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Abstract

Background: The deubiquitinase (DUB) family constitutes a group of proteases that regulate the stability or reverse
the ubiquitination of many proteins in the cell. These enzymes participate in cell-cycle regulation, cell division and
differentiation, diverse physiological activities such as DNA damage repair, growth and development, and response
to stress. However, limited information is available on this family of genes in woody plants.

Results: In the present study, 88 DUB family genes were identified in the woody model plant Populus trichocarpa,
comprising 44 PtrUBP, 3 PtrUCH, 23 PtrOTU, 4 PtrMJD, and 14 PtrJAMM genes with similar domains. According to
phylogenetic analysis, the PtrUBP genes were classified into 16 groups, the PtrUCH genes into two, the PtrOTU
genes into eight, the PtrMJD genes into two, and the PtrJAMM genes into seven. Members of same subfamily had
similar gene structure and motif distribution characteristics. Synteny analysis of the DUB family genes from P.
thrchocarpa and four other plant species provided insight into the evolutionary traits of DUB genes. Expression
profiles derived from previously published transcriptome data revealed distinct expression patterns of DUB genes in
various tissues. On the basis of the results of analysis of promoter cis-regulatory elements, we selected 16
representative PtrUBP genes to treatment with abscisic acid, methyl jasmonate, or salicylic acid applied as a foliar
spray. The majority of PtrUBP genes were upregulated in response to the phytohormone treatments, which implied
that the genes play potential roles in abiotic stress response in Populus.

Conclusions: The results of this study broaden our understanding of the DUB family in plants. Analysis of the gene
structure, conserved elements, and expression patterns of the DUB family provides a solid foundation for
exploration of their specific functions in Populus and to elucidate the potential role of PtrUBP gene in abiotic stress
response.
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Background

Ubiquitin-mediated post-translational modification of
proteins is an important means of protein function regu-
lation [1, 2]. The dynamic balance of ubiquitination and
deubiquitination is crucial for fine regulation of protein
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levels. Under ubiquitination, the ubiquitin molecule (Ub)
binds to substrate protein by means of an isopeptic link
between the glycine residue at the C-terminus and lysine
residues in the substrate protein in the form of mono-
mer or polymer chains. Three predominant enzymes
mediate this process: ubiquitin-activating enzyme (E1),
ubiquitin-conjugating enzyme (E2) and ubiquitin-ligase
(E3) [3-7]. In contrast, deubiquitination involves the re-
moval of ubiquitin from the ubiquitinated substrate pro-
tein, which is mediated by deubiquitinating enzymes
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(DUBs) [8, 9]. By removing the ubiquitin carried by the
substrate protein, DUBs modulate the activity or stability
of the substrate protein and recycle the ubiquitin mole-
cules into the ubiquitin-pool [10]. The DUBs provide re-
versibility to the process of ubiquitination and allow
modification, editing, or nixing decisions to be made by
the ubiquitination machinery [11].

As in eukaryotes, plant deubiquitination enzymes can
be divided into five subfamilies according to their cata-
lytic domains [10, 12]. Four of the subfamilies are cyst-
eine proteases, including the UBPs/USPs (ubiquitin-
specific proteases), UCHs (ubiquitin C-terminal hydro-
lases), OTUs (ovarian tumor proteases), and MJDs (the
Machado—Joseph domain). The remaining JAMM
(JAB1/MPN/MOV34 proteases) subfamily comprises
metalloproteinases, which are deubiquitinases whose ac-
tivity depends on the metal ion zinc [8]. In additional to
these five subfamilies, two novel putative DUB subfam-
ilies comprising monocyte chemotactic protein-induced
proteins (MCPIPs) and the motif interacting with Ub-
containing novel DUB family (MINDY) have been iden-
tified [13-15].

To date, 53 DUBs have been identified in the model
plant Arabidopsis thaliana. Among these DUBs are 27
UBP (UBP1-UBP27) enzymes [16], 3 UCH (UCHI1-
UCH3) enzymes [17], 12 OTU (OTU1-OTU5, OTLD1,
OTU7-0OTU12) enzymes [18], 3 MJD (JOSL,
At1g07300, and At3g54130) enzymes [19], and 8 JAMM
(AMSHI1-AMSHS3, RPN11, CSN5A, CSN5B, BRCC36A,
and BRCC36B) enzymes [19-21]. The DUBs perform
multiple functions in plants, such as morphogenesis [17,
22, 23], programmed cell death [24], signal transduction
[25-27], and transcriptional regulation [8].

Poplar is a model plant in woody plant research own-
ing to its rapid growth and ease of genetic transform-
ation. Completion of the Populus trichocarpa genome
sequence has provided convenient tool for the identifica-
tion of genes and the study of gene function. In the
present work, we identified 88 poplar DUB family genes,
comprising 44 PtrUBP, 3 PtrUCH, 23 PtrOTU, 4
PtrMJD, and 14 PtrJAMM genes, using Arabidopsis
DUBs and related conserved domains as a reference.
Phylogenetic analysis showed that poplar DUB proteins
were classified into different groups that varied in num-
ber of members. Further analysis was conducted to in-
vestigate gene structure, motif  components,
chromosome distribution, synteny analysis, expression
profiles, promoter cis-acting elements, and response to
phytohormone treatments. The analysis of gene struc-
ture and conserved motifs revealed that members of a
subfamily showed a similar gene structure and motif dis-
tribution. Synteny analysis indicated that plant DUBs
had undergone negative selection during evolution. Pro-
moter analysis and phytohormone treatment indicated
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that PtrUBP proteins may participate in stress or phyto-
hormone response. The present results provide valuable
insights into function of the DUB family in Populus.

Results

Identification of Populus DUB gene family

To conduct genome-wide identification of genes in
the DUB family of Populus trichocarpa, Arabidopsis
UBP protein sequences were used as query sequences
against the P. trichocarpa genomic database. A total
of 88 poplar DUB members were obtained by com-
parison with the DUB amino acid sequences of Arabi-
dopsis thaliana. The conserved domains of these
sequences were analyzed using the PFam database.
Ultimately, 88 DUB family genes were identified in P.
trichocarpa genome, comprising 44 PtrUBP, 3
PtrUCH, 23 PtrOTU, 4 PtrMJDs, and 14 PtrJAMM
genes (Table 1).

Details regarding the poplar DUB family genes, includ-
ing the gene identifier (Gene ID), the number of amino
acid of protein, the length of the coding sequence (CDS)
region, theoretical isoelectric point (pI), molecular
weight (MW), predicted subcellular location, and
chromosome mapping, are listed in Additional file 1:
Table S1. Among the 88 DUB proteins, PtrMJD3 was
the smallest protein with 112 amino acids (aa), whereas
the largest protein identified was PtrUBP32 with 2100
amino acids. The pl of the DUB proteins ranged from
445 (PtrMJD4) to 9.77 (PtrMJD3). The MW ranged
from 12.77 (PtrMJD3) to 239.34kDa (PtrUBP32). The
majority of the proteins were predicted to be localized in
the nucleus, but some of the proteins were predicted to
be localized in the chloroplasts, cytosol, endoplasmic
reticulum, mitochondria, or vacuole. In addition, three
proteins (PtrUBP13.2, PtrUBP16, and PtrUBP14.2) were
predicted to target two organelles. The chromosome
mapping results showed that the DUB genes were dis-
tributed on almost every chromosome, except for chro-
mosomes 13 and 19.

