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Abstract
Background: GRAS proteins comprise a large family of transcription factors that experienced extensive
replication, and play important roles in many aspects of growth regulatory and environmental signals.
However, limited information was available about the GRAS genes in sea buckthorn of Elaeagnaceae. We
perform a genome-wide investigation into the expansion model and tissue expression pro�ling of sea
buckthorn GRAS genes based on the comparative genomes methods.

Results: In this study, 62 sea buckthorn GRAS (HrGRAS) genes were identi�ed and renamed based on
their respective chromosome distribution. Fifty-nine HrGRASs were further classi�ed into nine subgroups
and three HrGRASs did not belong to any of the subfamilies according to their phylogenetic features.
HrGRAS genes tend to have a representative GRAS domain, few introns and unevenly distributed on
chromosomes. Collinear homology dotplot and the median synonymous substitution sites of collinearity
blocks distinguished gene pairs with different duplication models and found that segmental duplication
was the main driver of the GRAS gene family expansion in sea buckthorn, followed by whole genome
duplication and tandem duplication. The all gene pairs from the different duplication models may
experience strong purifying selection pressure during evolution processes according to the Ka/Ks ratios.
Expression pro�les derived from transcriptome data exhibited distinct expression patterns of HrGRAS
genes in various tissues and fruit developmental stages. The interaction network analysis of HrGRAS
protein found that some HrGRAS proteins interacted with more proteins and retained more copies in sea
buckthorn, which indicate that the products of these genes play more important roles in the growth and
development of sea buckthorn.

Conclusions: Sea buckthorn GRAS gene family was �rst comprehensively analyzed in this study. This
systematic analysis provided a foundation to further understand the expansion and potential functions
of GRAS genes with an aim of sea buckthorn crop improvement.

Background
Sea buckthorn, a perennial woody plant, is a unique and valuable plant currently cultivated in various
parts of the world, naturally distributed widely in China, Mongolia, Russia, and most parts of North Europe
and also introduced in North and South America [1]. With the development of sea buckthorn resources, in
addition to its ecological protection and food production, it has also begun to be widely used in medicine
[2–4]. GRAS proteins play important roles in many aspects of growth regulatory and environmental
signals [5, 6]. Considering the important role played by sea buckthorn in daily life and the importance of
the GRAS gene family, it is necessary to investigate the GRAS genes in sea buckthorn to improve breeding
for plant resistance and fruit yield. There have been no reports of sea buckthorn GRAS genes, although
these proteins play important roles in the regulation and growth of plant.

The GRAS transcription factors are a large family in higher plants, whose name was derived from the
three originally identi�ed genes: GAI, RGA and SCR [7, 8]. An obvious feature of the GRAS proteins is that
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there are very conserved sequence in their C-terminus, including the motifs of LHR I, VHIID, LHR II, PFYRE
and SAW [9, 10]. The function of continuous conserved motifs in the C-terminal region has been reported
in many studies, which may help maintain the common gene function of members of the GRAS gene
family. In contrast, N-terminus of GRAS proteins varies in length and sequence except for two motifs
(DELLA and TVHYNP) characterized for the proteins in DELLA subgroup, which may be a major factor in
the functional speci�city of each gene [9, 11].

GRAS genes have been characterized in a large number of species, and the many roles they play in plant
growth and development have also been identi�ed [6, 12–14]. The GRAS genes in plants such as plum,
tomato, and corn are divided into eight to 16 subfamilies, although the members of this gene family in
Arabidopsis and rice are classi�ed into eight subfamilies, which indicating new subfamilies may exist in
plants without GRAS gene identi�cation [15]. In gene function, AtSCR may help maintain cellular status in
radial pattern formation of root and shoot, and similar functions may also exist in the surrounding initial
cells [16]. AtGAI, AtRGA and AtRGL have been found to inhibit the transfer of GA signals [17]. AtSCL13
has been shown to be involved in plant phytochrome-B (phyB) signal transduction [18], and three genes
(PAT1, SCL5 and SCL21) from the same PAT1 subfamily can regulate plant growth and development by
in�uencing the phytochrome-A (phyA) signaling pathway [6]. The OsMOC1 from the rice GRAS gene
family has been shown to affect rice tillering, which is crucial for affecting rice yield [19]. The function of
the GRAS genes in many plants needs to be further elucidated, although they have some functional
characteristics in model plants.

