 168

GT14 and GT14-like protein sequences and identified three protein

domains: Core-2/1-Branching enzymatic function domain (Branch;

IPR021141), glycosyltranferase 14 (GT14) domain (IPR003406), and

a calcium-binding site domain (IPR018247). These three domains
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Fig. 1. Phylogenetic relationship (A) and protein domain structure (B) among the GT14 and GT14-like genes in Arabidopsis, Oryza, Populus, Sorghum and Vitis. The phylogenetic

tree was constructed using protein sequences. *Note: There is an additional calcium-binding site (IPR018247) in one protein sequence (POPTR 0015s03850.1) in clade

GT14-like.

organized into two types of domain structures: Type 1 having

Branch domain only and Type 2 having both Branch domain and

GT14 domain (Fig. 1B). The Type 2 domain structure is exclu-

sively contained in the phylogenetic clade GT14, and the Type 1

domain structure is exclusively contained in the phylogenetic clade

GT14-like (Fig. 1A). The consistency between the domain struc-

ture classification and the phylogenetic classification validated our

phylogenetic analysis. We also constructed a phylogenetic tree

using the protein-coding sequences of the 168 Branch domain

genes (Supplemental Fig. 1). In this DNA sequence-based tree,

the clade GT14 is still distinguishable from the clade GT14-like,

consistent with the phylogenetic tree (Fig. 1) based on protein

sequences.

3.3. Evolution of the GT14 and GT14-like genes

To study the evolutionary dynamics of the GT14 and GT14-

like genes, a reconciled phylogenetic tree (Supplemental Fig. 2)

was constructed by combining the gene tree (Fig. 1A) and the

species tree ([[Vitis, [Arabidopsis, Populus]], [Oryza, Sorghum]]). It

was suggested that there were two rounds of genome duplication

in Arabidopsis (� and �) and Populus (‘salicoid’ and ‘eurosid’ dupli-

cation), whereas there was no genome-wide duplication detected

in Vitis after a shared ancient � triplication [31–33]. The phyloge-

netic relationship among the genes in Group B6 (Supplemental Fig.

2, Fig. 1A) was consistent with the genome duplication history in

Arabidopsis, Populus and Vitis. In the phylogenetic tree (Fig. 1A), the
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Fig. 2. Clustering of GT14 (marked by yellow-filled circle) and GT14-like (marked by red-filled circle) gene in Arabidopsis (A) and Populus (B).

number of genes from dicot plants is ∼1.5 times that from monocot

plants in both clade GT14 (38 dicot vs. 24 monocot) and clade GT14-

like (65 dicot vs. 41 monocot). However, this dicot/monocot gene

number ratio was distorted in several phylogenetic groups, such as

Group A1 (17 dicot vs. 2 monocot), Group B2 (only dicot), Group

A2 (6 dicot vs. 13 monocot), and B1 (only monocot), indicating

that both GT14 and GT14-like subfamilies experienced lineage-

specific expansion in dicots (Groups A1 and B2) and monocots
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Fig. 3. Populus gene expression during wood formation. A, B, C, D and E zones indicate the positions of samples adopted from PopGenIE [27].

(Groups A2 and B1). On the other hand, Group B8 contains Oryza

and Sorghum genes in monocots, and only Populus genes in dicots,

possibly indicating lineage-specific gene loss in the other two dicot

plant genomes (Arabidosis and Vitis).

3.4. Gene expression pattern of the GT14 and GT14-like genes

To investigate the functional diversity of the GT14 and GT14-

like genes in Arabidopsis and Populus, we studied the tissue-specific

expression patterns using the public microarray data. Based on the

similarity of expression pattern, the GT14 and GT14-like genes in

Arabidopsis were divided into six co-expression clusters (Fig. 2A).

