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Abstract

Background: Domain of unknown function (DUF) proteins represent a number of gene families that encode
functionally uncharacterized proteins in eukaryotes. The DUF4228 gene family is one of these families in plants that
has not been described previously.

Results: In this study, we performed an extensive comparative analysis of DUF4228 proteins and determined their
phylogeny in the plant lineage. A total of 489 high-confidence DUF4228 family members were identified from 14

conservation.

land plant species, which sub-divided into three distinct phylogenetic groups: group |, group Il and group Ill. A
highly conserved DUF4228 domain and motif distribution existed in each group, implying their functional

To reveal the possible biological functions of these DUF4228 genes, 25 ATDUF4228 sequences from Arabidopsis
thaliana were selected for further analysis of characteristics such as their chromosomal position, gene duplications
and gene structures. Ka/Ks analysis identified seven segmental duplication events, while no tandemly duplication
gene pairs were found in A. thaliana. Some cis-elements responding to abiotic stress and phytohormones were
identified in the upstream sequences of the ATDUF4228 genes. Expression profiling of the ATDUF4228 genes under
abiotic stresses (mainly osmotic, salt and cold) and protein-protein interaction prediction suggested that some
ATDUF4228 genes are may be involved in the pathways of plant resistance to abiotic stresses.

Conclusion: These results expand our knowledge of the evolution of the DUF4228 gene family in plants and will
contribute to the elucidation of the biological functions of DUF4228 genes in the future.
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Background

Domains of unknown function (DUFs) are a large set of
families within the Pfam database that do not include any
proteins of known function [1]. In 1998, Chris Ponting
first named DUF1 and DUF2 and added them to the
SMART database. Subsequently, the functions of DUF1
and DUF2 were identified, and they have since been
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renamed the GGDEF domain and EAL domain, respect-
ively [1, 2]. In recent years, the number of DUF families
has increased rapidly due to the large number of species
genomes were sequenced. The Pfam database (version
32.0) now includes 17,929 families, almost 22% (3961 out
of 16,712) of which are populated by DUF families [3].

A DUF family will be renamed when the function of at
least one of its members has been experimentally deter-
mined, but the number of newly added DUFs is much
greater than that of renamed DUFs due to the develop-
ment of sequencing technology [4]. The DUF families
have been collected together in the Pfam database using
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the prefix DUF followed by a number, such as DUF1218
[5] or DUF1313 [6]. Some DUF families are widely dis-
tributed, and some are only found in bacteria or eukary-
otes [7].

Comprehensive genomic analysis enables researchers
to understand the origin, evolution, and biological func-
tions of a gene family. Although there have been numer-
ous reports on other gene families in plants, there have
been few reports of comprehensive genomic analyses of
DUF families. Such analyses have been reported for
DUF221, DUF810, DUF866, DUF936 and DUFI1618
from Oryza sativa [8-12], the DUF481 and DUF724
gene families from Arabidopsis thaliana [13, 14], and
DUF1313 genes from 81 photoautotrophic species [6].

DUFs have a variety of functions in plants, and recent
studies have shown that some DUFs play important roles
in plant abiotic stress responses. In A. thaliana, Xin's
results indicate that ESK1 (AT3g55990), which belongs
to the DUF231 gene family, is a novel negative regulator
of cold acclimation [15]. Another study in A. thaliana
showed that ABA-mediated drought stress was reduced
after suppressing the expression of ATRDUFI and ATR-
DUF?2 (both are RING-DUF1117 E3 ubiquitin ligases)
[16]. OsSIDP366, a DUF1644 gene from rice, positively
regulates responses to drought and salt stresses, with
transgenic rice plants overexpressing OsSIDP366 show-
ing enhanced drought and salinity tolerance [17]. OsSGL
confers enhanced drought tolerance in transgenic O.
sativa and A. thaliana, and several stress-responsive
genes were shown to be significantly altered in transgenic
rice [18]. Other DUF genes in O. sativa have also been
shown to be associated with abiotic stress, such as SIDP361
(DUF1644) [19], OsDSR2 (DUF96) [20] and OsDUF810.7
[10]. In Medicago truncatula, three members of the ST
family (DUF2275) are ubiquitous during development and
modulated by nutritional status (MtST1) and dehydration
(MtST2 and MtST3) [21]. Over-expression of TaSRHP, a
salt-induced gene containing a DUF581 domain, in wild-
type A. thaliana resulted in enhanced resistance to both
salt and drought stresses [22]. The functions of DUFs in
resisting abiotic stress have been reported not only in
model plants but also in other plants species. For example,
mutation of DUF1517 in A. thaliana resulted in enhanced
sensitivity to cold stress, while heterologous expression of
AmDUFI1517 in atdufi517 mutants significantly rescued
their cold-sensitive phenotypes [23]. LcFIN1, a DUF761 en-
coding gene from sheep grass, was shown to be directly
regulated by LcCBF1 and to enhance plant adaptation to
cold stress [24].

DUF4228 domain-containing proteins are exclusively
present in plant genomes. As of March 2019, a total of
2882 genes belonging to the DUF4228 family (Pfam ac-
cession: 14009) could be retrieved from 80 species in the
Pfam database. To date, only one DUF4228 gene from
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plants has been reported. MsDUF, a novel stress-
responsive gene belonging to the DUF4228 gene family
from Medicago sativa, may act as a negative regulator in
the control of seed vigour and responses to osmotic
stress in plants [25].