Sea buckthorn is a unique and valuable plant which has tremendous value for medical researching,
ecological protection and providing daily necessities [4, 20, 21]. To date, transcription factor families,
such as WRKY have already been identi�ed and characterized in sea buckthorn, although the gene family
analysis based on transcriptome [22]. However, GRAS genes in sea buckthorn and their functional
speci�city have not been characterized. We conduct a genome-wide analysis for the GRAS gene family
and explore the crucial function these genes play in the physiological processes and adaption to
environment based on the genome we have sequenced. Here, we describe on the �rst characterization of
the entire GRAS gene family of transcription factors in sea buckthorn. This work identi�ed 62 HrGRAS
genes, with analyzing the basic property, gene classi�cation, phylogenetic comparison, gene structure
and motif composition. In addition, we identi�ed duplication models of the GRAS genes by colinearity
analysis within the sea buckthorn genome and with Arabidopsis and grape. Finally, the expression pattern
of sea buckthorn GRAS genes in different tissues and fruit developmental stages was investigated. This
study provides details to further illuminate the expansion and functional characterization of GRAS genes
in sea buckthorn.

Results

Genome-wide identi�cation of GRAS gene family in sea
buckthorn and sequence analysis
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We found 62 non-redundant GRAS gene family members in sea buckthorn. All of GRAS genes could be
mapped on the chromosomes and were renamed from HrGRAS1 to HrGRAS62 based on their order on the
chromosomes (Additional �le 1). The molecular mass and length of HrGRAS proteins varied greatly, with
MWs ranging from 43.8 to 89.7 KDa and length from 384 to 806 aa. The average theoretical pI was 5.76,
implying that most HrGRAS proteins were weakly acidic. Most (57 of 62) HrGRAS proteins had an
instability index of more than 40, which means they were considered unstable, while a few (5 of 62) were
predicted as stable. All HrGRASs were considered hydrophilic because the less GRAVY value (< 0) of each
protein. The aliphatic indices of HrGRAS proteins range from 70.46 to 100.09, and most GRAS proteins
contained many aliphatic amino acids.

Phylogenetic analysis, classi�cation and functional
characterization of HrGRAS family
The full-length GRAS proteins of three species (sea buckthorn, Arabidopsis and rice) were used to perform
phylogenetic analysis in order to reveal the evolutionary relationship among HrGRAS proteins and their
classi�cations. An unrooted phylogenetic tree was constructed (Fig. 1), demonstrating that most GRAS
proteins could be classi�ed into nine distinct subfamilies based on clade support values and
classi�cation from Arabidopsis and rice. They were termed as DELLA, PAT1, SCL3, SHR, SCR, LISCL,
HAM, LAS and DLT, respectively. It was to be expected that no protein was classi�ed into the Os4
subfamily, which was considered unique to rice in previous studies. Three HrGRAS proteins did not
belong to any of the subfamilies.

Highly similar sequences tend to have highly similar structures and functions. Therefore, the function of
HrGRAS proteins could be predicted based on the phylogenetic tree. Considering the important role of
AtPAT1 and AtSCL13 in phytochrome A and phytochrome B signaling pathway, respectively, the HrGRAS
proteins in this subfamily were predicted that associate with phytochrome signal transduction. In
previous reports, AtSHR and AtSCR proteins played an important role in root and shoot radial patterning,
which meant that HrGRAS proteins in this subfamily may possess the similar functions. Given that the
function analysis of the proteins in LAS and DLT subfamilies, we reasonably speculate that the HrGRAS
members in these subfamilies very likely participated in the regulation of the initiation of axillary
meristems and brassinosteroid signal pathway, respectively.