Analysis of conserved domains, phylogenetic
relationships, and classification of the poplar DUB family
Analysis of conserved domains of the five subfamilies of
DUB enzymes was conducted using the Pfam database.
The 44 PtrUBP proteins exhibited a typical conserved
UCH domain with cysteine (Cys) and histidine (His)
boxes [28]. In addition, the PtrUBP proteins contained
other conserved non-UBP domains such as zf-UBP,
DUSP, ubiquitin, and MATH (Fig. 1). The PtrUBP pro-
teins were grouped into 16 groups in accordance with
the grouping of the AtUBP proteins [29]. The Peptid-
ase_C12 domain was included in all three PtrUCH pro-
teins, and the UCH_C domain was detected only in
PtrUCH1 and PtrUCH2 proteins. The OTU domain was
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Table 1 Genes identified in the Poplar trichocarpa DUB family

Subfamily Gene name Gene ID Subfamily Gene name Gene ID

UBP PtrUBP1 Potri.017G055600 UBP PtrUBP2 Potri.001G315600
UBP PtrUBP3 Potri.007G093600 UBP PtrUBP4 Potri.005G074900
UBP PtrUBP5.1 Potri.016G031900 UBP PtrUBP5.2 Potri.006G033800
UBP PtrUBP6 Potri.003G033700 UBP PtrUBP7 Potri.001G197400
UBP PtrUBP8.1 Potri.016G067400 UBP PtrUBP8.2 Potri.006G201100
UBP PtrUBP8.3 Potri.001G214800 UBP PtrUBP9 Potri.001G449000
UBP PtrUBP10 Potri.011G152500 UBP PtrUBP12.1 Potri.006G198300
UBP PtrUBP12.2 Potri.016G064100 UBP PtrUBP13.1 Potri.008G012600
UBP PtrUBP13.2 Potri.010G245100 UBP PtrUBP14.1 Potri.011G125800
UBP PtrUBP14.2 Potri.001G408800 UBP PtrUBP15.1 Potri.001G378900
UBP PtrUBP15.2 Potri.011G095200 UBP PtrUBP16 Potri.002G 104800
UBP PtrUBP17 Potri.005G156900 UBP PtrUBP18.1 Potri.018G009500
UBP PtrUBP18.2 Potri.018G011200 UBP PtrUBP19 Potri.006G270600
UBP PtrUBP20 Potri.003G092400 UBP PtrUBP21 Potri.001G142000
UBP PtrUBP22.1 Potri.018G123200 UBP PtrUBP22.2 Potri.006G266100
UBP PtrUBP22.3 Potri.018G017000 UBP PtrUBP23.1 Potri.006G185200
UBP PtrUBP23.2 Potri.018G107500 UBP PtrUBP24 Potri.003G202800
UBP PtrUBP25.1 Potri.011G112800 UBP PtrUBP25.2 Potri.001G394600
UBP PtrUBP26.1 Potri.005G179500 UBP PtrUBP26.2 Potri.002G081600
UBP PtrUBP27 Potri.007G077100 UBP PtrUBP28 Potri.006G010100
UBP PtrUBP29 Potri.016G014000 UBP PtrUBP30 Potri.015G066500
UBP PtrUBP31 Potri.012G071900 UBP PtrUBP32 Potri.017G089250
UCH PtrUCH1 Potri.004G130400 UCH PtrUCH2 Potri.017G075200
UCH PtrUCH3 Potri.003G081000 OoTu PtrOTU1.1 Potri.003G162600
OTuU PtrOTU1.2 Potri.001G067400 OoTu PtrOTU2.1 Potri.011G139500
OTU PtrOTU2.2 Potri.001G430200 otu PtrOTU23 Potri.001G435500
OTU PtrOTU3 Potri.016G110400 oTu PtrOTU4.1 Potri.016G050900
OTU PtrOTU4.2 Potri.006G057400 OoTu PtrOTU4.3 Potri.008G177400
OTU PtrOTU4.4 Potri.010G234300 oTu PtrOTU4.5 Potri.008G026100
oty PtrOTUS Potri.014G134100 oTu PtrOTLD1.1 Potri.009G160100
OTU PtrOTLD1.2 Potri.004G196800 oTu PtrOTU7 Potri.005G140500
OTU PtrOTU9.1 Potri.008G036900 OoTu PtrOTU9.2 Potri.008G036700
oty PtrOTU9.3 Potri.010G225400 oTu PtrOTU10.1 Potri.016G094700
OTU PtrOTU10.2 Potri.006G125900 OoTu PtrOTUT 11 Potri.016G019700
OTU PtrOTU11.2 Potri.006G021700 OoTu PtrOTU12 Potri.014G140200
MJD PtrMJD1 Potri.001G249400 MJD PtrMJD2 Potri.006G095700
MJD PtrMJD3 Potri.009G043400 MJD PtrMID4 Potri.016G110300
JAMM PtrBRCC36AA Potri.001G172800 JAMM PtrBRCC368B Potri.002G233500
JAMM PtrBRCC36C Potri.014G147100 JAMM PtrBRCC36D Potri.010G192000
JAMM PtrBRCC36E Potri.010G192200 JAMM PtrBRCC36F Potri.008G065300
JAMM PtrBRCC36G Potri.008G065200 JAMM PtrRPN11.1 Potri.002G127900
JAMM PtrRPN11.2 Potri.014G032900 JAMM PtrAMSH1 Potri.015G045800
JAMM PtrAMSH2 Potri.010G041200 JAMM PtrAMSH3 Potri010G141100

JAMM PtrCSNSA Potri.018G006100 JAMM PtrCSN5B Potri.006G275100
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Fig. 1 Conserved domains in the UBP, UCH, OTU, MJD, and JAMM subfamilies of the Poplar thrichocarpa DUB family. Different colors represent
different conserved domains. The PtrUBP proteins contained the conserved UCH and certain other domains, such as zf-UBP, DUSP, ubiquitin,
MATH, and DUF629. The PtrUCH proteins all contained the Peptidase_C12 domain. The PtrOTU proteins contained the conserved Peptidase_C65
or OTU domain. The PtrMJD and PtrJAMM proteins contained the conserved Josephin and JAB domains

present in most of the PtrOTU proteins except
PtrOTUIL.1 and PtrOTU1.2, both of which harbored Pep-
tidase_C65. For PtrMJD and PtrJAMM proteins, the typ-
ical motifs were the Josephin domain and JAB domain,
respectively. Additional domains were present in the
PtrJAMM proteins such as Mitmem_reg and CSN5_C.