Thus far, there has been no systematic study on the evolu-
tion, classification of function of this family. In this study,
we performed a comprehensive analysis of the DUF4228
gene family in 14 representative land plant species, including
phylogenetic and conserved motif analysis. Furthermore, the
chromosomal distribution, gene duplication, cis-elements in
promoters and expression profiles under abiotic stresses
were analysed for 25 DUF4228 genes from A. thaliana to
reveal their possible biological functions.

The results obtained here will broaden our under-
standing of the roles of DUF4228 genes and provide a
framework for further functional investigation of these
genes under abiotic stress in plants.

Result

Identification of the DUF4228 gene family from plants

To investigate the copy number variation of the DUF4228
genes during plant evolution, a comprehensive search was
conducted for DUF4228 genes across plant lineages, includ-
ing 16 representative species from Chlorophyta, Bryophyta,
lycophytes, Gymnospermae and angiosperms (basal angio-
sperms, eudicots and monocots) (Additional file 1: Table S1).

HMM (Hidden Markov Model) searches were used to
identify candidate DUF4228 genes from plants. All of the
candidates and their encoded protein features are listed in
Table S2 (Additional file 2: Table S2). Then, the candidate
genes with low visibility and incomplete domains were re-
moved. For example, in A. thaliana and O. sativa, 28 and
39 candidate DUF4228 genes were initially identified from
the genomes through HMM searches, and three and five
genes, respectively, were excluded due to low domain
coverage. Finally, 25 and 34 DUF4228 genes with high con-
fidence were retained from these species (Additional file 2:
Table S2). In this study, no DUF4228 genes were identified
from two Chlorophyta, Volvox carteri and Chlamydomonas
reinhardtii, but a total of 489 high-confidence full-length
DUF#4228 genes were identified from 14 land plant species,
including the four major land plant lineages, of the bryo-
phytes, lycophytes, gymnosperms and angiosperms (Fig. 1
and Additional file 2: Table S2). These DUF4228 genes with
high confidence were used for the evolutionary analysis.

As shown in Fig. 1, the two less-advanced groups of
early land plants, mosses and lycophytes, contained fewer
DUF4228 genes than the other land plants included in this
study. Among these groups, the lycophyte Selaginella
moellendorffii harboured only three DUF4228 genes, rank-
ing last among 14 land plant species. In contrast, two
gymnosperms, Picea abies and Pinus taeda, presented the
most members of the DUF4228 gene family, with 91 and
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Species GroupI Group II Group II Total
Chlorophytes o Volvox carteri 0 0
L Chlamydomonas reinhardtii 0 0
Physcomitrella patens 4 0 14 18
Viridiplantae Bryophyte§.+

e Marchantia polymorpha 1 0 14 15

Lycophytes Selaginella moellendorffii 0 0 3 3

i i 44 26 91

Gym ﬁm: Picea abies 21
Pinus taeda 19 23 14 56
Oryza sativa 5 13 16 34
Monocots

Brachypodium distachyon 4 16 15 35

Zea mays 9 16 23 48

—o Medicago truncatula 6 6 17 29

——= Populus trichocarpa 12 10 30 52

——e Eucalyptus grandis 6 18 16 40

Angiospermae —=o Arabidopsis thaliana 4 8 13 25

Aquilegia coerulea 4 12 22

E UW Amborella trichopoda 4 13 21

[ I I I |
1600 900 600 300 o Time (MYA)

Fig. 1 The phylogeny of the 16 plants analysed in this study and the number of DUF4228 genes identified. The order of tree branches and
divergence time are derived from the TimeTree database (http://timetree.org/)

56 respectively. Among the nine angiosperms, the number
of DUF4228 genes ranged from 21 (Amborella trichopoda)
to 52 (Populus trichocarpa), which was greater than the
numbers in bryophytes and the pteridophytes lower than
that in gymnosperms. Overall, the number of DUF4228
genes increased significantly from bryophytes to gymno-
sperms and angiosperms.

Phylogenetic analysis and classification of the DUF4228
gene family

To reveal the evolutionary relationships of the DUF4228
genes among the 14 land plant lineages used in this study,
we constructed a phylogenetic tree via the maximum likeli-
hood method. The tree showed that these DUF4228 mem-
bers can be divided into three groups, group I, group II and
group III (Fig. 2 and Additional file 3: Figure S1). The num-
ber of DUF4228 genes in each plant species is listed in Fig. 1.
For example, in A. thaliana, there are 4, 8, and 13 genes in
group I, group II and group III, respectively. In O. sativa,
there are 5, 13 and 16 genes in these groups. In Fig. 2, 25
and 34 DUF4228 genes from A. thaliana and O. sativa are
labelled with black stars and triangles, respectively.

As shown in Fig. 1 and Fig. 2, in each of the plant spe-
cies included in this study, the number of DUF4228
genes belonging to group I was lowest among the three
groups, except in Pinus taeda. Therefore, among all 489
genes, the number of DUF4228 genes belonging to

group I (99/489) was significantly lower than the num-
ber in either group II (164/489) or group III (226/489).

The three DUF4228 genes from the lycophyte S. moel-
lendorffii all belonged to in group III, while the DUF4228
genes from Marchantia polymorpha and Physcomitrella
patens belonged to both group I and group III. In particu-
lar, the genes in group II came only from angiosperms
and gymnosperms, indicating that the DUF4228 genes be-
longing to group II are unique to Spermatophyta.