Gene structure and motif composition of HrGRAS gene
family
We examined the genetic structure of GRAS family to gain a deeper understanding of its evolution in sea
buckthorn. As exhibited in Fig. 2, Most HrGRAS proteins contained very few introns (0 or 1). HrGRAS31
had up to seven introns, while the number of introns for other genes was no more than three. Of the 26
GRAS genes that contained introns, 17 had introns between UTRs, and no introns were adjacent to the
DELLA proteins. The intron phase was also analyzed that almost all introns of the HrGRAS genes were
phase 0, showing the extreme conserved. Most (55 of 62) of these proteins contained a representative
GRAS domain (PF03514.11), while others contained two these domains.
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According the motif analysis results from the MEME(http://meme-suite.org/), we constructed a
representation of all HrGRAS proteins structures. As shown in Fig. 3B, most motifs were widely distributed
in the HrGRAS genes, for example, motifs 1, 3, and 5 were distributed in all HrGRAS genes. At the same
time, we also found that HrGRAS proteins in the same group share similar motif composition, for
example, there was no motif 2 in each members of the HAM subfamily. The highly similar motif
distributions were con�rmed in clustered HrGRAS pairs, likey HrGRAS7 / 8, HrGRAS29 / 30. There were
similar motif arrangement among HrGRAS proteins in the same subgroups which showing some
conservative in a speci�c subfamily. The role these conserved motifs played in the growth of organisms
was unclear and needed to further research. The group's classi�cation was strongly supported by the
similarity of motif composition and structure in the same subfamily, as well as the results of phylogenetic
analysis ( Fig. 3A ).

Collinearity and duplication models analysis of HrGRAS
Gene
Considering the duplication events played an important role in the occurrence of novel functions and
gene family expansion, we analyzed the duplication events of HrGRAS genes in sea buckthorn genome in
order to determine the duplication type of HrGRAS genes. The HrGRAS genes were unevenly distributed
on the 10 sea buckthorn chromosomes except Chr8 and Chr9 (Fig. 4). The largest number of GRAS genes
was mapped to Chr2. Three pairs of tandem duplicated genes located on Chr2, Chr5 and Chr11, while
other HrGRAS genes considered to originated from segmental duplications or whole genome duplication
(WGD), apart from 15 HrGRAS genes were considered to be dispersed.

Furthermore, Microsynteny analysis was employed within sea buckthorn genome to distinguish the
HrGRAS genes originated from the whole-genome duplication or segmental duplication (Additional �le 2).
By marking the median value of synonymous substitution sites (Ks) of collineartiy blocks on the
homologous dotplot and the complementary characteristics of the collinear blocks, we could �nd those
blocks formed by the WGD, especially the longer blocks (Fig. 5). In fact, if allowing the longer blocks to
absorbed their nearby smaller blocks, which could have been produced by genomic fractionation, we
would con�rmed more blocks originated from WGD, even if the WGD event of sea buckthorn was unclear.

By integrating the results of collinearity analysis, we �nally identi�ed the duplication types of GRAS
genes, including tandem, WGD, and segmental duplication (Additional �le 3), which showing that
segmental duplication and WGD played a more prominent role in the expansion of sea buckthorn GRAS
genes than tandem duplication. Considering the median Ks value of the collinear blocks where the
HrGRAS gene is located, it is easier for us to distinguish the HrGRAS gene from WGD. The Ka/Ks ratios of
all duplicated gene pairs were less than 0.5, suggesting these genes experienced strong purifying
selection pressure during evolution processes (Additional �le 3).

We also performed collinearity analysis between sea buckthorn, grape, and Arabidopsis genomes to
further investigate the duplication model of HrGRAS genes (Fig. 6A). A total of 23 and 47 orthologous
gene pairs containing HrGRAS were identi�ed in the crosses of sea buckthorn and Arabidopsis thaliana,
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sea buckthorn and grape, respectively(Additional �le 4 and Additional �le 5). We also found similar
regions in collinearity analysis within sea buckthorn, which meant that GRAS gene family was highly
conserved.

