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Abstract
Uridine diphosphate (UDP)-glycosyltransferases (UGTs) involved in many metabolic processes are ubiquitous in plants, 
animals, microorganisms and other organisms and are essential for their growth and development. Upland cotton contains 
a large number of UGT genes. In this study, we aimed to identify UGT family members in the genome of upland cotton 
(Gossypium hirsutum L.) and analyze their expression patterns. Bioinformatics methods were used to identify UGT genes 
from the whole genome of upland cotton (Gossypium hirsutum L. acc. TM-1). Phylogenetic analysis was conducted based 
on alignment of UGT proteins from upland cotton, and the gene structure, motif and chromosome localization were ana-
lyzed for the H subgroup of the UGT family. And the physical and chemical properties and expressions of the genes in the 
H subgroup of this family were also analyzed. A total of 274 UGT genes were identified from the whole genome of upland 
cotton and were divided into nine subgroups based on phylogenetic analyses. In subgroup H, 36 genes were distributed on 
18 chromosomes. The subfamily genes were simple in the structure, 19 of its members contained two introns, and the others 
contained only one intron. The qRT-PCR results and transcriptomic data indicated that most of the genes had a wide range 
of tissue expression characteristics. And the phylogenetic analysis results and expression profiles of these genes revealed 
tissues and different UGT genes from this crop. Taking RNA-seq, RT-qPCR, and quantitative trait locus (QTL) mapping 
together, our results suggested that GhUGT6 and GhUGT105 in subgroup H of the GhUGT gene family could be potential 
candidate genes for cotton yield, and GhUGT16, GhUGT103 might play a vital role in fiber development.
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Introduction

UDP glycosyltransferases (UGTs) are abundant in plants, 
which play an indispensable role in plant growth, develop-
ment, flowering and fruiting. By glycosylation, activated 
glycosides can develop into more stable and inactive storage 
forms. The attachment of hydrophilic glucose to hydropho-
bic glycoside ligands increases water solubility, and glyco-
sylation of UGTs is the last step in the synthesis of natural 
products in plants (Jones and Vogt 2001; Lim and Bowles 
2004; Bowles et al. 2006). Glycosylation is also a key step 
to detoxify exogenous substances for advanced plants (Jr 
1992; Bowles et al. 2006). In addition, glycosylation plays 
an important biological role in promoting storage and intra-
cellular transport in plants, and it is vital in regulating the 
balance of growth agents in plants (Gilbert et al. 2013).
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Evolutionary analysis of UGTs in plants, animals, fungi, 
bacteria and viruses showed that UGTs in plants were unique 
and distinct branch. Plant UGTs were also to be related to 
synthesis of natural plant products, regulation of plant hor-
mone homeostasis and detoxification of exogenous sub-
stances (Jones and Vogt 2001; Paquette et al. 2003; Lim 
and Bowles 2004). In the study of Mackenzie (Mackenzie 
et al. 1997) and Paquette (Paquette et al. 2009), a specific 
UGT sequence in plants was found, which was expressed 
as a plant secondary product glycosyltransferase (PSPG).

UGTs have been identified in a variety of plants, such as 
Chlamydomonas in the lowest class and grapes in a higher 
class (Yonekura-Sakakibara and Hanada 2011). Li identi-
fied more than 100 UGTs in Arabidopsis thaliana, which 
were classified into 14 subgroups according to their amino 
acid sequences (Li et al. 2001). Various UGTs in plants 
play an important role in natural metabolites; for example, 
UGT79B1 and UGT91A1 found in Arabidopsis play a criti-
cal role in regulating anthocyanin metabolism (Yonekura-
sakakibara et al. 2012). UGT genes were found to have 
similar functions in peaches (Cheng et al. 2014), kiwifruits 
(Montefiori et al. 2011) and strawberries (Song et al. 2016b). 
In addition, it was found in Lin’s research that two mutants 
ko-1 and ko-2, and two restorer lines RE-1 and RE-2, were 
obtained by inserting T-DNA into UGT72b1 genes in Arabi-
dopsis thaliana (Lin et al. 2016). It was discovered that the 
mutants aggravated lignification exceptions, thickened 
secondary cell walls and promoted the binding of glucose 
to form lignin monomers in flower stems, thus impacting 
the growth and development of Arabidopsis thaliana. The 
results demonstrated that the height of the mutant-containing 
plant was significantly lower than that of the wild plant, the 
flowering period was later than that of the wild plant and 
restorer-line-containing plant, and anthocyanin accumula-
tion was also promoted (Lin et al. 2016). It was also found 
that the diversity of bioactive flavonol glycosides was caused 
by catalytic modification of UGTs (Ono et al. 2010).

So far, there is no report on UGT genes in the UGT gene 
family in upland cotton. In this study, the whole genome of 
the UGT gene family in upland cotton was identified, and the 
prediction of subcellular localization, chromosome distribu-
tion, gene structure and expression level of the UGT genes 
in the H subgroup were analyzed. Our findings provided a 
foundation for genetic improvement of cotton fiber.