To analyze the phylogenetic relationships among the
DUB proteins of Arabidopsis thaliana and Populus tri-
chocarpa, five phylogenetic trees were constructed on
the basis of alignments of the full-length DUB protein
sequences from Arabidopsis thaliana (27 UBPs, 12
OTUs, 3 MJDs, 3 UCHs, and 8 JAMMSs) and Populus tri-
chocarpa (44 UBPs, 23 OTUs, 4 MJDs, 3 UCHs, and 14
JAMMs). The phylogenetic reconstruction for the UBP
subfamily is shown in Fig. 2 and those of the other

subfamilies are shown in Additional file 7: Fig. S1. De-
tailed information for the Arabidopsis DUB family is
provided in Additional file 2: Table S2. On the basis of
the UBPs phylogenetic tree, all the sequences were clas-
sifiable into 16 groups. The number of members in the
different groups varied. G11 and G14 each contained
only one member, two members were included in GlI,
G2, G4, G6, G8, G10, G12, G13, and G15, three in G9
and G16, four in G5, and seven in G3 and G7. The
PtrOTUs were divided into eight groups. One PtrOTU
member was included in G3, G5 and G7, two in G1 and
G6, three in G2, five in G4, and eight in G8. The
PtrUCH subfamily was mainly classified into two groups.
PtrMJD proteins were resolved into two groups, G1 and
G2. PtrJAMM proteins were grouped into seven groups.
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Fig. 2 Phylogenetic relationships of UBP proteins from Arabidopsis
thaliana and Populus trichocarpa. The phylogenetic tree was
constructed using the Maximum Likelihood (ML) method with
MEGA?.0. Different colors indicate different groups. The numbers
nearby the internal nodes represent the degree of confidence. The
bar represents the branch length at the bottom of the figure

Gene structure and motif distribution of the poplar DUB
family

To gain additional insight into the evolution of the DUB
family in poplar, the exon—intron organization of all the
identified poplar DUB family genes was examined. The
gene structure differed among subfamilies, but little dif-
ference in gene structure was observed among members
of the same subfamily, especially the PtrUBP subfamily
(Fig. 3). For example, in the UBP subfamily, all G1 mem-
bers had two exons and one intron, and all G2 genes
contained six exons and five introns. The members of
the G5 group of the PtrUBP subfamily contained the
highest number of exons (32). The 5'- and 3’- untrans-
lated regions (UTRs) were both present in most poplar
DUB family genes except for PtrUBPS8.1, PtrUBP18.2,
PtrOTUI10.2, PtrMJD3, and PtrCSN5A, of which had
only 5'-UTR, PtrUBP18.1 and PtrUBP13.1 contained
neither UTR, and PtrOTU2.2 had only the 3’-UTR.

To analyze the DUB protein motif distribution, the
motif characteristics of all poplar DUB proteins were ex-
amined using the MEME online tool (Fig. 4). A total of
34 motifs were identified. Detailed information on the
length and sequence of the motifs were showed in Add-
itional file 3: Table S3. The members within the same
subfamily usually shared a similar motif composition.
For example, motif 11 was unique to OTU subfamily,
whereas motif 25 was specific to the UCH subfamily.
Motif 31 was detected in all members of the MJD
subfamily.

Expression profiling of poplar DUB family genes by RNA-
sequencing

To study the expression patterns of all 88 poplar DUB
family genes, we downloaded and analyzed transcrip-
tome data for different vegetative tissues and stages of
reproductive development from a public database gener-
ated in a previous study [30]. Hierarchical clustering of
the heatmap revealed clear differential expression of the
DUB genes in different poplar tissues and development
stages (Fig. 5). RNA-sequencing data for the 88 poplar
DUB family genes were listed in Additional file 4: Table
S4.The analyzed tissues or developmental stages were
grouped into three clusters: one cluster consisted of the
DUB expression patterns in FM (female catkin prior to
seed release), F (female catkin post-fertilization), M
(male catkin), ML (mature leaf), and PC (phloem, cortex,
and epidermis); a second cluster was composed of G43h
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Fig. 3 Exon-intron distribution of Poplar trichocarpa DUB genes. The exon-intron distributions were sorted according to the UBP, UCH, OTU,
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(germinated seedling sampled 43 h post- imbibition),
YFB (newly initiated female floral buds), ApB (actively
growing shoot apex), AxB (axillary bud), REF (roots
from field-grown trees), RTC (roots from plants in tissue
culture), and YMB (newly initiated male floral buds);
and Phloem3 (developing phloem) and Xylem1 (develop-
ing xylem) formed a third cluster. On the basis of the

expression profiles in the 14 tissues, the poplar DUB
family genes were grouped into nine clusters (C1 to C9)
(Fig. 5). The three genes grouped in C1 were highly
expressed in Xyleml and Phloem3 tissues. Genes clus-
tered in C6 were highly expressed in YFB and ApB. The
majority of the genes (except PtrOTU9.3, PtrUBPI14.2,
PtrUBP17, PtrAMSH?2, PtrMJD4, PtrMJ]D2, PtrUBP30,
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Fig. 4 Motif distribution of Poplar trichocarpa DUB proteins. The same subfamily has similar motif distribution characteristics. Different motifs are
indicated by boxes with different colors. The length of the black line represents the size of the protein. The PtrUBP subfamily contains motifs 1-
10. The other subfamilies contain motifs 11-34

PtrUBP23.2, and PirlUBP29) showed lower expression
levels in FM, F, and M (Fig. 5). In addition, many genes
(except  PtrUBP32, PtrUBP8.1, PtrOTU9.3, and
PtrUBPI18.1) showed higher expression levels in Xylem1
tissues.

Chromosomal distribution and synteny analysis of poplar
DUB family genes
The poplar DUB family genes were unevenly distributed
across the 19 poplar Chromosomes (Chr), except Chrl3
and Chr19 (Fig. 6). Chrl contained the highest number
of DUB genes (13). Some chromosomes (e.g., Chrl6 and
Chr6) had a relatively high number of genes, whereas
others contained few DUB genes, such as Chr4, Chr7,
Chr9, Chrl5 and Chr12. Chr12 contained only one DUB
gene. In addition, 44 paralogous pairs comprising 88
DUB genes were identified (Additional file 5: Table S5).
To further examine the phylogenetic relationships of
the poplar DUB family, we constructed five comparative
syntenic maps of Populus trichocarpa associated with
five representative species, comprising two dicotyledons
(Arabidopsis thaliana and Vitis vinifera) and three
monocotyledons (Oryza sativa, Zea mays, and Sorghum
bicolor) (Fig. 7). A number of poplar DUB genes showed
a syntenic relationship with genes from Arabidopsis, O.
sativa, Z.mays, S. bicolor, and V. vinifera (Additional file

5: Table S5). The numbers of orthologous pairs between
the other five species (Arabidopsis, O. sativa, Z. mays, S.
bicolor, and V. vinifera) were 62, 27, 9, 24, and 55. Some
poplar DUB genes were associated with three or four
syntenic gene pairs. For example, PtrUBP12.2 was asso-
ciated with four gene pairs in Populus and Arabidopsis.

To further explore the evolutionary and divergence
patterns of the DUB genes, the Ka/Ks ratio for each
DUB gene pairs was calculated. In principle, a Ka/Ks ra-
tio less than 1, equal to 1 and greater than 1 represents
negative selection, neutral selection, and positive selec-
tion, respectively [31, 32]. All segmental duplicated pop-
lar DUB gene pairs and orthologous DUB gene pairs had
Ka/Ks <1, which indicated that the poplar DUB family
genes might have experienced strong purifying selective
pressure during evolution.