Some HrGRAS genes were found to be as sociated with at least three syntenic gene pairs in A. thaliana or
grape, such as HrGRAS21 and HrGRAS24, guessed that these genes may play an important role in the
evolution of GRAS gene family. Signi�cantly, The GRAS collinear gene pairs identi�ed between sea
buckthorn and grape were located in longer blocks, with an average of more than 31 gene pairs per block
(the longest block reached 191 gene pairs). The contrast was that there were an average of 20 gene pairs
per block in the blocks where the GRAS collinear gene pairs identi�ed between sea buckthorn and A.
thaliana located (the longest block had only 61 gene pairs), although the number of collinear blocks
containing HrGRAS between sea buckthorn and grapes was similar to the number of blocks containing
HrGRAS between sea buckthorn and A. thaliana (Additional �le 6 and Additional �le 7). The difference in
these statistical results may be related to the phylogenetic relationship between species.

The GRAS genes with microsynteny may evolve from the same ancestor. A slice of the genome-level
alignment can be illustrated in a linear format, which can help us to observe the collinear relationship
between HrGRAS gene of sea buckthorn with A. thaliana and grape more closely (Fig. 6B). We had also
drawn a region colinearity map (Additional �le 8 and Additional �le 9) with the information on the positive
and negative strands and the direction of the HrGRAS genes, which will further help us to study the GRAS
genes of sea buckthorn based on existing research in Arabidopsis and grape.

Expression analysis of HrGRAS genes in various tissues and
fruit developmental stages
The transcriptome data of three tissues (leaf, stem and root) and three developmental stages of fruit (46,
63, and 76 days post-anthesis) we sequenced was used to investigate the HrGRAS genes expression
patterns (Fig. 7). There may be eight pseudogenes, because the transcripts of them were not detected in
any tissues (RPKM < 0.001). Only �ve members (HrGRAS12, HrGRAS20, HrGRAS21, HrGRAS39 and
HrGRAS60) showing high expression levels (RPKM > 50), and 49 HrGRAS genes were detected to express
in all tissues and stages. Some HrGRAS members exhibit a certain degree of tissue speci�city. For
instance, the transcript of HrGRAS10 was only detected in leaf and stem, but not in root and all three fruit
developments. HrGRAS20 was largely accumulated in the �rst stage of fruit development, and HrGRAS12
was very highly (RPKM > 100) expressed in leaf, stem, root, and the �rst stage of fruit development, but
low in the third stage of fruit development (RPKM = 13.04). HrGRAS genes highly involved in the growth
and development of various tissues, which can be showed the tissue-speci�c expression of these genes.
Several genes, such as HrGRAS12, HrGRAS20, and HrGRAS39, were signi�cantly reduced during the three
stages of fruit ripening, indicating that they may play important roles in the fruit ripening process.
HrGRAS21 has high expression levels in roots and stems, and is classi�ed into the same subfamily with
AtSCR, suggesting that it may play a radial pattern of sea buckthorn roots and stems. Furthermore, the
expression patterns of gene pairs formed by tandem are very similar (HrGRAS7 and HrGRAS8, HrGRAS29
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and HrGRAS30, HrGRAS50 and HrGRAS51), but the gene pairs formed by segmental duplication and
WGD did not �nd this phenomenon. This may be related to the time of occurrence of different duplication
models and the space in which the gene pairs are located. After all, the gene pairs formed by tandem are
closer in space, and the gene expression adjustments from plants may be more similar.

Interaction network of HrGRAS proteins.

The blastp program was performed between the GRAS proteins of sea buckthorn with Arabidopsis GRAS
proteins, every sea buckthorn GRAS protein mached the best matching GRAS protein in Arabidopsis.
Finally, 22 Arabidopsis GRAS proteins were found to represent 62 sea buckthorn GRAS proteins and �ve
predicted functional partners of the input proteins were used to construct the network. The sea buckthorn
GRAS proteins corresponded with the Arabidopsis GRAS proteins are listed in Additional �le 10. The
online program ran with default parameters.

Discussion
With the rapid development of bioinformatics and sequencing technologies, more and more information
stored in genomic sequences has been excavated to help explore plant growth and development
mechanisms. GRAS transcription factors play an important role in growth and development, which has
been extensively performed in many species whose genomes have been sequenced [13, 23–25]. In the
current study, we comprehensively analyzed this important transcription factor family in sea buckthorn,
including genome-wide identi�cation, chromosomal localization, intron-exon structure, physical-chemical
features, phylogenetic analysis, duplication analysis, microsyntenic mapping and expression pro�les in
various sea buckthorn tissues and fruit developmental stages.