Materials and methods

Identification of UGT genes in Gossypium hirsutum L. 
and phylogenetic tree construction

To identify members of the UGT gene family in G. hir-
sutum, G. raimondii, G. arboreum, Therobroma cacao 

and Arabidopsis, UGT sequences were obtained from the 
TAIR database (http://www.arabi dopsi s.org) and used for 
BLASTP algorithm-based queries against the G. hirsu-
tum genome database (https ://www.cotto ngen.org/speci 
es/Gossy pium_hirsu tum/nbi-AD1_genom e_v1.1)(Zhang 
et al. 2015). The UGT protein domain was analyzed using 
the Hidden Markov Model (HMM) from the Pfam data-
base (http://pfam.xfam.org/). The PSPG domains were 
confirmed by Pfam accession number PF00201. And the 
sequences of all the above proteins were aligned using 
MAFFT sequence alignment (https ://www.ebi.ac.uk/Tools 
/msa/mafft /) with default parameter settings. The sequence 
alignment results were obtained using the Gblock (http://
molev ol.cmima .csic.es/castr esana /Gbloc ks_serve r.html) to 
acquire their conservative areas, and the parameters were 
set to allow smaller final regions, more stringent flank 
sites and a vacancy in the final area. Finally, the conserved 
region sequences of the UGT proteins were imported into 
the online version of PhyML 3.0 (http://phylo geny.lirmm 
.fr/) provided by the LIRMM laboratory (CNRS–LIRMM) 
for phylogenetic tree construction. The likelihood ratio 
test adopted the SH-like method, and the LG model was 
selected as the substitution model. The result of the phy-
logenetic tree was visualized by MEGA7.0 and iTOL V4 
(http://itol.embl.de/).

Analysis of the Exon/Intron Structure, Motif, 
Subcellular Localization and Chromosomal Location 
of the UGT Genes in the H Subfamily in Gossypium 
hirsutum L.

The exon/intron structures of the H subfamily genes were 
retrieved according to the GFF annotation file information 
of Gossypium hirsutum L. using the gene structure display 
server (GSDS) program (http://gsds.cbi.pku.edu.cn/) (Guo 
et al. 2007).

The online program of MEME (http://meme-suite .org/) 
(Bailey et al. 2009) was employed to determine the con-
served motifs of GhUGTs with the following optimum 
parameters: a motif width of 6–50 amino acids and a maxi-
mum of 10 motifs. The identified motifs were annotated 
using the program InterProScan (Quevillon et al. 2005).

The subcellular localization analyzed and predicted 
localization of large number of proteins by WoLF PSORT: 
Protein Subcellular Localization Prediction (https ://wolfp 
sort.hgc.jp/).

The chromosomal distribution of the UGT genes was 
obtained based on the annotation data of the Gossypium 
hirsutum L. genome. The MapInspect software was used 
to plot images of their physical locations in G. hirsutum 
(Ren et al. 2017).

http://www.arabidopsis.org
https://www.cottongen.org/species/Gossypium_hirsutum/nbi-AD1_genome_v1.1
https://www.cottongen.org/species/Gossypium_hirsutum/nbi-AD1_genome_v1.1
http://pfam.xfam.org/
https://www.ebi.ac.uk/Tools/msa/mafft/
https://www.ebi.ac.uk/Tools/msa/mafft/
http://molevol.cmima.csic.es/castresana/Gblocks_server.html
http://molevol.cmima.csic.es/castresana/Gblocks_server.html
http://phylogeny.lirmm.fr/
http://phylogeny.lirmm.fr/
http://itol.embl.de/
http://gsds.cbi.pku.edu.cn/)
http://meme-suite.org/)
https://wolfpsort.hgc.jp/
https://wolfpsort.hgc.jp/
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Gene expression analysis

The expressions of the UGT family genes were measured 
by RNA-sequencing. The raw RNA-sequencing data of 
CCRI45, and fiber transcriptomic data of excellent fiber 
quality CCSLs (7747 and 7561) and low-fiber-quality 
CCSLs 7285 were obtained from the laboratory in seven dif-
ferent periods (5d, 7d, 10d, 15d, 20d, 25d and 28d) (Lu et al. 
2017). Raw RNA-sequencing data of six different tissues 
(root, stem, leave, petal, calycle and ovule) of G. hirsutum 
TM-1 were downloaded from the NCBI Gene Expression 
repository under the accession number PRJNA248163 (https 
://www.ncbi.nlm.nih.gov/biopr oject /PRJNA 24816 3/).

The relative data were normalized to calculate the expres-
sion levels. Hierarchical clustering was performed using 
Genesis 1.7.7 (Sturn et al. 2002).