Most of the DUF4228 genes identified from the same plant
lineage were clustered together (Fig. 2 and Additional file 3).
For example, the DUF4228 genes from angiosperms were
clustered together and clearly separated from other plant lin-
eages. The DUF4228 genes from gymnosperms (blue lines)
were clearly clustered on a large branch together with those
from angiosperms, especially for group I and group II,
because both groups to Spermatophyta. Similarly,
among the angiosperms, the DUF4228 genes from
monocots and those from dicots were distinctly clus-
tered on different branches. These results indicate
that the evolutionary analysis of the DUF4228 genes
is in good agreement with the plant classification.

The DUF4228 domain and conserved motifs in DUF4228
family members

Detailed information on the domains of the 489 DUF4228
protein sequences was obtained using the HMMER website


http://timetree.org/

Yang et al. BMC Genomics (2020) 21:12 Page 4 of 16
p
Tree scale:1 —— o
///\ ‘ T
- {

Species G‘O\)Q

[l Bryophyta

[ Lycophytes /

W Gymnosperms
. Angiosperms

Fig. 2 Phylogenetic classification of DUF4228 genes in land plant lineages. A phylogenetic tree was constructed using the ML method with 1Q-
tree. Green lines represent bryophytes, pink lines represent pteridophytes, blue lines represent pteridophytes and red lines represent angiosperms.
Twenty-five and 34 DUF4228 genes in A. thaliana and O. sativa were labelled with black stars and triangles
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and the distribution of the DUF4228 domain was plotted
(Additional file 4: Figure S2). Among all 489 protein se-
quences used in this study, only the DUF4228 domain was
present. Most DUF4228 proteins presented just one
DUF4228 domain, but a few DUF4228 proteins from gym-
nosperms (Picea abies and Pinus taeda) presented 2 or 3
DUF4228 domains, such as PITA_000033628-RA, PITA_
000033731-RA, PITA_000027867-RA and MA_10427211g
0020. Among those proteins with only one DUF4228 do-
main, the DUF4228 domain occupied almost the total
length of the sequence of each protein.

To reveal the correlation between sequence variation
and evolutionary relationships, the 489 DUF4228 pro-
teins from the 14 land plants were compared to identify
the conserved motifs. The analysis of motifs which are
representing features such as DNA-binding sites and
protein interaction domains can help us to understand
the common features of gene family sequences, and
identify any novel conserved motif composition that
might not be recorded in public databases [26, 27]. A
total of 10 distinct conserved motifs were found, and the
sequence logos for the conserved motifs and their distri-
bution in each protein are illustrated in Fig. 3 and

Additional file 5. Overall, the number of motifs distrib-
uted in group III was lower than those in the other two
groups. Among the 10 conserved motifs, motif 1 was
present in all 489 DUF proteins, while motif 3, motif 4
and motif 6 were present in most DUF4228 proteins.
The distribution of the other motifs in the different
groups shows a certain degree of specificity. For example,
motif 2, motif 5 and motif 7 were mainly present in group
I and group II, while motif 8 was mainly present in group
III, and motif 10 was mainly present in group II. Most
DUF4228 members belonged to the same group (espe-
cially the most closely related members) and shared com-
mon motif compositions, indicating potential functional
similarities among these DUF4228 proteins. The distribu-
tion of the conserved motifs in the ATDUF4228 showed
the same motif pattern as all 489 DUF4228 sequences.
These specific motifs may also contribute to the functional
divergence of DUF4228 genes.

Chromosomal position, synteny analysis and gene
structure of ATDUF4228 genes in A. thaliana

In A. thaliana, the DUF4228 genes were widely distrib-
uted throughout the genome, but their distribution was
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uneven among chromosomes (Additional file 6: Figure
S4). There were 10 ATDUF4228 genes (40%) located on
Chr (chromosome) 1, which was the maximum number
found among all five chromosomes, while only 2 genes
(8%) were located both on Chr 2 and Chr 4. Among the
other ATDUF4228 genes, 4 (16%) and 7 (28%) genes
were located on chromosomes 3 and 5, respectively.

In addition, duplicate gene pairs were searched for syntenic
relationships using MCScanX [28]. As shown in Fig. 4, seven
segmental duplications events involving 14 ATDUF4228
genes (AT1G06980/AT2G30230, ATIG10530/ATIG60010,
ATIG21010/AT1G76660, AT2G23690/AT4G37240, AT3GO
3280/AT5G17350, AT3G10120/AT5G03890 and AT3G508
00/AT5G66580) were identified, but no tandemly duplicated
gene pairs were found. These results indicated that some
ATDUF4228 genes may have been generated by gene dupli-
cation and that segmental duplication events represent a
major driving force of ATDUF4228 evolution. The non-
synonymous (Ka) and synonymous (Ks) substitution values
and Ka/Ks ratios were calculated for the 7 identified dupli-
cated gene pairs and are listed in Table 1. If the value of Ka/
Ks equals 1, it indicates that genes are undergoing neutral
selection; if the value of Ka/Ks is greater than 1, it means that
genes are positively selected; if the value of Ka/Ks is less than
1, it shows that genes are undergoing purifying selection
[29]. As shown in Table 1, the Ka/Ks values of all 7 gene
pairs were less than 1, indicating that the ATDUF4228 gene
family experienced purifying selection pressure after the du-
plication events.

The exon-intron organization of the 25 ATDUF4228
genes was examined to investigate their structural diversity
(Additional file 7: Figure S5). Among all 25 ATDUF4228

genes, only 6 genes exhibited introns, while the other 19
included no introns. Among the 6 genes with introns, the
ATI1G71015 gene presented one intron, and AT5G67620,
AT5G62900, AT5G50090, ATIGI10530 and ATIG60010
presented two introns. Interestingly, these 6 genes all be-
long to group III.