Gene duplication is an important reason for new functions of genes and gene family expansion [15].
Compared with Arabidopsis and grape, rice contains more GRAS genes, which indicates that more GRAS
genes are replicated in rice or the GRAS genes have a higher retention rate after replication [10]. Tandem
replication events have played a role in the expansion of the GRAS gene in Arabidopsis, tomato, rice,
pepper and other species, as previously reported [6, 15, 25, 26]. However, the detailed analysis of the
effect of segmental duplication and WGD on gene family expansion is rarely due to the fragmentation
and fusion of chromosomes after the WGD, which makes it di�cult to distinguish gene pairs from the
segment duplication and WGD. Colinearity analysis is an important method to analyze plant genome
duplication. In recent years, this method has been used to analyze the genome duplication of multiple
species [27, 28]. In this study, colinear analysis was used for the �rst time to correlate the GRAS gene
family in sea buckthorn with WGD events. The speci�c method involves comprehensively analyzing the
size of the collinearity blocks of the homologous gene dotplot within the sea buckthorn genome and
between the sea buckthorn and grape genome, the complementarity between them, and the median Ks of
collineartiy blocks, etc., and �nally distinguishing the HrGRAS members formed by segmental duplication
and WGD. The gene pairs formed by the WGD were identi�ed, the contribution of WGD (15 gene pairs) on
the GRAS gene family is slightly smaller than that of segmental duplication (23 gene pairs), but that is far
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greater than tandem (three gene pairs). These results show that WGD contributed signi�cantly to gene
family expansion, although they are mostly thought occurred millions of years ago. SCL14, GAI, SCL3,
RGL1 and RGL2 interact with more proteins, and they also have more best matching genes in sea
buckthorn GRAS proteins in the interaction network analysis (Additional �le 11). These results are
consistent with the idea of the gene dose hypothesis, which holds that genes whose products are dose-
sensitive or involved in other protein network interactions are preferentially retained [29, 30]. Therefore, we
speculated that the products of these genes and their interologs in sea buckthorn may play more roles in
the growth and development of sea buckthorn.

Fifty-nine HrGRAS members were classi�ed into nine subfamilies based on clade support values and
classi�cation from Arabidopsis and rice. Notably, three HrGRAS proteins did not belong to any of the
subfamilies and there is no GRAS gene member of Arabidopsis and sea buckthorn in the rice-speci�c
subfamily (Os4). In fact, species-speci�c GRAS subfamilies also exist widely in other plant genomes,
which may be determined by the highly specialized needs of GRAS genes in species evolution. Whether
the three HrGRAS genes not classi�ed into any subfamily is unique to sea buckthorn needs further
analysis. We will include more species of GRAS genes in the future to determine the status of these three
HrGRAS genes.

Gene structure is an important feature of genes and an important basis for determining gene functions.
We found that 58.1% of HrGRAS genes were intronless in sea buckthorn according to the exon-intron
tissue analysis. In many plants, a signi�cant proportion of the GRAS genes is intronless, such as
Arabidopsis(67.6%), rice(55%), tomato(74%) [6, 26]. In fact, the proportion of intronless GRAS genes in
many plants is very large, showing the close evolutionary relationship. Intronless genes also exist in some
gene families in eukaryotes, such as DEAD box RNA helicases [31] and auxin-up RNAs (SAUR) gene
family [32], although intronless genes are typical in prokaryotic genomes [6]. Previous studies have
suggested that the GRAS genes in plants originate from the bacterial prokaryotic genome, which is
consistent with a large number of intronless genes in this gene family [33]. It suggested that the GRAS
genes originated from the horizontal gene transfer of ancient prokaryotes, and then experienced extensive
replication such as WGD and segmental duplication.