RNA Isolation and qRT‑PCR analysis

Gossypium hirsutum L. (cv CCRI45) and CCSLs 7747 were 
cultivated in the field in the experimental farm of the Insti-
tute of Cotton Research of Chinese Academy of Agricultural 
Sciences (ICR–CAAS), Anyang, China. Fibers of seven dif-
ferent periods including 5 days post-anthesis (5DPA), 7DPA, 
10DPA, 15DPA, 20DPA, 25DPA and 28DPA and six dif-
ferent tissue parts including the root, stem, leave, petal, 
calycle and ovule (20DPA) were separately sampled at the 
full bloom stage of flowers. All samples were immediately 
frozen in liquid nitrogen and kept at − 80 °C for total RNA 
extraction.

Total RNA was extracted from each sample using the 
RNA prep Pure Plant Kit (DP441, TIANGEN, Beijing, 
China). Gel electrophoresis and a Nanodrop2000 nucleic 
acid analyzer were employed to measure RNA quality. The 
cDNAs were synthesized using a TranScript All-in-One 
First-Strand cDNA Synthesis SuperMix for qPCR (Transgen 
Biotech, Beijing, China). qRT-PCR was carried out follow-
ing the protocol of the TransStart Top Green qPCR Super-
Mix kit (Transgen Biotech, Beijing, China) on the ABI 7500 
Fast Real-Time PCR system (Applied Biosystems, USA). 
The specific primers of these differentially expressed genes 
(DEGs) were designed by Primer-BLAST using the online 
NCBI database and are listed in Supplementary Table S1. 
The housekeeping β-Actin gene was used as the reference 
to normalize the relative expression levels, with its primer 
sequences of F: 5′-ATC CTC CGT CTT GAC CTT G-3′ and R: 
5′-TGT CCG TCA GGC AAC TCA T-3′. qRT-PCR was carried 
out on a 20-μL system in the following conditions: one cycle 
of 94 °C for 30 s; 40 cycles of 94 °C for 5 s and 60 °C for 
34 s, and one cycle of 60 °C for 60 s. Three biological and 
technical replicates were performed to validate the results 
of the qRT-PCR tests. The relative gene expression levels 

were quantified by the  2− ΔΔCt method (Livak and Schmitt-
gen 2001).

Mapping subgroup H genes in QTL intervals

Based on the previous studies of QTL mapping and physical 
locations in the upland cotton genome, the physical loca-
tions of related QTLs and the genes in the QTL region were 
confirmed by comparison, which were compared to the sub-
group H genes.

Results

Identification of UGT genes in Gossypium hirsutum 
L., phylogenetic tree construction and phylogenetic 
analysis of GOSSYPIUM hirsutum L. UGTs

A total of 274 G. hirsutum UGTs in the lengths of 61–1115 
amino acids were identified in upland cotton. A phylogenetic 
tree of upland cotton UGT genes was constructed by align-
ing full-length amino acid sequences of upland cotton UGTs 
with functionally characterized plant UGTs, including G. 
raimondii (151), G. arboreum (150), Arabidopsis (114) and 
Therobroma cacao (159) (Fig. 1a). The G. hirsutum UGTs 
were phylogenetically divided into 10 groups (I–X), includ-
ing almost of all genes that were identified in Arabidopsis 
(Li et al. 2001). Distribution of the plant UGTs in the phy-
logenetic groups is summarized in Table 1.

To further analyze the evolutionary relationship of the 
UGT gene family in G. hirsutum, the study built a phyloge-
netic tree containing only the UGT gene family in upland 
cotton (Fig. 1b). This tree was phylogenetically divided 
into nine groups (A–I). Among them, the C subgroup has 
the largest number of members (44 genes) and the F sub-
group contains only ten members. In this research, the 
study mainly aimed at the H subfamily of the UGT family 
in upland cotton.

Chromosomal distribution of GhUGT genes

Among all 274 members, 255 UGT genes were physically 
located on the 13A chromosomes and 13D chromosomes 
among the 26 G. hirsutum chromosomes (Fig.  2). The 
remaining 19 were mapped to the scaffold. Most genes 
were located on D02 (seventeen genes), followed by A05, 
which had sixteen genes. D13 and D07 had fourteen genes, 
A06, A09 and D08 had four genes, and only two genes were 
mapped to A08. The H subfamily of the UGTs had 36 genes, 
which were distributed on 18 chromosomes. The A and D 
subgroups had 18 and 17 genes, respectively, and one gene 
was located on the scaffold. The genes were mostly located 
on A05, A07 and D04 (four genes on each), followed by A12 

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA248163/
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA248163/
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and D02 (three genes on each). No genes were located on 
A03, A04, A09, A11, A13, D02, D09 and D13. Only one 
gene was mapped to the other chromosomes.