For example, Cluster 1 showed preferential expression in root

and stem. Cluster 2 showed low level of gene expression in leaf

(Fig. 2A). The Populus GT14 and GT14-like genes were divided into

two co-expression clusters: one showing preferential expression

in flower (i.e., the female and male catkins) and the other showing

preferential expression in xylem (Fig. 2B). Most of the expression

clusters included both GT14 and GT14-like genes (Figs. 2A, B). This

indicates that the GT14 and GT14-like genes are involved in the

biological processes associated with root, stem/xylem, and flower

development. Wood formation in Populus can be delineated into

five developing zones (A–E) from the outer to the inner side along

the cross-section of the stem [25,26]. Limited data from the Populus

microarray database PopGenIE [25–27] revealed subtle differences

in the expression pattern during wood formation between the two

subfamilies, with the GT14 subfamily preferentially expressed in

zones D–E and GT14-like subfamily preferentially expressed in

zones A–C (Fig. 3).

To understand the functional diversification among the phylo-

genetic lineages of GT14 and GT14-like subfamilies, we examined

tissue-specific expression pattern of the Arabidopsis and Populus

genes within the phylogenetic context. Some duplicated gene pairs

in Arabidopsis displayed alternate expression profiles. For exam-

ple, AT1G53100 was preferentially expressed in flower and root,

whereas its paralog (AT3G15350) was preferentially expressed

in leaf; AT5G39990 was preferentially expressed in root and

shoot apex whereas its paralog AT5G15050 was preferentially

expressed in stem (Fig. 4A). Compared with Arabidopsis genes

(Fig. 4A), the Populus GT14 and GT14-like genes showed less vari-

ation in the tissue-specific expression patterns, with most of these

genes expressed preferentially in xylem and catkins (Fig. 4B). One

example of differential expression between duplicated genes in

Populus was observed for POPTR 0008s12690, which was prefer-

entially expressed in root, xylem and catkins, whereas its paralog

(POPTR 0008s12700) was preferentially expressed in xylem and

male catkins (Fig. 4B). These differential expression data suggest

subfunctionalization of duplicated genes [34–36].

We also compared the expression of the Arabidopsis–Populus

orthologous gene pairs in GT14 and GT14-like subfamilies. The

GT14-like genes showed less conserved tissue-specific expression

pattern between Arabidopsis and Populus than did the GT14 genes

(Fig. 5).

3.5. 3D protein structure and subcellular localization

The 3D protein structures of representative Arabidopsis genes

selected from each phylogenetic group in the GT14/GT14-like phy-

logeny (Fig. 1A) was predicted by I-TASSER [28], with the exception

Table 2
The TM-scores (reflecting similarity of topologies of two protein structures) of

pairwise alignment between 3D structures of representative proteins in the phy-

logenetic groups (A1–5 and B2–7) defined in Fig. 1A.

A2 A3 A4 A5 B2 B3 B4 B5 B6 B7

A1a 0.67 0.76 0.79 0.83 0.68 0.73 0.73 0.68 0.71 0.69

A2 0.72 0.72 0.81 0.66 0.70 0.69 0.64 0.66 0.67

A3 0.76 0.84 0.69 0.73 0.73 0.68 0.69 0.69

A4 0.84 0.72 0.76 0.79 0.71 0.73 0.74

A5 0.73 0.77 0.77 0.69 0.72 0.72

B2 0.88 0.84 0.75 0.78 0.80

B3 0.88 0.75 0.80 0.82

B4 0.77 0.81 0.83

B5 0.84 0.84

B6 0.86

a Note: A1 is represented by AT1G68380.1; A2 by AT1G10280.1; A3 by

AT5G25970.1; A4 by AT5G14550.1; A5 by AT3G52060.1; B2 by AT1G71070.1; B3

by AT3G03690.1; B4 by AT2G37585.1; B5 by AT5G15050.1; B6 by AT4G27480.1; B7

by AT3G24040.1.



Please cite this article in press as: C.-Y. Ye, et al., Comparative analysis of GT14/GT14-like gene family in Arabidopsis, Oryza, Populus,

Sorghum and Vitis, Plant Sci. (2011), doi:10.1016/j.plantsci.2011.01.021

ARTICLE IN PRESSG Model
PSL-8378; No. of Pages 8

6 C.-Y. Ye et al. / Plant Science xxx (2011) xxx–xxx

Fig. 5. Comparative analysis of gene expression pattern of orthologs between Ara-

bidopsis and Populus. A1–A5 and B2–B7 are phylogenetic groups defined in Fig. 1A.