Expression profiles of ATDUF4228 genes in different
tissues and developmental stages of A. thaliana

To investigate the differences in the expression of the
DUF4228 genes in A. thaliana, we analysed the expression
profiles of the ATDUF4228 genes in different tissues and
at various developmental stages based on microarray data.
Among 25 ATDUF4228 genes, 17 genes already had avail-
able microarray data and we could mine their expression
data.

The expression of ATDUF4228 genes in 36 different tis-
sues was investigated (Fig. 5a). The results showed that the
expression levels of the ATDUF4228 genes presented great
variability in different tissues. The expression of some genes
was higher in most tissues, such as AT1G76660, AT1G60010
and AT5G62900, while others showed lower RNA transcript
levels in most tissues, such as AT5G12340, AT1G64700 and
AT1G18290. Some genes showed higher RNA transcript
levels only in certain tissues; for example, the transcript level
of AT4G02090 was highest in the roots and root tips. In
some tissues, such as the protoplasts, roots, xylem and calli,
there were many genes with high RNA transcript levels.

The RNA transcript levels of ATDUF4228 genes at 10
different developmental stages were also investigated
(Fig. 5b). At most stages of development, the expression
of ATIG76660, ATIg60010 and AT5¢62900 was higher
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than that of the other genes; in contrast, the RNA
transcript levels of AT1G18290 and ATI1g64700 were
low at all stages. Several genes were expressed at high
levels during specific developmental stages; for in-
stance, AT1g29195, AT2g23690 and AT5g62900, were
upregulated only at the senescence stage. Distinct ex-
pression patterns may imply differences in the func-
tion of various ATDUF4228 genes.

Table 1 The Ka and Ks values of duplicated ATDUF4228 gene pairs

Stress-related cis-elements in ATDUF4228 promoters

To further explore the potential regulatory mechanism
of ATDUF4228 genes under plant hormone and abiotic
stress stimuli, PlantCARE was used to identify the puta-
tive cis-elements in their promoter regions. Nine cis-
elements, including five abiotic stress response elements
(ARE, cis-element essential for anaerobic induction;
MBS, MYB-binding site involved in drought-inducibility;

Duplicated gene paris Ka Ks Ka/Ks Duplication type Types of selection
AT1G06980/ AT2G30230 0.16 09 0.1778 Segmental Purify selection
ATIG10530/ AT1G60010 0.17 117 0.1453 Segmental Purify selection
ATIG21010/AT1G76660 0.22 0.95 0.2316 Segmental Purify selection
AT2G23690/ AT4G37240 0.19 0.83 0.2289 Segmental Purify selection
AT3G03280/ AT5G17350 0.16 1.13 0.1416 Segmental Purify selection
AT3G10120/ AT5G03890 03 0.7 04286 Segmental Purify selection
AT3G50800/ AT5G66580 0.15 1.39 0.1079 Segmental Purify selection
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LTR, cis-element related to lowtemperature; DRE,
cis-element related to dehydration, low temperature
and salt stresses; TC-rich repeats, cis-element in-
volved in defence and stress responsiveness) and four
plant hormone-responsive elements (ABRE, cis-element in-
volved in the abscisic acid responsiveness; CGTCAmotif,
cis-regulatory element involved in MeJA responsiveness;
ERE, ethylene-responsive element; TCA-element, cis-
element involved in salicylic acid responsiveness), were
analysed and are displayed in Additional file 8: Table S3
and Additional file 9: Figure S6. Overall, cis-elements
responsive to abiotic stresses and hormones were widely
present in the promoters of the ATDFU4228 genes, but
their distribution was not uniform. The promoters of
several genes contained fewer cis-elements, such as
ATI1GI18290, AT1G29195 and AT5G62900. Conversely,
abiotic stress and plant hormone-responsive cis-elements
were abundant in several ATDUF4228 genes, such as
AT5G66580, Atlg76660, AT3G50800 and ATIG28190.
The number of cis-acting elements in genes of different
subgroups was uneven, and there are more cis-elements in
most of the genes belonging to group I than in those of
groups II and III. In addition, among the 9 cis-elements,
ARE and ABRE were most frequently found in the pro-
moters of ATDUF4228 genes. The results suggested that
the expression of these ATDFU4228 genes could be regu-
lated by either abiotic stress or stress-related hormones.

Expression of ATDUF4228 genes under various abiotic
stresses

To investigate the RNA transcript levels of DUF4228
genes in the roots and aerial parts of A. thaliana seed-
lings, the expression of the ATDUF4228 genes was

detected under osmotic, cold and salt conditions using
qRT-PCR. A total of 16 ATDUF4228 genes were in-
cluded in the analysis because their expression patterns
were consistent across three independent biological
replicates.

gqRT-PCR analysis revealed distinct expression patterns
among some of the ATDUF4228 genes in the roots and
aerial parts under osmotic stress (Fig. 6). Compared with
the control, the RNA transcript levels of some genes were
significantly induced or inhibited after osmotic treatment.
The RNA transcript levels of AT1G10530, AT1G28190 and
AT5G67620 were increased significantly in both the roots
and aerial parts after osmotic treatment. Conversely, the
RNA transcript levels of other genes, such as AT2G23690,
were significantly downregulated. Some genes showed dif-
ferent expression patterns in the roots and aerial parts after
treatment. For example, compared to the control, the tran-
script levels of AT1G21010 and AT1G29195 in the roots
remained unchanged after treatment, but in aerial tissues,
they were upregulated. In contrast, the RNA transcript level
of AT1G71015 was reduced in the roots but increased in
aerial parts.