The UGT gene family members were compared by BlastP 
among the cotton genomes of G. raimondii, G. arboreum 
and G. hirsutum. We used MCScanX (Kumar et al. 2018) to 
identify homologous gene pairs and the result was presented 
by CirCos (Krzywinski et al. 2009). There were 16 UGT 
homologous pairs between G. arboreum and G. hirsutum. 
These homologous genes in G. hirsutum were distributed 
in A02 (two pairs), A04 (one pair), A07 (two pairs), A08 
(three pairs), A09 (four pairs), A11 (one pair), and A12 (four 
pairs). And there were 17 UGT homologous pairs between 

G. raimondii and G. hirsutum. These homologous genes in 
G. hirsutum were distributed in D03 (one pair), D04 (one 
pair), D07 (two pairs), D08 (four pairs), D09 (four pairs), 
D11 (one pair), and D12 (four pairs). The collinear relation-
ships between G. raimondii, G. arboreum and G. hirsutum 
are shown in Fig. 3.

Information of the H subfamily of the UGT family 
in upland cotton and its protein physico‑chemical 
and biochemical characteristics

In the H subfamily, the coding sequence lengths of these 
genes were between 303 bp (GhUGT272) and 1509 bp 

Fig. 1  a Phylogenetic analysis of the UGT genes in Arabidopsis (AtUGT), G. raimondii (GrUGT), G. arboreum (GaUGT), G. hirsutum 
(GhUGT) and Therobroma cacao (ThUGT). B. Phylogenetic analysis of the UGTs in G. hirsutum (GhUGT)

Table 1  Number of the 
plant UGTs in the different 
phylogenetic groups

UGT group Arabidopsis 
thaliana

G. hirsutum G. arboreum G. raimondii Thero-
broma 
cacao

I 7 20 8 11 15
II 10 18 6 12 11
III 6 8 11 6 9
IV 14 41 22 20 17
V 25 38 24 27 25
VI 6 24 13 12 17
VII 13 37 22 21 24
VIII 8 27 14 13 12
IX 16 41 19 18 15
X 9 20 11 11 14
Total 114 274 150 151 159
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(GhUGT105), and the average length was 1300 bp; they 
coded 109 (GhUGT272) to 502 (GhUGT105) amino acid 
molecules, with an average value of 432.5; their relative 
molecular masses were between 11823.34 (GhUGT272) 

and 55,345.47 (GhUGT105), and the average was 48,005.98; 
the isoelectric points of these proteins ranged between 5.49 
(GhUGT53) and 8.96 (GhUGT272), and the mean was 6.52. 
Subcellular localization is a key characteristic for protein 
function research. The subcellular localization prediction 
of the H subfamily showed that most of the proteins were 
located on the cell membrane and chloroplast, four were 
located in the cytoplasm and three proteins were in the 
nucleus. All proteins in this subfamily did not have signal 
peptides, and only GhUGT6 and GhUGT103 had trans-
membrane domains. They are demonstrated in Table 2 and 
the physico-chemical properties of all UGT proteins in 
this family in upland cotton are shown in Supplementary 
Table S2.

Gene structure and protein motif analysis 
of subgroup H

The UGT gene structure helps to determine phylogenetic 
relationships. Within the same subfamily, most members 
have similar exon and intron quantities, and they have impor-
tant sequence characteristics, indicating that they have very 
close evolutionary relationships. The most important differ-
ences lay in the exon–intron lengths (Fig. 4). In subgroup H, 
there were 36 members, among which 17 genes contained 
only one intron and 19 genes had two introns.

Protein motif analysis of the H subfamily in the UGT 
gene family in G. hirsutum L. showed that almost each 
subfamily member possessed the same or similar number 

Fig. 2  Chromosomal locations and collinearity analysis of expansion genes of the UGT gene family in upland cotton. Red and black are both 
positioning results, and a line indicates that there is a collinearity between two genes

Fig. 3  Homology analysis of expansion genes between G. hirsutum, 
G. raimondii and G. arboreum. a and d Showed the G. hirsutum’s 
chromosome, At was on behalf of G. arboretum’s chromosomes, and 
Dt represented G. raimondii’s chromosomes



 3 Biotech (2019) 9:453

1 3

453 Page 6 of 12

Ta
bl

e 
2 

 P
hy

si
co

-c
he

m
ic

al
 a

nd
 b

io
ch

em
ic

al
 c

ha
ra

ct
er

ist
ic

s o
f t

he
 H

 su
bf

am
ily

pI
 is

oe
le

ct
ric

 p
oi

nt
, M

W
 m

ol
ec

ul
ar

 w
ei

gh
t (

m
as

s)
, S

P 
si

gn
al

 p
ep

tid
e,

 T
M

 tr
an

s-
m

em
br

an
e

H
 g

ro
up

 n
um

be
r

G
en

e 
ID

C
hr

om
os

om
e

C
hr

om
os

om
e 

lo
ca

tio
n

C
D

S 
le

ng
th

/b
p

Pr
ot

ei
n

Le
ng

th
/a

a
pI

M
W

/M
r

SP
TM

Su
bc

el
lu

la
r l

oc
at

in

G
hU

G
T6

G
h_

A
01

G
10

73
A

01
(−

)
39

,1
43

,0
32

–3
9,

14
4,

43
1

13
77

45
8

8.
22

52
,3

08
.4

×
√

C
el

l m
em

br
an

e,
 C

hl
or

op
la

st
G

hU
G

T7
G

h_
A

01
G

16
52

A
01

(−
)

94
,9

38
,0

92
–9

4,
93

9,
47

4
13

83
46

0
6.