Analysis of the putative promoter regions of the poplar
DUB family genes

To examine the regulatory elements in the promoter re-
gions of the poplar DUB family genes, 2000 bp of the
genomic sequence upstream of the start codon ATG
were selected as the putative promoter region and ana-
lyzed using the Plant—CARE database. Many cis-acting
elements associated with stress or phytohormone re-
sponse were present in the promoter of the DUB genes
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(Fig. 8). For example, the promoter contained abundant
cis-acting elements, such as salicylic acid (SA)- respon-
sive elements (TCA-elements), methyl jasmonate (MeJA)
responsive elements (CGTCA-motif), Box-S and WUN
motifs involved in wounding stress, low-temperature re-
sponsive (LTR) element that participates in the response
to cold stress, abscisic acid-responsive element (ABRE)
and MYB binding site (MBS) motifs associated with re-
sponse to salt, drought, and abscisic acid (ABA), and the
W-box (WRKY binding site) motif. Details of the cis-act-
ing elements, including specific motifs detected in each
gene, are listed in Additional file 6: Table S6. TCA-
elements and CGTCA-motif were detected in the pro-
moter of 40 and 28 poplar DUB family members, re-
spectively. Five and 43 promoters contained Box-S and
WUN motifs associated with wounding stress, respect-
ively. The LTR element was observed in 27 promoters of
poplar DUB family genes. The MBS and ABRE motifs
were abundant in the promoter of poplar DUB family
genes. In addition, the W-box was detected in the pro-
moter of 46 poplar DUB family genes.

Quantitative RT-PCR analysis of poplar DUB family genes
in response to phytohormone treatments

Among members of the DUB family, the UBP subfamily
has been reported to participate in the regulation of ABA
[33] and MeJA [27, 34, 35] pathway. To investigate whether
PtrUBP genes expressions was influenced by different phy-
tohormone treatments, the expression of 16 PtrUBP genes
(PtrUBP1, PtrUBP3, PtrUBP6, PtrUBP9, PtrUBPI2 1,
PtrUBP14.1,  PtrUBP15.1,  PtrUBP21,  PtrUBP22.1,
PtrUBP23.1,  PtrUBP24,  PtrUBP25.1,  PtrUBP26.1,
PtrUBP27, PtrUBP28, and PtrUBP30) from 16 different
groups were detected in response to ABA, SA, and MeJA
treatment (Fig. 9). Overall, some PtrlUBP genes were in-
duced or suppressed by different treatments. Each gene
showed a different expression trend in different treatments.
For example, PtrUBPI was suppressed in the SA treatment
but induced in the MeJA treatment. The expression level of
most genes peaked at 6 h. However, the expression levels of
some genes peaked at 1, 3, 12, or 24 h. For instance, the ex-
pression of PtrlUBP3, PtrUBP6, PtrUBPI14.1, and PtrlUBP27
under SA treatment peaked at 1 h.
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Discussion

Deubiquitinases are important proteolytic enzymes in
ubiquitin system and participate in plant growth and de-
velopment [36-38], immune stress response [26], and
signal transduction pathways [39]. In previous research,
53 deubiquitinases were identified from Arabidopsis
thaliana [19]. The deubiquitinases of Populus tricho-
carpa have not been described previously. In the current
study, 88 poplar deubiquitinases were identified,

consisting of 44 UBPs, 3 UCHs, 23 OTUs, 4 MJDs, and
14 JAMMs. The number of UCH subfamily members is
identical to that of Arabidopsis, whereas the other four
subfamilies contain considerably more genes than those
in Arabidopsis. Given that the genome size of Arabidop-
sis is substantially smaller than that of poplar [40, 41],
the same number of UCH members in the two species
indicates that the UCH subfamily might be more con-
served than the other four DUB subfamilies.
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On the basis of the prediction of conserved domains,
it is particularly notable that the PtrUCH3 protein does
not harbor a UCH_C domain, but instead contains the
Peptidase_C12 conserved domain. The PtrOTUIL.1 and
PtrOTU1.2 proteins do not carry the OTU domain and
instead contain the Peptidase_C65 conserved domain.
According to the EMBL-EBI database, Peptidase_C12
(PF01088) and Peptidase_C65 (PF10275) belong to the
Ubiquitin carboxyl-terminal hydrolase family 1 and Pep-
tidase C65 Otubain family, respectively. However, fur-
ther experiments are needed to verify the subfamilial
affinities of these proteins.

The predicted subcellular location of the poplar DUB
family proteins was the chloroplasts, cytosol, endoplasmic
reticulum, mitochondria, vacuole, or nucleus. Different lo-
cations are indicative of different functions. For example,

AtUBP3 and AtUBP4 located in the nucleus are involved
in pollen development [42, 43]. AtUBP11 and AtUBP12
located in the nucleus or cytoplasm and may affect the ex-
pression of many genes, hence proteins that are localized
to the cytoplasm extensively influence plant growth and
development, including plant immunity [44], flowering
time, circadian rhythm [27], and jasmonic acid signaling
[45]. The AtUBPI12 homolog in tobacco NtUBPI2 is a
negative regulator of plant immunity [44]. AtUBP27 is as-
sociated with the mitochondria and is involved in mito-
chondrial morphogenesis [46].

Expansion of the PtrUBP subfamily suggests functional
diversification

According to the phylogenetic analysis, PtrUBP subfam-
ily members were classified into 16 groups, which
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represents two more groups than AtUBPs. PtrUBP28
and PtrUBP29 belong to the novel group 15 (G15), and
PtrUBP30, PtrUBP31, and PtrUBP32 belong to the novel
group 16 (G16). Each of the 16 groups contained similar
protein domains. Compared with Arabidopsis, PtrUBP
members in G16 contained two specific conserved do-
mains DUF627 and DUF629, which indicates the com-
plexity of the PtrUBP subfamily.

The synteny analysis of the poplar DUB family showed
that DUB gene pairs had K,/K; <1, which suggests that
the poplar DUB family genes might have experienced
strong purifying selective pressure during evolution. In
principle, the value of K,/K; ratio less than 1, equal to 1,
and greater than 1 represents negative selection, neutral
selection, and positive selection, respectively. However,
the K,/K; ratio is not the only standard measure of se-
lection pressure. The determination of the selection
pressure may require a further analysis [47].

Expression patterns of poplar DUB family members

indicate their potential roles in plant development

Analysis of DUB gene expression patterns from different
tissues and developmental stages provide insight into the
functions of DUB genes in the growth and development
of Populus. We profiled DUB gene expression on the basis
of published transcriptome data. A large number of DUB
genes were highly expressed in the xylem, indicating that
they may be involved in the development of xylem. Previ-
ous studies show that the UBP subfamily is involved in di-
verse processes in the plant development, including

embryo development [16, 22], seed development [34, 37,
48], seed size [23], leaf cell size [49], and pollen develop-
ment or transmission [42]. However, little information is
available on the role of the UBP subfamily in xylem or
cambium development, inferring that the functions of
genes in the same subfamily differ among plant species.