The expression patterns of the ATDUF4228 genes under
cold treatment are shown in Fig. 7. The RNA transcript
levels of AT1G21010, AT1G28190, AT4G02090, AT5G62900
and AT5G67620 in aerial parts were significantly increased
after cold treatment. The RNA transcript levels of other
genes were significantly downregulated compared to the con-
trol, such as AT1G28190 and ATIG71015 in the roots,
ATIG29195 in aerial parts, AT1G60010 and AT2G23690 in
both root and aerial tissues.

The expression patterns of the ATDUF4228 genes
under NaCl treatment were also investigated, and similar
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Fig. 6 Expression profiling of ATDUF4228 genes under drought stress. The error bars represent the means of three technical replicates + SD.
Statistically significant differences from the control group are indicated as *P < 0.05; **P < 0.01
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Fig. 7 Expression profiling of ATDUF4228 genes under cold stress. The error bars represent the means of three technical replicates + SD.
Statistically significant differences from the control group are indicated as *P < 0.05; **P < 0.01




Yang et al. BMC Genomics (2020) 21:12

to the results under osmotic and cold treatment, different
genes presented different expression patterns (Fig. 8). The
RNA transcript levels of the AT1G10530, AT4G02090,
AT5G03890 and AT5G67620 genes were significantly up-
regulated in root and aerial tissues. In contrast, the RNA
transcript levels of AT2G23690 and ATS5G66580 were
significantly downregulated after NaCl treatment.

We also found that the expression of some genes, such
as AT4G02090 and AT5G50090 significantly changed in
the control samples (especially in the aerial part). This
suggests that the expression of these genes may be regu-
lated by circadian rhythms.

Protein interaction network of ATDUF4228 proteins

Due to the limited information on the DUF4228 family,
protein-protein interaction analysis with other proteins was
performed to predict their function in biological processes.
In this study, 17 potential protein interaction networks were
identified for 25 ATDUF4228 proteins using the STRING
search tool with default parameters (Additional file 10:
Figure S7) [30]. As shown in Additional file 10: Figure S7,
although the predicted networks for the ATDUF4228 pro-
teins were mainly obtained based on text-mining and co-
expression analysis, the networks of some of the proteins,
such as AT1G10530, AT1G21010, AT1G29195, AT1G
60010, AT3G5080, were indeed based on experimental
determination or gene fusions.

Several ATDFU4228 proteins interact with some of the
abiotic stress-related proteins that have been reported. For
example, AT1G21010 and AT1G29195 interact with pro-
tein phosphatase 2A; AT1G28190 interacts with WRKY15
and ATL6; AT1G76660 interacts with WRKY40 and
CML38; AT5G17350 interacts with AT1G27730 (ZAT10)
and AT2G30020 (AP2C1). These interactions indicated
that some ATDUF4228 proteins might be involved in abi-
otic stress tolerance.

Discussion

Rapid growth of biological sequence databases has accom-
panied the development of high-throughput genomic and
sequencing techniques [7]. At the same time, the fraction
of DUF gene families in Pfam entries has increased over
the past decade [3]. The identification of the biological
functions of a large number of DUF family genes is a huge
challenge. Many studies have shown that genome-wide
identification and expression analysis can help researchers
to understand the origin, diversity and biological functions
of these DUF gene families [31, 32].

Number, expansion and evolution of the DUF4228 genes
in land plants

The distribution and number of the DUF4228 gene family,
encoding domains of unknown function, have not been pre-
viously reported in plants. In this study, DUF4228 genes were
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identified in 14 land plants but were not present in the two
algae (Fig. 1 and Additional file 2: Table S2). This result sug-
gests that the DUF4228 genes may have originated in land
plants. The colonization of the land by plants was one of the
most significant events in the history of the Earth [33]. The
evolution of land plants involved significant transformations
of body plans and genomes [34]. The bryophytes (liverworts,
mosses, and hornworts) comprise the earliest-diverging land
plant lineages [33, 35]. In this study, DUF4228 genes were
identified in bryophytes but not in algae. This result suggests
that the DUF4228 gene may have arisen when plants colo-
nized the land and could be related to plant adaptation to
the terrestrial environment.

The number of DUF4228 genes in gymnosperms and an-
giosperms is significantly greater than that in bryophytes
and lycophytes, suggesting that the DUF4228 gene family
has undergone expansion during plant evolution. Notably,
gymnosperms not only exhibit the greatest abundance of
high-confidence DUF4228 genes among the 14 investigated
land plants but also present a much greater number of can-
didate genes with domain coverage of less than 70% than
the other plants (Fig. 1 and Additional file 2: Table S2). The
number of DUF4228 genes in different species is positively
correlated with genome size, except in S. moellendorffii
(Additional file 1: Table S1). We also found that the
percentage of DUF4228 genes among the total number of
genes was similar among 12 plant species, with the exception
of S. moellendorffii. The percentage of DUF4228 genes in the
total number of genes in gymnosperms was not significantly
higher than that in angiosperms (Additional file 1: Table S1).
Because gymnosperms exhibit a larger genome and greater
number of genes than angiosperms, the number of
DUF4228 genes in gymnosperms is significantly higher than
that in angiosperms. This expansion of DUF4228 genes may
primarily be associated with the increase in the genome size
and the total number of predicted genes. Because of relatively
high bootstrap support (98, 100 and 72%, respectively), a
total of 489 high-confidence DUF4228 genes from 14 land
plants were divided into three subfamilies through phylogen-
etic analysis (Fig. 2 and Additional file 3: Figure S1). In con-
trast to the situation in angiosperms, the DUF4228 genes
arising from the expansion that occurred in gymnosperms
mainly belong to groups I and II, whereas the number in
group III is not significantly greater (Figs. 1 and 2). The genes
belonging to group II come only from angiosperms and
gymnosperms, and can be clearly divided into two sub-
groups. Group III can also be divided into two subgroups.
Most of the DUF4228 genes from bryophytes are at the base
of each group or subgroup in the evolutionary tree (Fig. 2).