13
51

,5
44

.9
3

×
×

C
el

l m
em

br
an

e
G

hU
G

T1
6

G
h_

A
02

G
10

34
A

02
(−

)
45

,7
32

,1
58

–4
5,

73
3,

44
7

12
90

42
9

6.
02

47
,6

12
.0

1
×

×
C

hl
or

op
la

st
G

hU
G

T1
8

G
h_

A
02

G
13

41
A

02
(−

)
77

,6
46

,9
19

–7
7,

64
8,

59
1

13
62

45
3

5.
97

49
,4

31
.9

3
×

×
C

el
l m

em
br

an
e,

 C
hl

or
op

la
st

G
hU

G
T5

0
G

h_
A

05
G

31
95

A
05

(−
)

83
,6

70
,3

60
–8

3,
67

1,
79

0
14

31
47

6
6.

24
51

,7
11

.2
1

×
×

C
hl

or
op

la
st

G
hU

G
T5

2
G

h_
A

05
G

35
35

A
05

(+
)

91
,0

70
,5

53
–9

1,
07

2,
16

7
13

41
44

6
7.

18
49

,2
97

.8
4

×
×

C
el

l m
em

br
an

e,
 C

hl
or

op
la

st
G

hU
G

T5
3

G
h_

A
05

G
35

36
A

05
(+

)
91

,0
74

,8
15

–9
1,

07
6,

89
6

10
35

34
4

5.
49

37
,9

72
.3

1
×

×
C

hl
or

op
la

st,
 C

yt
op

la
sm

, N
uc

le
us

G
hU

G
T5

4
G

h_
A

05
G

35
37

A
05

(+
)

91
,0

84
,4

84
–9

1,
08

6,
80

2
13

62
45

3
6.

02
49

,9
15

.2
6

×
×

C
el

l m
em

br
an

e,
 C

hl
or

op
la

st
G

hU
G

T5
7

G
h_

A
06

G
04

76
A

06
(−

)
9,

14
2,

09
3–

9,
14

3,
63

5
13

50
44

9
5.

85
49

,5
87

.8
5

×
×

C
hl

or
op

la
st,

 C
yt

op
la

sm
G

hU
G

T6
1

G
h_

A
07

G
09

80
A

07
(+

)
18

,6
22

,0
20

–1
8,

62
3,

15
2

91
5

30
4

6.
45

33
,8

50
.2

8
×

×
C

hl
or

op
la

st
G

hU
G

T6
6

G
h_

A
07

G
20

17
A

07
(+

)
76

,4
43

,8
83

–7
6,

44
5,

30
0

12
00

39
9

5.
88

44
,6

87
.1

2
×

×
C

hl
or

op
la

st,
 C

yt
op

la
sm

G
hU

G
T6

7
G

h_
A

07
G

20
18

A
07

(+
)

76
,4

56
,9

77
–7

6,
45

8,
84

4
14

49
48

2
6.

18
53

,8
53

.9
4

×
×

C
el

l m
em

br
an

e,
 C

hl
or

op
la

st
G

hU
G

T6
8

G
h_

A
07

G
20

19
A

07
(+

)
76

,4
82

,3
43

–7
6,

48
3,

76
1

14
19

47
2

6.
18

52
,6

07
.6

×
×

C
el

l m
em

br
an

e,
 C

hl
or

op
la

st,
 N

uc
le

us
G

hU
G

T7
1

G
h_

A
08

G
07

69
A

08
(−

)
28

,5
33

,1
16

–2
8,

53
5,

75
1

13
68

45
5

6.
93

50
,4

76
.7

9
×

×
C

el
l m

em
br

an
e,

 C
hl

or
op

la
st

G
hU

G
T8

6
G

h_
A

10
G

21
12

A
10

(−
)

99
,9

49
,2

43
–9

9,
95

0,
63

0
13

65
45

4
8.

36
51

,5
38

.6
5

×
×

C
el

l m
em

br
an

e
G

hU
G

T1
03

G
h_

A
12

G
15

53
A

12
(+

)
75

,5
99

,9
92

–7
5,

60
1,

33
4

12
90

42
9

5.
71

48
,0

80
.4

3
×

√
C

hl
or

op
la

st
G

hU
G

T1
05

G
h_

A
12

G
22

87
A

12
(−

)
85

,5
70

,1
04

–8
5,

57
1,

61
2

15
09

50
2

6.
09

55
,3

45
.4

7
×

×
C

el
l m

em
br

an
e,

 C
hl

or
op

la
st

G
hU

G
T1

06
G

h_
A

12
G

22
88

A
12

(−
)

85
,5

74
,7

75
–8

5,
57

6,
14

5
13

71
45

6
5.