Poplar DUB family members play an important role in
phytohormone-related signaling response

Plants have evolved various mechanisms to resist different
stresses in response to diverse environmental conditions
[50]. The DUB family has been reported to be involved in
phytohormone and stress response, especially the UBP
family [16, 33, 45]. Plants generate a variety of signaling
molecules in response to stress such as abscisic acid
(ABA), salicylic acid (SA), methyl jasmonate (MeJA), and
ethylene (ET). Additionally, elements of gene promoter
play important roles in growth and developmental pro-
cesses of plants, especially in the determination of the
tissue-specific expression or stress-responsive regulation
of genes [51, 52]. Based on previous research, we con-
ducted an analysis of cis-acting elements. The poplar DUB
family genes contained abundant cis-acting elements, in-
cluding TCA-elements (SA response)) CGTCA-motif
(MeJA response), Box-S, WUN motif (wounding stress re-
sponse), LTR (cold stress response), ABRE, MBS motif
(salt/drought/ABA response), and W-box (WRKY binding
site) [51-56]. Indeed, plant UBPs show potential in the
regulation of stress responses [33]. In view of the import-
ant role of the UBP subfamily in abiotic stress resistance,
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the expression level of PtrUBP genes was quantified by
qRT-PCR analysis in response to ABA, SA, and MeJA
treatments. PtrUBP1 and PtrUBP22.1 were significantly
induced in response to MeJA treatment, implying that
they may play an important role in the jasmonic acid sig-
naling pathway. In Arabidopsis, The AtUBP1(the homolog
of PtrUBP1) is involved in canavanine (CAN) resistance,
indicating that PtrUBP1 maybe perform different func-
tions in the Populus [29]. Therefore, additional experi-
mentation is needed to verify the function of PtrUBP1.

Conclusion

The DUB family is involved in various growth and devel-
opmental processes in plants. In this study, a total of 88
poplar DUB family genes comprising 44 PtrUBP, 3
PtrUCH, 23 PtrOTU, 4 PtrMJD, and 14 PtrJAMM genes,

were identified. Analysis of conserved domains, exon—in-
tron structure and motif distribution showed that mem-
bers of the same subfamily had similar characteristics.
Synteny analysis of DUB family genes from different
plant species provided valuable insight into the evolu-
tionary characteristics of poplar DUB family members.
The expression patterns of poplar DUB family genes in-
dicate that DUB genes play important roles in poplar
growth and development in different tissues and at dif-
ferent developmental stages. The expression of poplar
UBP genes in response to different phytohormone treat-
ments offers a new perspective on the role in the stress
or hormone response of poplar UBPs. The present re-
sults provide a valuable resource for future exploration
of the biological functions of DUB family genes in
poplar.
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Materials

Identification of Populus trichocarpa DUB family members
The sequences of DUB family members of Arabidopsis
thaliana were downloaded from The Arabidopsis Infor-
mation Resource (TAIR) database (https://www.
arabidopsis.org/). The accession numbers are listed in
Additional file 2: Table S2. To identify the Populus DUB
family members, we used the amino acid sequence of
the Arabidopsis DUB family as the query sequences for a
Blast search of the Populus trichocarpa genome database
(version 3.0; https://genome.jgi.doe.gov/portal/Poptrl/
Poptrl.home.html). Th poplar DUB family members
were further confirmed by analysis of the conserved do-
mains using the EMBL-EBI Pfam database (http://pfam.
xfam.org/). The number of amino acids, length of the
coding sequence (CDS), the theoretical isoelectric point
(pI), and molecular weight (MW) of amino acids were
predicted using the ExPASy-Prot Param online tool
(https://web.expasy.org/protparam/) [57]. The subcellu-
lar location of Populus DUB proteins was predicted
using the WoLF PSORT: Advanced Protein Subcellular
Localization Prediction Tool (https://www.genscript.
com/wolf-psort.html?src=leftbar) [58].

Determination of conserved domain and phylogenetic
analysis

The conserved domains of all identified poplar DUB
family genes were determined using the EMBL-EBI
Pfam32.0 batch sequence search tool (http://pfam.xfam.
org/search#tabview=tabl) and confirmed by searching
the Conserved Domain Database (CDD) of the National
Center for Biotechnology Information (NCBI; https://
www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) [59].
The protein sequences of Arabidopsis DUB family mem-
bers were obtained from the TAIR database on the basis
of the gene ID [19, 60, 61]. The protein sequences of rice
DUB family members were downloaded from the Rice
Genome Annotation Project (http://rice.plantbiology.
msu.edu/) [62]. The protein sequences of P. trichocarpa
DUB family members were downloaded from the Phyto-
zomel2.1 database (https://phytozome.jgi.doe.gov). The
protein sequences were aligned using Muscle. Phylogen-
etic trees were constructed with MEGA 7.0.26 using the
maximum likelihood method with 1000 bootstrap
replications.

Gene structure and motif analysis

Firstly, the CDS and nucleotide sequences of P. tricho-
carpa DUB family genes were downloaded from the
Phytozome 12.1 database (https://phytozome.jgi.doe.
gov). The gene structure was determined using these se-
quences with the Gene Structure Display Server (GSDS)
(http://gsds.cbi.pku.edu.cn) [63]. The conserved motifs
in the P. trichocarpa DUB proteins were identified by
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using the MEME Suite (version 5.3.3; http://meme-suite.
org) with the following criteria: maximum number of
different motifs 10 for PtrUBP, 24 for other subfamilies;
motif sites to be distributed in sequences as zero or one
occurrence per sequence (zoops); and using the classic
motif discovery mode [64].

Chromosomal distribution and synteny analysis

The P. trichocarpa DUB family genes were mapped to
the corresponding position of Populus chromosomes on
the basis of the genome database and visualized using
Circos [65]. Gene duplication events were analyzed using
the Multiple Collinearity Scan toolkit (MCScanX) [66].
The syntenic analysis maps were drawn using the Dual
Systeny Plotter software (https://github.com/C]J-Chen/
TBtools) [67]. The synonymous substitution rate (Ks)
and nonsynonymous substitution rate (Ka) were com-
puted using KaKs_Calculator 2.0 [68].

Putative promoter region analysis

The 2000-bp upstream genomic sequences of the P. tri-
chocarpa DUB family genes were selected as the putative
promoter regions. The inclusive cis-regulatory elements
were identified and analyzed using the Plant CARE data-
base (http://bioinformatics.psb.ugent.be/webtools/
plantcare/html/) [69].

Plant materials treatment, RNA extraction and gene
expression analysis
Poplar 84K (Populus albaxPopulus glandulosa), an
aspen hybrid poplar from Korea, was used in the study.
Poplar trees were grown in a greenhouse maintained at
25°Cunder a 16-h/ 8-h (light/dark) photoperiod. Poplar
seedlings grown in greenhouses for about three months
were treated with phytohormones (ABA, SA, and MeJA).
The seedlings were sprayed with Murashige and Skoog
(MS) liquid medium supplemented with 100 uM ABA,
SA, or MeJA, and sampled at 1, 3, 6, 12, and 24 h after
treatment. Seedlings sprayed with MS medium solution
were treated as the control and sampled at 0 h. All col-
lected tissue samples were immediately frozen in liquid
nitrogen and stored at-80 °C for subsequent analysis.
Total RNA of treated samples was extracted using the
RNAprep Pure Plant Kit (TIANGEN - DP419, Beijing,
China). Integrity and concentration of RNA were de-
tected using agarose gel electrophoresis and Nanodrop
micro-spectrophotometer respectively. The cDNA was
synthesized using the TransScript® One-Step gDNA Re-
moval and cDNA Synthesis SuperMix Kit (TransGen -
AT311, Beijing, China) in accordance with the manufac-
turer’s instruction. Quantitative RT-PCR analysis was
conducted on the Bio-Rad Real-time instrument using
the TransStart® Top Green qPCR SuperMix (TransGen-
AQ132, Beijing, China). The 18S rRNA gene was used as


https://www.arabidopsis.org/
https://www.arabidopsis.org/
https://genome.jgi.doe.gov/portal/Poptr1/Poptr1.home.html
https://genome.jgi.doe.gov/portal/Poptr1/Poptr1.home.html
http://pfam.xfam.org/
http://pfam.xfam.org/
https://web.expasy.org/protparam/
https://www.genscript.com/wolf-psort.html?src=leftbar
https://www.genscript.com/wolf-psort.html?src=leftbar
http://pfam.xfam.org/search#tabview=tab1
http://pfam.xfam.org/search#tabview=tab1
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
http://rice.plantbiology.msu.edu/
http://rice.plantbiology.msu.edu/
https://phytozome.jgi.doe.gov
https://phytozome.jgi.doe.gov
https://phytozome.jgi.doe.gov
http://gsds.cbi.pku.edu.cn
http://meme-suite.org
http://meme-suite.org
https://github.com/CJ-Chen/TBtools
https://github.com/CJ-Chen/TBtools
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/