ATDUF4228 genes respond to abiotic stresses in A.
thaliana

To understand the potential biological functions of
DUF4228 genes in plants, the RNA transcript levels of
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Fig. 8 Expression profiling of ATDUF4228 genes under salt stress. The error bars represent the means of three technical replicates + SD.
Statistically significant differences from the control group are indicated as *P < 0.05; **P < 0.01
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ATDUF4228 genes after osmotic, cold and salt treatment
was further tested in A. thaliana (Figs. 6, 7, 8). The
ATDUF4228 genes showing significantly altered expres-
sion (fold change>2) after osmotic, cold and salt treat-
ment are listed in Additional file 11: Table S4. The
expression patterns of the different groups DUF4228
genes presented no obvious regularity. Overall, the num-
ber of genes that was upregulated was slightly higher
than the number of genes that was downregulated. How-
ever, in the roots, a total of 9 ATDUF4228 genes showed
significant changes in expression after cold treatment, 8
of which were downregulated.

Expression analysis revealed that some genes are in-
duced or inhibited by abiotic stress, such as AT1G10530,
ATI1G21010, AT1G28190, AT1G29195, AT1G60010, AT
1G71015, AT2G23690, AT4G02090, AT5G03890 ATS5G
62900, AT5G66580 and AT5G67620 (Figs. 6, 7, 8 and
Additional file 11: Table S4). Amongthese genes,
AT1G71015 is homologous to MsDUF (JX183734)
which has been reported in Medicago sativa, and its
expression level is regulated by cold and drought [25].

In addition, the investigation of cis-acting elements in
promoters and protein-protein interaction analysis can
also provide clues for further studying the biological
functions of genes. The ATDUF4228 genes, that not
only responded to abiotic stresses but are also predicted
to interact with stress-related proteins were selected for
analysis.

The RNA transcript levels of AT1G21010 and AT1G29195
changed significantly after abiotic stress. Under cold and
osmotic stress, the expression of the AT1G21010 gene was
significantly upregulated in aerial parts (Figs. 6, 7). The ex-
pression of the AT1G29195 gene in aerial tissues was upreg-
ulated under salt stress and osmotic stress, while its
expression was significantly downregulated under cold stress
(Figs. 6, 7, 8). Protein-protein interaction analysis showed
that AT1G21010 and AT1G29195 may participate in PP2A-
mediated pathways through interaction with ATB’ DELTA
(AT3G26030, protein phosphatase 2A regulatory subunit
isoform B’ delta) and PP2AA3 (AT1G13320), respectively
(Additional file 10: Figure S7). Many reports have shown that
PP2A plays important roles in biotic and abiotic stress signal-
ling pathways in plants [36—38], implying that AT1G21010
and AT1G29195 may be involved in the response to abiotic
stress in plants through interaction with PP2A. In addition,
there are 4 ABRE cis-acting elements in the promoter of
AT1G21010, indicating that it may be associated with an
ABA-dependent signalling pathway (Additional file 9: Figure
S6). Another DUF4228 gene in A. thaliana, AT1G10530,
was found to be induced by osmotic and NaCl and to inter-
act with ATB’ DELTA, similar to AT1G21010.

The RNA transcript levels of AT5G67620 in aerial tis-
sues was increased under osmotic, cold and NaCl treat-
ment (Figs. 6, 7, 8). Protein-protein interaction analysis
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showed that AT5G67620 interacts with two proteins,
AT4G24840 and AT3G08530 (Additional file 10: Figure
S7), and the interaction between them has been verified
with yeast two-hybrid array [39]. AT3G08530, a CHC2
heavy chain subunit of clathrin, is involved in vesicle-
mediated trafficking. A mutant of AT3G08530 shows
increased drought tolerance due to defects in stomatal
movement [40]. These findings indicate that At5G67620
may participate in the movement of the stomata via
interacting with AT3G08530.

The RNA transcript levels of AT1G28190 was increased
after the osmotic, cold and NaCl treatments (except in the
roots after cold treatment) (Figs. 6, 7, 8). Several proteins
that interact with AT1G28190 are related to plant stress re-
sistance (Additional file 10: Figure S7). For example,
ATMYBI15 (AT2G23320) modulates plant growth and salt/
osmotic stress responses [41]. ATL6 (AT3G05200) is a key
component of both C/N regulation and the defence re-
sponse and is involved in the immune response system in A.
thaliana [42]. XLG2 (AT4G34390) acts as a positive regula-
tor of resistance to pathogens that triggers the salicylic acid
pathway [43]. Four TCA elements, involved in salicylic acid
responsiveness, were found in the promoter region of
AT1G28190, which was the greatest number among the 25
ATDUF4228 genes (Additional file 9: Figure S6). These re-
sults suggest that AT1G28190 may be involved in the signal-
ling pathway of the salicylic acid response.