53
50

,3
72

.3
9

×
×

C
el

l m
em

br
an

e,
 C

hl
or

op
la

st
G

hU
G

T1
28

G
h_

D
01

G
11

55
D

01
(−

)
25

,5
59

,3
53

–2
5,

56
0,

75
3

14
01

46
6

6.
85

52
,9

56
.2

1
×

×
C

el
l m

em
br

an
e,

 C
hl

or
op

la
st

G
hU

G
T1

30
G

h_
D

01
G

18
99

D
01

(−
)

57
,2

03
,8

97
–5

7,
20

5,
27

9
13

83
46

0
6.

55
51

,6
76

.0
9

×
×

C
el

l m
em

br
an

e
G

hU
G

T1
50

G
h_

D
03

G
04

76
D

03
(−

)
7,

79
8,

23
0–

7,
80

0,
19

9
13

62
45

3
5.

97
49

,3
45

.8
4

×
×

C
hl

or
op

la
st

G
hU

G
T1

51
G

h_
D

03
G

06
95

D
03

(+
)

24
,3

54
,5

45
–2

4,
35

5,
98

7
14

43
48

0
6.

51
53

,2
14

.8
2

×
×

C
el

l m
em

br
an

e,
 C

hl
or

op
la

st
G

hU
G

T1
52

G
h_

D
03

G
06

96
D

03
(+

)
24

,3
57

,2
94

–2
4,

35
7,

92
9

63
6

21
1

7.
7

23
,7

65
.5

7
×

×
C

hl
or

op
la

st
G

hU
G

T1
60

G
h_

D
04

G
00

70
D

04
(−

)
97

4,
26

1–
97

6,
65

7
13

53
45

0
6.

12
49

,3
73

.6
7

×
×

C
hl

or
op

la
st

G
hU

G
T1

61
G

h_
D

04
G

00
71

D
04

(−
)

98
4,

33
1–

98
6,

79
7

13
65

45
4

7.
67

50
,2

08
.6

8
×

×
C

el
l m

em
br

an
e,

 C
hl

or
op

la
st

G
hU

G
T1

62
G

h_
D

04
G

00
72

D
04

(−
)

99
2,

43
2–

99
4,

27
3

13
65

45
4

7.
66

50
,0

35
.5

5
×

×
C

el
l m

em
br

an
e,

 C
hl

or
op

la
st

G
hU

G
T1

64
G

h_
D

04
G

04
10

D
04

(+
)

6,
47

3,
72

1–
6,

47
5,

15
1

14
31

47
6

6.
68

51
,6

65
.1

7
×

×
C

hl
or

op
la

st
G

hU
G

T1
77

G
h_

D
05

G
04

94
D

05
(−

)
3,

97
5,

82
0–

3,
97

7,
21

1
13

92
46

3
6.

35
50

,8
56

.6
3

×
×

C
el

l m
em

br
an

e,
 C

hl
or

op
la

st
G

hU
G

T1
87

G
h_

D
06

G
05

22
D

06
(−

)
7,

93
7,

63
8–

7,
93

9,
18

8
13

50
44

9
6.

09
49

,5
12

.8
7

×
×

C
yt

op
la

sm
G

hU
G

T2
03

G
h_

D
07

G
22

38
D

07
(+

)
53

,4
52

,2
97

–5
3,

45
3,

71
5

13
08

43
5

5.
83

48
,4

70
.8

8
×

×
C

hl
or

op
la

st
G

hU
G

T2
07

G
h_

D
08

G
09

15
D

08
(−

)
18

,9
68

,8
45

–1
8,

97
1,

45
3

13
68

45
5

7.
72

50
,5

63
.9

6
×

×
C

el
l m

em
br

an
e,

 C
hl

or
op

la
st

G
hU

G
T2

26
G

h_
D

10
G

24
87

sc
aff

ol
d4

39
9_

D
10

(+
)

18
,1

41
–1

9,
43

0
12

90
42

9
6.

35
48

,7
87

.2
5

×
×

C
el

l m
em

br
an

e,
 C

hl
or

op
la

st
G

hU
G

T2
36

G
h_

D
11

G
30

04
D

11
(+

)
61

,4
50

,7
80

–6
1,

45
2,

19
8

14
19

47
2

5.
75

52
,7

11
.6

9
×

×
C

hl
or

op
la

st
G

hU
G

T2
50

G
h_

D
12

G
26

81
sc

aff
ol

d4
57

6_
D

12
(−

)
15

9,
85

5–
16

1,
28

8
14

34
47

7
5.

55
52

,5
96

.1
2

×
×

C
el

l m
em

br
an

e,
 C

hl
or

op
la

st
G

hU
G

T2
51

G
h_

D
12

G
26

82
sc

aff
ol

d4
57

6_
D

12
(−

)
16

4,
56

4–
16

5,
93

4
13

71
45

6
5.