Zheng and Du BMC Genomics (2021) 22:541

an internal control. Primers were designed with the
NCBI Primer-BLAST tool (http://www.ncbi.nlm.nih.gov/
tools/primer-blast/) on the basis of the CDS sequences.
The PCR reaction was conducted as follows: denatur-
ation at 94°Cfor 30s, then 40 cycles of denaturation at
94.°C for5 s, annealing at 60 °C for30 s, and extension at
72°C for30 s. The quantitative RT-PCR data were ana-
lyzed using the 27°°“" method. The gene expression
heatmaps for different tissues were generated using the
TBtools software [67].

Abbreviations

DUB: Deubiquitinase; UBP: Ubiquitin-specific protease; UCH: Ubiquitin C-
terminal hydrolase; OUT: Ovarian tumor protease; MJD: The Machado-Joseph
domain; JAMM: JABT/MPN/MOV34 protease; MCPIP: Monocyte chemotactic
protein-induced protein; MINDY: Motif interacting with Ub-containing novel
DUB family; Gene ID: Gene identifier; pl: Theoretical isoelectric point of
protein; MW: Molecule weight; CDS: The coding sequence; CSN: COP9
Complex subunit; UTR: Untranslated region; SA: Salicylic acid; MeJA: Methyl
jasmonate; LTR: Low-temperature responsive; ABRE: Abscisic acid-responsive
element; MBS: MYB binding site; ABA: Abscisic acid; W-box: WRKY binding
site; WUN-motif: Wound-responsive element; gRT-PCR: Quantitative real-time
PCR; Ptr: Populus trichocarpa; Chr: Chromosome

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512864-021-07844-3.

Additional file 1 Table S1. Detailed information on the Populus DUB
family.

Additional file 2 Table S2. Detailed information of on the Arabidopsis
DUB family.

Additional file 3 Table S3. Detailed information on the MEME motif
sequences about DUB proteins in Populus trichocarpa.

Additional file 4 Table S4. RNA-sequencing data for 88 PtrDUB genes
used in this study.

Additional file 5 Table S5. The value of Ka, Ks, and Ka/Ks for syntenic
gene pairs from different species.

Additional file 6 Table S6 Detailed information of cis-acting elements
of 88 PtrDUB genes.

Additional file 7 Fig. S1 Evolutionary relationships among Poplus
trichocarpa and Arabidopsis thaliana DUB subfamily members.

Acknowledgements

We thank Robert McKenzie, PhD, from Liwen Bianji, Edanz Editing China
(www. liwenbianji.cn/ac), for editing the English text of a draft of this
manuscript.

Authors’ contributions

L.D. designed the research program. W. Z. analyzed the data and performed
the experiment. W.Z. and L.D. wrote the manuscript. The author(s) read and
approved the final manuscript.

Funding
This project is based on research that was supported by National Natural
Science Foundation of China (No. 32070548).

Availability of data and materials
All data supporting the conclusions of this article are included in the article
and its additional files.

Page 14 of 16

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 24 November 2020 Accepted: 24 June 2021
Published online: 15 July 2021

References

1.

Vierstra RD. The ubiquitin-26S proteasome system at the nexus of plant
biology. Nat Rev Mol Cell Biol. 2009;385(6):397-10.

Vierstra RD. The expanding universe of ubiquitin and ubiquitin-like
modifiers. Plant Physiol. 2012,2(1):14-160.

Hershko A, Ciechanover A. The ubiquitin system. Annu Rev Biochem. 1998;
425:479-67.

Kerscher O, Felberbaum R, Hochstrasser M. Modification of proteins by
ubiquitin and ubiquitin-like proteins. Annu Rev Cell Dev Biol. 2006;159:180—
22.

Pickart CM. Mechanisms underlying ubiquitination. Annu Rev Biochem.
2001;503:533-70.

Neutzner M, Neutzner A. Enzymes of ubiquitination and deubiquitination.
Essays Biochem. 2012,37:50-2.

Ye Y, Rape M. Building ubiquitin chains: E2 enzymes at work. Nat Rev Mol
Cell Biol. 2009;755(11):764-10.

Nijman SM, Luna-Vargas MP, Velds A, Brummelkamp TR, Dirac AM, Sixma TK.
A genomic and functional inventory of deubiquitinating enzymes. Cell.
2005;773(5):786-123.

Wilkinson KD. Regulation of ubiquitin-dependent processes by
deubiquitinating enzymes. FASEB J. 1997,1245(14):1256-11.

Komander D, Clague MJ, Urbe S. Breaking the chains: structure and function
of the deubiquitinases. Nat Rev Mol Cell Biol. 2009;550(8):563-10.

Sowa ME, Bennett EJ, Gygi SP, Harper JW. Defining the human
deubiquitinating enzyme interaction landscape. Cell. 2009;389(2):403-138.
Reyes-Turcu FE, Ventii KH, Wilkinson KD. Regulation and cellular roles of
ubiquitin-specific deubiquitinating enzymes. Annu Rev Biochem. 2009;363:
397-78.

Liang J, Saad Y, Lei T, Wang J, Qi D, Yang Q, et al. MCP-induced protein 1
deubiquitinates TRAF proteins and negatively regulates JNK and NF-kappaB
signaling. J Exp Med. 2010;2959(13):2973-207.

Fraile JM, Quesada V, Rodriguez D, Freije JM, Lopez-Otin C. Deubiquitinases
in cancer: new functions and therapeutic options. Oncogene. 2012,2373(19):
2388-31.

Nishi R, Wijnhoven P, le Sage C, Tjeertes J, Galanty Y, Forment JV, et al.
Systematic characterization of deubiquitylating enzymes for roles in
maintaining genome integrity. Nat Cell Biol. 2014;1016(10):1026-16.

Liu'Y, Wang F, Zhang H, He H, Ma L, Deng XW. Functional characterization
of the Arabidopsis ubiquitin-specific protease gene family reveals specific
role and redundancy of individual members in development. Plant J. 2008;
844(5):856-5.

Yang P, Smalle J, Lee S, Yan N, Emborg TJ, Vierstra RD. Ubiquitin C-terminal
hydrolases 1 and 2 affect shoot architecture in Arabidopsis. Plant J. 2007;
441(3):457-1.

Radjacommare R, Usharani R, Kuo CH, Fu H. Distinct phylogenetic
relationships and biochemical properties of Arabidopsis ovarian tumor-
related deubiquitinases support their functional differentiation. Front Plant
Sci. 2014,5:84.