In addition to controlling abiotic stress responses, the
analysis of protein-protein interactions revealed that
some ATDUF4228 genes may be involved in the growth
and development of plants. For example, as shown in
Additional file 10: Figure S7, AT1G60010 interacts with
BBX16 (COL7, AT1G73870). BBX16 is a critical factor
linking light perception to changes in auxin levels in A.
thaliana and increases branching number under a high
R:FR [44, 45].

The results of this study shed light the potentially im-
portant role played by DUF4228 genes in plant resist-
ance to abiotic stress.

Conclusions

In this study, 489 DUF4228 genes were identified in 14
high-quality genomes of land plants for the first time,
and a comprehensive analysis of phylogenetic relation-
ships and conserved motifs was carried out. The 489
DUF4228 genes can be divided into three groups, among
which group II may be unique to Spermatophyta.

A total of 25 DUF4228 genes were identified in A.
thaliana. Furthermore, the chromosomal locations, gene
duplications, cis-elements and expression patterns of the
ATDUF4228 gene family members were investigated.
According to analyses of expression, protein interactions
and responsive cis-elements, some DUF4228 genes in A.
thaliana may be related to the plant responses to abiotic
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stress, such as AT1G21010, AT1G28190, AT1G29195
and AT5G67620.

Methods

Data retrieval and identification of DUF4228 genes

In this study, we identified DUF4228 candidate genes
from 16 representative plants. The protein databases were
downloaded from the Phytozomel2 [46] (Volvox carteri,
Chlamydomonas reinhardtii, Marchantia polymorpha,
Physcomitrella patens, Selaginella moellendorffii, Ambor-
ella trichopoda, Oryza sativa, Brachypodium distachyon,
Zea wmays, Medicago truncatula, Eucalyptus grandis,
Populus trichocarpa, Aquilegia coerulea, and Arabidopsis
thaliana) and ConGenlE [47] (Picea abies and Pinus
taeda). Detailed genomic information for the 16 plants in-
cluded in this study is listed in Additional file 1: Table S1.

To identify the DUF4228 gene family members in
plants, a profile hidden Markov model (pHMM) of the
DUF4228 (Pfam: PF14009) domain was downloaded
from Pfam 31.0 [48]. Hmmsearch (HMMer package ver-
sion3.1bl) was used to search DUF4228hmm against
the protein sequences from each plant genome [49]. To
ensure search reliability, domain hits beyond the gather-
ing threshold (E-value le '°) were filtered out before
downstream analysis. For gene loci with multiple pre-
dicted isoforms, the primary isoform was used if the
primary isoform annotation was available; otherwise, the
longest protein was used. The Pfam databases were
employed to confirm DUF4228 domains in the candidate
proteins. To ensure the search reliability, domain hits
beyond the gathering threshold (E-value le™'°) and
those with less than 70% coverage were filtered out
manually before downstream analysis.

The Compute pI/MW tool of the ExPASy server (http://
web.expasy.org) was used to calculate the molecular
weight (MW) and theoretical isoelectric point (pI) of the
DUF proteins [50]. The WoLF PSORT program (https://
wolfpsort.hgc.jp/) was used to predict protein subcellular
localization [51].

Phylogenetic analysis and conserved motif analysis
The amino acid sequences of the DUF4228 genes identified
from 14 plants were subjected to alignment by Clustal\
with default settings [52]. Phylogenetic analyses were con-
ducted by using the maximum likelihood (ML) method.
First, the ML estimation used the best-fitting model of se-
quence evolution as determined by ModelFinder [53].
Then, IQ-TREE was used to infer the ML tree with 1000
bootstraps replicates for alignment [54, 55]. All phylogen-
etic trees were edited and displayed with the online tool
iTOL [56].

MEME software v5.0.5 (http://memesuite.org/tools/
meme) was employed to identify conserved motifs with
the default parameters, except that the maximum number
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of motifs was set to 10 [27]. The map was redrawn with
Thbtools [57].

Chromosomal distribution, gene duplication and gene
structure

Circos (version 0.63) (http://circos.ca/) was used to
visualize the chromosomal locations and synteny relation-
ships of ATDUF4228 genes from A. thaliana [58]. The
Multiple Collinearity Scan toolkit (MCScanX) (http://
chibba.pgml.uga.edu/mcscan2/) was adopted to analyse
gene duplication events [28]. The non-synonymous (Ka)
and synonymous (Ks) substitutions of each duplicated
ATDUF4228 genes was obtained from PGDD [59]. The
exon/intron organization of the ATDUF4228 genes was
visualized by comparing the cDNA sequences with their
corresponding genomic DNA sequences using the Gene
Structure Display Server 2.0 (GSDS, http://gsds.cbi.pku.
edu.cn) [60].

Analysis of cis-elements in ATDUF4228 gene promoters
The upstream sequences (2000 bp) of the ATDUF4228-cod-
ing sequences were retrieved from the A. thaliana Informa-
tion Resource (TAIR) and then submitted to the PlantCARE
program (http://bioinformatics.psb.ugent.be/webtools/plant
care/html/) [61]. Nine putative cis-elements were investi-
gated in this study, and the mapping of their distribution in
the promoters of the ATDUF4228 genes was illustrated
using IBS1.0.3 [62].

Gene expression analysis with microarray data

The microarray-based expression profiles of the ATDUF4228
genes were retrieved from publicly available Affymetrix
microarray data. Expression patterns were mined from 29
different tissues and 10 developmental stages of A. thaliana
by retrieving the log,-transformed Affymetrix data from the
respective arrays and generating a heatmap using the Gene-
vestigator database tool [63].