97
50

,4
56

.4
3

×
×

C
el

l m
em

br
an

e,
 C

hl
or

op
la

st
G

hU
G

T2
72

G
h_

Sc
a1

44
83

9G
01

sc
aff

ol
d1

44
83

9(
+

)
24

–3
53

33
0

10
9

8.
96

11
,8

23
.3

4
×

×
C

el
l m

em
br

an
e,

 N
uc

le
us



3 Biotech (2019) 9:453 

1 3

Page 7 of 12 453

of motifs and order of arrangement (Fig. 4). Almost all 
members had eight motifs and the same arrangement 
order. Among them, 12 members had nine identical and 
same-order motifs, five had eight identical and same-
order motifs, five had seven identical and same-order 
motifs, and only one member had one motif, demonstrat-
ing that they had a very close evolutionary relationship. 
The gene structure and motif analysis of all members of 
the UGT gene family in upland cotton was shown in Sup-
plementary Fig. S1.

Expression pattern analyses of the genes 
in subgroup H

To explore the expression patterns of the genes in subgroup 
H of the UGT family in G. hirsutum-specific developmental 
processes, the expression profiles of 36 genes were detected 
in six different tissues (root, stem, leaf, petal, calycle, and 
ovule) by transcriptome sequencing (Fig. 5a) and the expres-
sion patterns of fibers in seven different periods (5d, 7d, 10d, 
15d, 20d, 25d, and 28d) were obtained from the transcrip-
tomic data of fibers in the laboratory (Fig. 5b) (Lu et al. 
2017).The heat map revealed similar expression patterns of 
different genes within subfamily H.

Currently, qRT-PCR has been proven to be the most accu-
rate method for detecting differential gene expressions. To 
validate the participation of UGT genes in regulating flow-
ering, we selected 16 genes from a small cluster of ortholo-
gous genes in subgroup H to test their expressions in six 
different tissues (root, stem, leaf, petal, calycle, and 20 DPA 
ovule) by qRT-PCR, which covered almost all plant parts 
(Fig. 6a) and seven different periods (5d, 7d, 10d, 15d, 20d, 
25d and 28d) in the entire fiber development stage in G. 
hirsutum L. cv CCRI45 and CCSLs 7747 (Fig. 6b).

A total of 12 genes could be detected by qRT-PCR, and 
the results showed that they had similar expression patterns. 
These genes had a wide range of tissue expression char-
acteristics. GhUGT105, GhUGT250 and GhUGT106 had 
a higher expression level in petal than those in other dif-
ferent tissues, they showed preferential expression in flow-
ers and were likely to involve in the regulation of flower 
development. The GhUGT152 and GhUGT103 had a higher 
expression level in 20 day ovule than those in other different 
tissues.

The expression levels of GhUGT105, GhUGT250, 
GhUGT106 and GhUGT251 showed a continuous decrease 
trend from 5 DPA to 15 DPA, and the expression levels of 
these genes in CSSLs 7747 were higher than those in CCRI 
45, In addition, these genes had low expression levels in 
the other periods, which suggested these four genes may 
be related to fiber elongation. The expression levels of the 
other four genes of GhUGT152, GhUGT151, GhUGT16 
and GhUGT203 showed a decrease trend until 15 DPA, 

and then gradually increased, and the expression of these 
genes in CCSLs7747 was higher than that in CCRI45, 
which suggested that the four genes may be involved in the 
development of cotton fibers. Yet the other four genes of 
GhUGT236, GhUGT66, GhUGT68 and GhUGT103 had 
higher expression in the later fiber development stages of 
secondary wall biosynthesis. The expression levels of most 
genes among these 12 genes from 5 DPA to 28 DPA implied 
these genes might have specific relationships with fiber 
development. Their expression was also supported by the 
expression results of transcriptome sequencing.

The other four genes of GhUGT67, GhUGT50, 
GhUGT164 and GhUGT272 were not detected in differ-
ent tissues and fibers, and their expressions were very low 
in transcriptome sequencing. In short, RNA-seq analysis 
results were basically consistent with the qRT-PCR results 
for the 12 genes, which indicated the reliability and accuracy 
of the two analytical methods, and the potential functions of 
GhUGT genes in fiber development.

Mapping subgroup H genes in QTL intervals

A total of nine subgroup H genes were located in the pre-
vious QTL interval, of which seven genes were located in 
the QTL interval associated with fiber quality, three genes 
were located in the QTL interval associated with the yield, 
and one gene was located in the QTL region for both fiber 
quality and yield.

Discussion

Recent studies involving functional characterization of plant 
UGTs suggested their important roles in growth, develop-
ment and interaction with the environment. They played an 
essential role in regulating glucose metabolism and homeo-
stasis as well as participating in detoxification of xenobiot-
ics, and they were also important in biosynthesis, storage 
and transport properties of secondary metabolites (Wu et al. 
2017). The UGT multigene family had been identified in 
plant species including Arabidopsis (Caputi et al. 2012), flax 
(Barvkar 2012), rice (Moon et al. 2013) and fruit species 
such as grapes (Bönisch et al. 2014), kiwifruits (Yauk et al. 
2015), strawberries (Song et al. 2016a) and peaches (Wu 
et al. 2017).