Gene expression patterns are an important part of assessing the possible functions of genes, in addition
to gene structure. Eight HrGRAS genes may be pseudogenes, because their expression is not detected in
any tissue / organ, and they may be degraded after gene replication or evolution, lose their original
function, and fail to evolve new functions. Some HrGRAS genes from segment duplication or WGD are
not only in the different branch of the phylogenetic tree, but also have very different expression patterns.
These results suggest that GRAS genes may undergo neo-functionalization or sub-functionalization in
sea buckthorn. Yet still, some HrGRAS genes from segment duplication or WGD maintain extremely high
sequence similarity and exhibited conserved expression patterns, showing that they may play similar
functions after duplication. The duplication model of genes and the functional differentiation of new
genes formed are important aspects of plant evolution, which need to be studied in more detail later.
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Overall, we conducted a genome-wide comprehensive analysis for GRAS gene family members in sea
buckthorn. These analyses provide insight into the GRAS genes expansion with evolution and the
potential functional roles of sea buckthorn GRAS genes, which would be helpful to further understand the
expansion and functional differentiation of sea buckthorn GRAS genes.

Conclusions
A system analysis of GRAS gene family in sea buckthorn was carried out in this study. Sixty two full-
length GRAS genes were characterized. The genome comparison method was used to distinguish gene
pairs from segment duplication and WGD, and it was found that both played a considerable role in GRAS
gene expansion. The comparative analyses of the gene structure, phylogenetic, and expression patterns
will be useful to characterizing the GRAS gene family, and to better understanding their possible roles in
many aspects of growth regulatory and environmental signals. These results provide a valuable resource
for better understanding the biological roles of individual GRAS genes in sea buckthorn.

Methods

Gene identi�cation
Whole genome data H. rhamnoides subsp. mongolia Rousi ‘sunny’ was used for this study. Arabidopsis
GRAS genes and rice GRAS genes were downloaded from Phytozome (phytozome.jgi.doe.gov/) and
RGAP (http://rice.plantbiology.msu.edu), respectively. The latest Hidden Markov Model (HMM) �le
corresponding to the GRAS domain (PF03514.11) (http://pfam.sanger.ac.uk/) was used as a query to
search against the entire protein datasets of sea buckthorn with an E-value of 1e-5 using HMMER 3.0.
Meanwhile, all AtGRAS and OsGRAS proteins were used as BLAST queries to search against the sea
buckthorn databases using default parameters. The length of the hit out of the range from 350 to 820 aa
was rejected. All candidate genes from the above steps were further examined by con�rming the
existence of the GRAS core domain using the PFAM and CDD program. Finally, the outputs of different
approaches were aligned and those had exactly the same sequence were deemed as the same gene.
Sixty-two GRAS models were �nally identi�ed in the sea buckthorn genome after comprehensive curation.
Protein molecular weight (MW), isoelectric point (pI), aliphatic index, instability index, grand average of
hydropathicity (GRAVY), the subcellular localization, the lengths of the protein sequence and coding
sequence obtained by using tools from ExPasy website(http://web.expasy.org/protparam/).

Phylogenetic and sequence analysis
The GRAS proteins from sea buckthorn, Arabidopsis and rice were used for multiple alignments by
ClustalW program. All Gene IDs of GRAS genes used in this study were listed in Additional �le 12.
Arabidopsis and rice are the most commonly used model plants for studying genetic evolution. An
unrooted phylogenetic tree was generated using neighbor-joining method of MEGA7.0 with the following
parameters: Poisson model, pair wise deletion, and 1000 bootstrap replications based on alignment
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Abbreviations
HrGRAS
Sea buckthorn (Hippophae rhamnoides L.) GRAS;
AtGRAS
Arabidopsis thaliana GRAS;
OsGRAS
Rice (Oryza sativa L.) GRAS;
PhyA