The names of Populus gene and Arabidopsis gene are started with “POPTR” and “AT”,

respectively.

that Goups B1 and B8 were excluded due to the absence of Ara-

bidopsis genes. The pairwise alignments between the 3D protein

structures were performed using the TM-align program [29]. All

of the pairwise TM-scores (reflecting similarity of topologies of

two protein structures) between the representative proteins were

greater than 0.65 (Table 2), indicating that these proteins are struc-

turally similar with each other because TM-score of >0.5 means

the same folding shared by two structures [37]. Still, the average

TM score (0.71) between phylogenetic clades GT14 and GT14-like

were significantly (P < 0.0001) lower than that between the proteins

within clade GT14 (0.77) or GT14-like (0.82).

Subcellular localization of all the 33 Arabidopsis GT14/GT14-

like proteins was predicted using YLoc [30]. Almost all the GT14

proteins in Arabidopsis were predicted to be located at the Golgi

apparatus (Table 3), which is consistent with the previous studies

Fig. 4. Expression pattern of GT14 and GT14-like genes in Arabidopsis (A) and Pop-

ulus (B). The Arabidopsis gene expression data were obtained from AtGenExpress

(http://www.weigelworld.org/). The Populus gene expression data were obtained

from poplar eFP (http://www.bar.utoronto.ca). Phylogenetic trees were showed on

left. Blank rows indicate that gene expression data are not available in AtGenExpress

and poplar eFP.
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Table 3
Predicted subcellular localization of the GT14/GT14-like proteins in Arabidopsis.

Subfamily Gene name Predicted location

GT14-like AT1G10280.1 Golgi apparatus

AT1G10880.1 Cytoplasm and nucleus

AT1G11940.1 Golgi apparatus

AT1G51770.1 Plasma membrane and extracelluar space

AT1G62305.1 Golgi apparatus

AT1G68380.1 Plasma membrane

AT1G68390.1 Peroxisome and plasma membrane

AT1G73810.1 Cytoplasm and plasma membrane

AT2G19160.1 Golgi apparatus

AT3G21310.1 Plasma membrane, perxisome, cytoplasm,

and extracellular space

AT3G52060.1 Golgi apparatus

AT4G25870.1 Peroxisome, cytoplasm, and nucleus

AT4G30060.1 Golgi apparatus

AT4G31350.1 Golgi apparatus and plasma membrane

AT4G32290.1 Plasma membrane

AT5G11730.1 Plasma membrane and Golgi apparatus

AT5G14550.1 Golgi apparatus

AT5G16170.1 Peroxisome

AT5G22070.1 Plasma membrane and Golgi apparatus

AT5G25330.1 Plasma membrane and Golgi apparatus

AT5G25970.1 Plasma membrane and extracelluar space

AT5G57270.1 Golgi apparatus

GT14 AT1G03520.1 Golgi apparatus

AT1G53100.1 Cytoplasm

AT1G71070.1 Golgi apparatus

AT2G37585.1 Golgi apparatus

AT3G03690.1 Golgi apparatus

AT3G15350.1 Golgi apparatus

AT3G24040.1 Cytoplasm and nucleus

AT4G03340.1 Golgi apparatus

AT4G27480.1 Golgi apparatus

AT5G15050.1 Golgi apparatus, cytoplasm, peroxisome,

and mitochondrion

AT5G39990.1 Golgi apparatus

showing that GTs are usually localized at the Golgi apparatus [38].

In contrast, there was more variation in the localization of GT14-

like family proteins, with the majority of the localizations occurring

at the Golgi apparatus and plasma membrane (Table 3).