Isono E, Nagel MK. Deubiquitylating enzymes and their emerging role in
plant biology. Front Plant Sci. 2014;5:56.

Block-Schmidt AS, Dukowic-Schulze S, Wanieck K, Reidt W, Puchta H.
BRCC36A is epistatic to BRCAT in DNA crosslink repair and homologous
recombination in Arabidopsis thaliana. Nucleic Acids Res. 2011;146(1):154—
39.

Isono E, Katsiarimpa A, Miller IK, Anzenberger F, Stierhof YD, Geldner N,

et al. The deubiquitinating enzyme AMSH3 is required for intracellular


http://www.ncbi.nlm.nih.gov/tools/primer-blast/
http://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://doi.org/10.1186/s12864-021-07844-3
https://doi.org/10.1186/s12864-021-07844-3
http://www.liwenbianji.cn/ac

Zheng and Du BMC Genomics

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

(2021) 22:541

trafficking and vacuole biogenesis in Arabidopsis thaliana. Plant Cell. 2010;
1826(6):1837-22.

Doelling JH, Yan N, Kurepa J, Walker J, Vierstra RD. The ubiquitin-specific
protease UBP14 is essential for early embryo development in Arabidopsis
thaliana. Plant J. 2001,393(5):405-27.

Du L, LiN, Chen L, XuY, Li Y, Zhang Y, et al. The ubiquitin receptor DA1
regulates seed and organ size by modulating the stability of the ubiquitin-
specific protease UBP15/SOD2 in Arabidopsis. Plant Cell. 2014;665(2):665-26.
Ramakrishna S, Suresh B, Baek KH. The role of deubiquitinating enzymes in
apoptosis. Cell Mol Life Sci. 2011;15(1):26-68.

Moon BC, Choi MS, Kang YH, Kim MC, Cheong MS, Park CY, et al.
Arabidopsis ubiquitin-specific protease 6 (AtUBP6) interacts with calmodulin.
FEBS Lett. 2005;3885(18):3890-579.

Ewan R, Pangestuti R, Thornber S, Craig A, Carr C, O'Donnell L.
Deubiquitinating enzymes AtUBP12 and AtUBP13 and their tobacco
homologue NtUBP12 are negative regulators of plant immunity. New
Phytol. 2011;92(1):106-91.

Cui X, Lu F, Li'Y, Xue Y, Kang Y, Zhang S, et al. Ubiquitin-specific proteases
UBP12 and UBP13 act in circadian clock and photoperiodic flowering
regulation in Arabidopsis. Plant Physiol. 2013;897(2):906-162.

Amerik AY, Hochstrasser M. Mechanism and function of deubiquitinating
enzymes. Biochim Biophys Acta. 2004;189(1-3):207-1695.

Yan N, Doelling JH, Falbel TG, Durski AM, Vierstra RD. The ubiquitin-specific
protease family from Arabidopsis. AtUBP1 and 2 are required for the
resistance to the amino acid analog canavanine. Plant Physiol. 2000;1828(4):
1843-124.

Eli R, Shrinivasrao PM, Palitha D, Gancho TS, Oswald RC, Steven HS, et al.
Contrasting patterns of evolution following whole genome versus tandem
duplication events in Populus. Genome Res. 2012;95(1):105-22.

Cannon SB, Mitra A, Baumgarten A, Young ND, May G. The roles of
segmental and tandem gene duplication in the evolution of large gene
families in Arabidopsis thaliana. BMC Plant Biol. 2004. p. 4: 10.

Shiu SH, Karlowski WM, Pan R, Tzeng YH, Mayer KF, Li WH. Comparative
analysis of the receptor-like kinase family in Arabidopsis and rice. Plant Cell.
2004;1220(5):34-16.

Zhao J, Zhou H, Zhang M, Gao Y, Li L, Gao Y, et al. Ubiquitin-specific
protease 24 negatively regulates abscisic acid signaling in Arabidopsis
thaliana. Plant Cell Environ. 2016;427(2):440-39.

Derkacheva M, Liu S, Figueiredo D, Gentry M, Mozgova |, Nanni P, et al. H2A
deubiquitinases UBP12/13 are part of the Arabidopsis polycomb group
protein system. Nat Plants. 2016;2(9):16126-2. https//doi.org/10.1038/npla
nts.2016.126.

An Z, LiuY,Ou, Li J, Zhang B, Sun D, et al. Regulation of the stability of
RGF1 receptor by the ubiquitin-specific proteases UBP12/UBP13 is critical for
root meristem maintenance. Proc Natl Acad Sci U S A. 2018;1123(5):1128~
15.

Cope GA, Suh GS, Aravind L, Schwarz SE, Zipursky SL, Koonin EV, et al. Role
of predicted metalloprotease motif of Jab1/Csn5 in cleavage of Nedd8 from
Cul1. Science. 2002,608(5593):611-298.

Luo M, Luo MZ, Buzas D, Finnegan J, Helliwell C, Dennis ES, et al.
UBIQUITIN-SPECIFIC PROTEASE 26 is required for seed development and the
repression of PHERES1 in Arabidopsis. Genetics. 2008;229(1):236-180.

Li WF, Perry PJ, Prafulla NN, Schmidt W. Ubiquitin-specific protease 14
(UBP14) is involved in root responses to phosphate deficiency in
Arabidopsis. Mol Plant 2010;212(1):223-3.

Dohmann EM, Kuhnle C, Schwechheimer C. Loss of the CONSTITUTIVE
PHOTOMORPHOGENIC signalosome sub-unit 5 is sufficient to cause the cop/
det/fus mutant phenotype in Arabidopsis. Plant Cell. 2005;1967(7):1978-17.
Cheng CY, Krishnakumar V, Chan AP, Thibaud-Nissen F, Schobel S, Town CD.
Araport11: a complete reannotation of the Arabidopsis thaliana reference
genome. Plant J. 2017;789(4):804-89.

Tuskan G, Difazio S, Jansson S, Bohlmann J, Grigoriev |, Hellsten U, et al. The
genome of black cottonwood, Populus trichocarpa (Torr. & gray). Science.
2006;1596(5793):1604-313.

Doelling J, Phillips A, Soyler-Ogretim G, Wise J, Chandler J, Callis J, et al. the
ubiquitin-specific protease subfamily UBP3/UBP4 is essential for pollen
development and transmission in Arabidopsis. Plant Physiol. 2007,801(3):
813-145.

Chandler JS, McArdle B, Callis J. At UBP3 and At UBP4 are two closely
related Arabidopsis thaliana ubiquitin-specific proteases present in the
nucleus. Mol. Gen. Genet. 1997; 255 (3): 302-310.

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

58.

59.

60.

62.

63.

64.

65.

66.

Page 15 of 16

Richard E, Ratih P, Sarah T, Adam C, Craig C, Liz O. Cunjn Zhang, Ari
Sadanandom. Deubiquitinating enzymes AtUBP12 and AtUBP13 and their
tobacco homologue NtUBP12 are negative regulators of plant immunity.
New Phytol. 2011;191:92-106.

Jeong JS, Jung C, Seo JS, Kim JK, Chua NH. The deubiquitinating enzymes
UBP12 and UBP13 positively regulate MYC2 levels in Jasmonate responses.
Plant Cell. 2017;1406(6):1424-9.