results. GRAS genes of sea buckthorn were categorized into different subfamilies based on well-
established classi�cations in Arabidopsis.
We also used the GRAS genes from sea buckthorn alone for multiple alignments by ClustalW program
and generated an unrooted phylogenetic tree using maximum likelihood method. The conserved motifs in
the identi�ed sea buckthorn GRAS proteins were identi�ed using the MEME online program
(http://meme.nbcr.net/meme/intro.html) for protein sequence analysis. The parameters were employed
as the following: the number of repetitions, zero or one; and the maximum number of motifs, 10. The
exon-intron organization and intron phase of sea buckthorn GRAS genes was determined by comparing
predicted coding sequences with their corresponding full-length sequences using TBtools [17].
Chromosomal distribution and Gene duplication
The HrGRAS genes were mapped to sea buckthorn chromosomes based on physical location information
from the information of sea buckthorn genome using TBtools [17]. We renamed each HrGRAS gene
according to its ascending chromosomal distribution. Multiple Collinearity Scan toolkit (MCScanX) was
adopted to analyze the synteny within sea buckthorn, sea buckthorn with Arabidopsis, sea buckthorn with
grape to distinguish the duplication models of HrGRAS. The syntenic analysis maps were constructed
using the Multiple Synteney Plotter software and Genome Gene-dotplot (https://github.com/CJ-
Chen/TBtools) to exhibit the synteny relationship of the orthologous GRAS genes of sea buckthorn and
other selected species. Non-synonymous (ka) and synonymous substitution sites (Ks) of each duplicated
GRAS genes were calculated using KaKs_Calculator.
Expression analysis of HrGRAS genes in various tissues and fruit developmental stages
The transcriptome data of leaf, stem, root and fruit at three developmental stages of sea buckthorn had
been previously generated. We retrieved the fragments per kilobase per million reads value representing
the expression level of each HrGRAS gene and displayed the result using TBtools [17].
Prediction of HrGRAS protein–protein interaction network
We predicted a protein–protein interaction network based on the interologs of HrGRAS genes in
Arabidopsis. First, the blastp program was performed between the GRAS proteins of sea buckthorn with
Arabidopsis GRAS proteins, every sea buckthorn GRAS protein mached the best matching GRAS protein
in Arabidopsis. Then, we used the best matching genes of HrGRAS in Arabidopsis to predict the
functional interaction between proteins on the string website (http://string-db.org/cgi/input.pl). Finally,
implement the interactive network construction between HrGRAS and export the image on the string
website.
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phytochrome-A;
PhyB
phytochrome-B;
WGD
the whole-genome duplication;
Ks
synonymous substitution sites;
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Figures

Figure 1

Unrooted phylogenetic tree representing relationships among GRAS proteins of Arabidopsis, rice and sea
buckthorn. The different-colored arcs indicate different groups (or subgroups) of GRAS genes
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Figure 2

Gene structure of HrGRAS genes. Black line indicates intron, boxes of different colors are used to
represent UTR, CDS, GRAS domain and DELLA domain. Y-axis represents the subfamily name of each
HrGRAS genes. The lengths of the elements were drawn to scale
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Figure 3

Distribution of conserved motifs in HrGRAS proteins. A The phylogenetic tree was constructed based on
the full-length sequences of sea buckthorn GRAS proteins using MEGA 7.0 software. Details of clusters
are shown in different colors. B The motif composition of sea buckthorn GRAS proteins. The motifs,
numbers 1–10, are displayed in different colored boxes. The length of protein can be estimated using the
scale at the bottom
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Figure 4

Positions of GRAS gene family members on the sea buckthorn chromosomes. Tandemly duplicated
genes were indicated in green color
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Figure 5

Homologous dotplot within sea buckthorn genome. The IDs of the GRAS genes are displayed at the edge.
The GRAS genes derived from the WGD are in green boxes. The collinearity blocks formed by the WGD
are in gray boxes in the �gure, and the median value of Ks of the collinearity blocks are marked.
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Figure 6

Synteny analysis of GRAS genes between sea buckthorn and two representative plant species. A The
diagram of collinearity analysis of grape, sea buckthorn and Arabidopsis genomes. Gray lines in the
background indicate the collinear blocks within sea buckthorn and other plant genomes, while the red
lines highlight the syntenic GRAS gene pairs. B Local alignment of grape, sea buckthorn and Arabidopsis
genomes. Species are shown in different colors, and homologous genes between adjacent chromosomes
are ligated with Bezier curves
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Figure 7

Heatmap of HrGRAS genes in leaf, stem, root and 46, 63, and 76 days post-anthesis (AF_1, AF_2, AF_3).
The expression values were calculated by RPKM measure and then were log2 transformed before
generating heat maps
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