Abiotic stress treatments, RNA isolation and qRT-PCR

The methods for the preparation of the A. thaliana
(Col-0) seedlings referred to previous studies with minor
modifications [64, 65]. The wild-type seeds were sown
on %MS plates with 0.75% agar. After stratification for 3
days at 4°C, the plates were transferred to a plant cul-
ture room (16 h/8 h day/night cycles at 22°C) for the
following abiotic stress treatments.

For cold stress, different sets of plates containing 14-
day-old seedlings were placed in incubators set at 4°C
for 0, 1, 3, 6, 12 or 24 h. For osmotic or salinity treat-
ment, the 14-day-old seedlings were transferred to %2MS
liquid medium supplemented with 150 mM NaCl (salt
stress) or 300 mM mannitol (osmotic stress), and the dif-
ferent stresses were applied for 24 h. A fresh medium-
only control was conducted in parallel. Samples of the
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stress-treated and non-stressed plants were collected at
the indicated times after 3h of light exposure. After
treatment, the roots and the aerial parts of the seedlings
were harvested separately, and 40 A. thaliana seedlings
were randomly mixed at each treatment time and frozen
immediately into liquid nitrogen.

qRT-PCR was performed according to our previously
reported methods [66]. In brief, total RNA was isolated
using a total RNA extraction kit (Tiangen, China). The
quality and quantity of the RNA was evaluated by using
agarose gel electrophoresis and a Quawell micro volume
spectrophotometer (Q5000, USA), respectively. Then,
1pg of total RNA after DNase I digestion was reverse
transcribed into ¢cDNA using the PrimeScript™ II 1st
Strand ¢cDNA Synthesis Kit (TaKaRa, Japan). The cDNA
was amplified using a QuantiNova SYBR Green PCR Kit
(QIAGEN, Germany) with a Roche LightCycler 480 Real
Time PCR system (Roche, Switzerland). The thermal
cycling program was 95 °C for 2 m, followed by 40 cycles
of 95°C for 55, and 60 °C for 10s. The melting curves
were analysed at 60-95°C after 40 cycles. All qRT-PCR
assays were carried out with three technical replicates.
The relative RNA transcript levels of the ATDUF4228
genes were calculated according to the 27T method
[67]. The ATEFla (AT5G60390) gene was chosen as the
reference gene for the qRT-PCR analysis. All primers
used in this study are listed in (Additional file 12: Table
S5). Each entire experiment was repeated three times
independently. The ATDUF4228 genes with consistent
expression patterns across three independent biological
replicates were included in the subsequent analysis.

Protein-protein interaction analysis

Because some ATDUF4228 genes were found to be induced
or inhibited by various abiotic stresses, we were interested in
determining their interactions with other genes. The
Protein-protein interaction (PPI) networks were identified in
A. thaliana using the STRING search tool (version11.0)
(https://string-db.org/) with default parameters [30].

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/512864-019-6389-3.

Additional file 1: Table S1. Information on the species and their
genomes used for DUF4228 gene identification.

Additional file 2: Table S2. List of DUF4228 genes included in this
study and the features of their encoded proteins. Those DUF4228
proteins with a domain coverage of less than 70% are labelled in yellow.
The genes are marked in red because some amino acid residues in their
protein sequence are represented by “X".

Additional file 3: Figure S1. Details of the phylogenetic classification
of DUF4228 genes in land plant lineages. Phylogenetic tree was
constructed using the ML method with 1Q-tree. Green lines represent
bryophytes, pink lines represent pteridophytes, blue lines represent
gymnosperms and red lines represent angiosperms.
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Additional file 4: Figure S2. Distribution of the DUF4228 domain in
the DUF4228 proteins of plants.

Additional file 5: Figure S3. The motif compositions of DUF4228
proteins in plants. Motifs conserved across DUF4228 proteins were
identified through MEME analysis.

Additional file 6: Figure S4. The distribution of ATDUF4228 genes on
the chromosomes. The chromosomal position of each ATDUF4228 gene
was mapped according to the genome of A. thaliana. The chromosome
number is indicated at the top of each chromosome.

Additional file 7: Figure S5. Exon-intron structure of the ATDUF4228
genes. Yellow boxes: exons; blue boxes: UTRs; black lines: introns. The
lengths of the boxes and lines are scaled based on gene length.

Additional file 8: Table S3. Number and location of abiotic stress- and
hormone-responsive cis-elements present in the promoter regions of
ATDUF4228 genes.

Additional file 9: Figure S6. Promoter analyses of ATDUF4228 genes.
The promoter sequences (2 kb upstream of ATG) of the 25 ATDUF4228
genes were analysed by PlantCARE. Cis-elements responsive to abiotic
stresses and plant hormones are indicated in different colours and
shapes.

Additional file 10: Figure S7. Protein-protein interaction network of
ATDUF4228 proteins. In the network generated by STRINGV9.1, each node
represents a protein and each edge represents an interaction, coloured
by evidence type.

Additional file 11: Table S4. Summary of ATDUF4228 genes with
significantly altered expression (fold change=2) after osmotic, cold and
salt treatment. “up” indicates upregulated expression with a minimum 2-
fold change compared with the control. “down” indicates downregulated
expression with a minimum 2-fold change compared with the control. -
indicates no obvious change detected.

Additional file 12: Table S5. All primers used in this study.
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