Although the roles of many UGTs still remained 
unknown, a thorough and detailed analysis of multigene 
families was conducted for the whole genome sequences 
of many plants. For example, a whole genome survey of six 
plant species helped to identify 56 (Carica papaya) to 242 
(Glycine max) UGTs (Yonekura-Sakakibara and Hanada 
2011). The study identified 274 upland cotton UGTs, which 
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were more than those identified in Arabidopsis, rice, flax 
and fruit species.

A phylogenetic tree provided a framework to compare 
the properties of gene family members and identify their 
similarities and differences (Jung et al. 2008). In this pre-
sent study, G. raimondii (151), G. arboreum (150), Arabi-
dopsis (114) and Therobroma cacao (159) were chosen for 
phylogenetic analysis. First, the genes of these species are 

all homologous; second, use these genes to better cluster 
similar genes in Gossypium hirsutum L.; third, to explore 
the results of existing studies in other species such as Arabi-
dopsis and Therobroma cacao for comparative analysis. 274 
UGT genes in Gossypium hirsutum L. were clustered into 10 
groups based on phylogenetic analysis. In contrast, the UGT 
gene family in other plants was divided into 14 groups in 
Arabidopsis or even 16 groups in peach. This was probably 

Fig. 4  Phylogenetic relationships and structures of the genes in the H subfamily of the UGT gene family in Gossypium hirsutum L.

Fig. 5  Expression levels of flax UGT genes in various tissues in tran-
scriptomic data. The robust multi-array average (RMA)-normalized, 
average log2 signal values of upland cotton UGTs in various tissues 
and fiber developmental stages (listed at the top of the heat map) were 

used for the construction of the heat map. The hierarchical clustering 
results based on Pearson correlation matrix were shown on the left 
and top of the heat maps
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caused by the differences of the methods used to identify 
UGT genes.

Based on the 274 upland cotton UGTs members’ 
sequence, this study analyzed introns, positions, motif, 
structure and expression to understand the evolution of gene 

family within the phylogenetic groups, among which 47.08% 
only had one intron, and 39.42% had two introns. Further-
more, 17 genes had one intron in the H subgroup.

To predict and understand the roles of these UGT genes 
in various tissue types, gene expression pattern analysis 

Fig. 6  Validation of RNA-seq data by qRT-PCR. a Relative transcript abundance of each gene in comparison with the root. b Relative transcript 
abundance of each gene in comparison with the gene of CCRI45′s 5 DPA fiber
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assisted in identifying which gene family members were 
expected to perform distinct or similar roles. To this end, 
the study analyzed the expression of the upland cotton UGTs 
in subgroup H using transcriptome sequencing data and RT-
qPCR. The experimental materials for the transcriptome in 
the early stage of the experiment were as follows: CCRI45 
and CCSLs 7747. To match transcriptome data from dif-
ferent periods of fiber samples of CCRI45 and CCSL 7747 
varieties were chosen for qRT-PCR analysis. CCSLs 7747 
had better fiber quality than CCRI45. Therefore, the results 
could use transcriptome and qRT-PCR results to determine 
whether these genes were related to the fiber quality of 
cotton.

The study found that many genes in the H subfamily 
might be related to cotton fiber yield and quality traits. For 
example, the GhUGT203 gene was located in the qFL-
chr16-1 and qFS-chr16-3 regions. What is more, the QTLs 
were stable and could be detected in two environments (Liu 
et al. 2018). GhUGT6, GhUGT50 and GhUGT150 were 
separately located in the regions of qFL01.1, qFL05.2 and 
qFS17.1, and the three QTLs could also be detected in two 
environments (Tan et al. 2018). GhUGT6, GhUGT105 and 
GhUGT207 were related to qBW-chr01-1, qBW-chr12-7 and 
qBW-chr24-1, respectively, and qBW-chr01-1 and qBW-
chr12-7 were stable QTLs(Zhang et al. 2016). GhUGT6 and 
GhUGT177 were, respectively, related to the stable QTLs 
of qFS-c1-1 and qFS-c19-1(Zhang et al. 2017). GhUGT16 
could also be detected related to qGhFS-c2-2 by the research 
of Huang (Huang et al. 2017). In our laboratory research, it 
was found that the SSR marker HAU0734 had a significant 
effect on qFL-12-5 (Lu 2017), and in the physical position 
of Gossypium hirsutum L., GhUGT103 was closely linked 
to this marker, and the gene expression indicated that it was 
related to fiber development. The information of mapping 
subgroup H genes in QTL intervals is shown in Supplemen-
tary Table S3.

With gene expression and QTL results combined, 
GhUGT105 might be related to fiber yield, and GhUGT16 
and GhUGT103 might be related to cotton fiber develop-
ment, especially GhUGT6 was associated with the three 
traits. This indicated that some of the GhUGT genes could 
be important for the study of cotton fiber development and 
improvement.
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