4. Discussion

4.1. DUF266 and GT14 proteins belong to a single family

In this study, we tested the hypothesis that DUF266 and GT14

proteins belong to a single family. We obtained several lines of

evidence supporting this hypothesis. Firstly, DUF266 and GT14

proteins share one signature Branch domain (Fig. 1B). Secondly,

DUF266 and GT14 genes have a similar tissue-specific expression

profile (Fig. 2). Finally, the DUF266 and GT14 proteins have a sim-

ilar 3D folding pattern, as revealed by the alignment of 3D protein

structure (Table 2). Previous studies also suggest the functional

similarity and close relationship between DUF266 and GT14 pro-

teins [11,12]. Clustering of all the Arabidopsis GT sequences also

showed that DUF266 proteins are more closely related to the GT14

family than to other GT families (Supplemtenal Fig. 3). Therefore,

we suggest that DUF266 and GT14 proteins be merged into one

family, named GT14/GT14-like family, with the original GT14 pro-

teins defined as a GT14 subfamily and the DUF266 proteins as a

GT14-like subfamily. This new gene family name is consistent with

the current GT superfamily classification system, which contains

more than 90 families (e.g., GT1, GT2, GT3, etc.) [5].

4.2. Evolutionary relationship between GT14 and GT14-like genes

GT14 subfamily members have been identified in both plants

and animals [5]. It has been suggested that the GT14-like sub-

family genes exist exclusively in plants [11]. We also constructed

a phylogenetic tree (Supplemental Fig. 4) based on Core-2/I-

Branching domain proteins in Arabidopsis, Oryza, Populus, Sorghum,

Vitis and human. The phylogeny shows that GT14 genes exist

in both human and plants whereas GT14-like genes are plant-

specific, not being found in human. This suggests that GT14

genes have essential functions shared by animals and plants,

and GT14-like genes are involved in biological processes spe-

cific to plants. However, by searching the NCBI nr protein

database with the same HMMER-InterProScan approach as that

used to identify GT14/GT14-like proteins in Arabidopsis, Oryza,

Populus, Sorghum and Vitis, we found both GT14 and GT14-like

subfamily genes in bacteria (data not shown), suggesting that

GT14-like subfamily genes do not exist exclusively in plants.

Moreover, the GT14-like genes may have evolved more diverse

functions than the GT14 genes. Firstly, the expression of the

Arabidopsis–Populus orthologous gene pairs in GT14-like sub-

family is less conserved between the two species than that in

the GT14 subfamily (Fig. 4). Secondly, the average of the pair-

wise TM-scores (reflecting similarity of topologies of two protein

structures) between the representative proteins within the GT14-

like subfamily (0.77) is significantly (P < 0.0001) lower than that

between the representative proteins within the GT14 subfamily

(0.82), indicating that there is more protein structural diversity

within the GT14-like subfamily than within the GT14 subfamily.

Finally, there is more diversity in protein subcellular localization

within the GT14-like subfamily than within the GT14 subfamily

(Table 3).

4.3. GT14/GT14-like family may play important roles in cell wall

biosynthesis

Two members of the GT14 subfamily were identified as

xylem-specific genes in P. tremula × tremuloides, indicating their

potential role in secondary cell wall biosynthesis [10]. A recent

genetic study showed that OsBC10, a GT14-like gene in Oryza,

was involved in cellulose biosynthesis and formation of ara-

binogalactan protein [11], suggesting that GT14-like genes are

related to cell wall biosynthesis. In this study, our gene

expression analysis revealed that approximately one-half of the

GT14/GT14-like family members in both Arabidopsis and Populus

were preferentially expressed in stem/xylem (Fig. 2), suggest-

ing that the GT14/GT14-like gene family may play important

roles in the development of stem/xylem. Populus xylem tissue is

enriched with cell walls, the most abundant source of cellulosic

biomass for bioethanol production. Populus GT14/GT14-like genes

(i.e., POPTR0010s13150, POPTR0017s11200, POPTR0008s12700,

POPTR0008s00710) showing preferential expression in xylem

(Fig. 2B) could be high-likelihood candidates for future studies on

functional genomics of cell wall biosynthesis, toward overcoming

biomass recalcitrance for biofuels production in Populus, a major

bioenergy crop.
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