Pan R, Kaur N, Hu J. The Arabidopsis mitochondrial membranebound
ubiquitin protease UBP27 contributes to mitochondrial morphogenesis.
Plant J. 2014;78(6):1047-59. https://doi.org/10.1111/tpj.12532.

Wyckoff GJ, Malcom CM, Vallender EJ, Lahn BT. A highly unexpected strong
correlation between fixation probability of nonsynonymous mutations and
mutation rate. Trends Genet. 2005;21(7):381-5. https://doi.org/10.1016/j.tig.2
005.05.005.

Sridhar V, Kapoor A, Zhang K, Zhu J, Zhou T, Hasegawa P, et al. Control of
DNA methylation and heterochromatic silencing by histone H2B
deubiquitination. Nature. 2007,735(7145):8-447.

Xu'Y, Jin W, Li N, Zhang W, Liu C, Li C, et al. UBIQUITIN-SPECIFIC PROTEASE
14 interacts with ULTRAVIOLET-B INSENSITIVE 4 to regulate
endoreduplication and cell and organ growth in Arabidopsis. Plant Cell.
2016;1200(5):1214-28.

Ahuja |, Ric CH. de Vos, bones AM, hall RD. plant molecular stress responses
face climate change. Trends in Plant Sci. 2010,664(12):674-15.

Le DT, Nishiyama R, Watanabe Y, Vankova R, Tanaka M, Seki M, et al.
Identification and expression analysis of cytokinin metabolic genes in
soybean under normal and drought conditions in relation to cytokinin
levels. PLoS One. 2012;8:€42411-7.

Walther D, Brunnemann R, Selbig J. The regulatory code for transcriptional
response diversity and its relation to genome structural properties in a.
thaliana. PLoS Genet. 2007;2:e11-3.

Fujii H, Chinnusamy V, Rodrigues A, Rubio S, Antoni R, Park S, et al. In vitro
reconstitution of an abscisic acid signaling pathway. Nature. 2009,660(7273):
664-462.

Chico JP, Fernandez-Barbero G, Chini A, Fernandez-Calvo P, Diez-Diaz M,
Solano R. Repression of jasmonate-dependent defenses by shade involves
differential regulation of protein stability of MYC transcription factors and
their JAZ repressors in Arabidopsis. Plant Cell. 2014;1967(5):1980-26.

Khan M, Mehar F, Per S, Anjum N, Khan N. Salicylic acid-induced abiotic stress
tolerance and underlying mechanisms in plants. Front Plant Sci. 2015; 6: 642.
Brand LH, Fischer NM, Harter K, Kohlbacher O, Wanke D. Elucidating the
evolutionary conserved DNA-binding specificities of WRKY transcription
factors by molecular dynamics and in vitro binding assays. Nucleic Acids
Res. 2013,9764(21):9778-41.

Gasteiger E, Gattiker A, Hoogland C, Ivanyi |, Appel RD, Bairoch A. EXPASy:
the proteomics server for in-depth protein knowledge and analysis. Nucleic
Acids Res. 2003;3784(13):3788-31.

Horton P, ParK KJ, Obayashi T, Fujita N, Harada H, Adams-Collier CJ, Nakai K.
WoLF PSORT: protein localization predictor. Nucleic Acids Res. 2007;35:
W585-W587.

El-Gebali S, Mistry J, Bateman A, Eddy SR, Luciani A, Potter SC, et al. The Pfam
protein families database in 2019. Nucleic Acids Res. 2019;427(1):432-8.
March E, Farrona S. Plant Deubiquitinases and their role in the control of
gene expression through modification of histones. Front Plant Sci. 2018;8:
2274-17. https.//doi.org/10.3389/fpls.2017.02274.

Parinita M, Utpal N. De-ubiquitinases on the move: an emerging field in
plant biology. Plant Biol. 2020,563(4):572-22.

Wang DH, Song W, Wei SW, Zheng YF, Chen ZS, Han D, et al.
Characterization of the ubiquitin C-terminal hydrolase and ubiquitin-specific
protease families in Rice (Oryza sativa). Front Plant Sci. 20189. https://doi.
0rg/10.3389/fpls.2018.01636.

Hu B, Jin J, Guo A, Zhang H, Luo J, Gao G. GSDS 2.0: an upgraded gene
feature visualization server. Bioinformatics. 2015;1296(8):1297-31.

Bailey TL, Boden M, Buske FA, Frith M, Grant CE, Clementi L, et al. MEME
SUITE: tools for motif discovery and searching. Nucleic Acids Res. 2009;202:
8-37.

Krzywinski M, Schein J, Birol I, Connors J, Gascoyne R, Horsman D, et al.
Circos: an information aesthetic for comparative genomics. Genome Res.
2009;1639(9):45-19.

Wang Y, Tang H, DeBarry JD, Tan X, Li J, Wang X, et al. MCScanX: a toolkit
for detection and evolutionary analysis of gene synteny and collinearity.
Nucleic Acids Res. 2012;40(7):e49.


https://doi.org/10.1038/nplants.2016.126
https://doi.org/10.1038/nplants.2016.126
https://doi.org/10.1111/tpj.12532
https://doi.org/10.1016/j.tig.2005.05.005
https://doi.org/10.1016/j.tig.2005.05.005
https://doi.org/10.3389/fpls.2017.02274
https://doi.org/10.3389/fpls.2018.01636
https://doi.org/10.3389/fpls.2018.01636

Zheng and Du BMC Genomics (2021) 22:541 Page 16 of 16

67. Chen C, Chen H, Zhang Y, Thomas HR, Xia R. Tbtools an integrative toolkit
developed for interactive analyses of big biological data. Mol Plant. 2020;
1194(8):1202-13.

68. Wang D, Zhang Y, Zhang Z, Zhu J, Yu J. KaKs_Calculator 2.0: a toolkit
incorporating gamma-series methods and sliding window strategies.
Genom Proteom Bioinformatics. 2010;77(1):80-8.

69. Lescot M, Déhais P, Thijs G, Marchal K, Moreau Y, Van D, et al. PlantCARE, a
database of plant cis-acting regulatory elements and a portal to tools for in
silico analysis of promoter sequences. Nucleic Acids Res. 2002,;325(1):327-30.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions k BMC




	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Identification of Populus DUB gene family
	Analysis of conserved domains, phylogenetic relationships, and classification of the poplar DUB family
	Gene structure and motif distribution of the poplar DUB family
	Expression profiling of poplar DUB family genes by RNA-sequencing
	Chromosomal distribution and synteny analysis of poplar DUB family genes
	Analysis of the putative promoter regions of the poplar DUB family genes
	Quantitative RT-PCR analysis of poplar DUB family genes in response to phytohormone treatments

	Discussion
	Expansion of the PtrUBP subfamily suggests functional diversification
	Expression patterns of poplar DUB family members indicate their potential roles in plant development
	Poplar DUB family members play an important role in phytohormone-related signaling response

	Conclusion
	Materials
	Identification of Populus trichocarpa DUB family members
	Determination of conserved domain and phylogenetic analysis
	Gene structure and motif analysis
	Chromosomal distribution and synteny analysis
	Putative promoter region analysis
	Plant materials treatment, RNA extraction and gene expression analysis
	Abbreviations

	Supplementary Information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

