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napus, respectively, which were classified into 13 
subfamilies and 17 orthologous groups by phyloge-
netic analysis. Duplication analysis showed that the 
Brassica-α whole genome triplication event contrib-
uted more to the expansion of BnGRAS genes than 
allopolyploidization and tandem duplication. Moreo-
ver, all Brassica GRAS genes were estimated to have 
undergone purifying selection during their evolution. 
Additionally, structural feature and expression profile 
analyses indicated that GRAS genes were conserved 
in sequence characters within the same subfamily, 
suggesting similar functions in plant development and 
biotic and abiotic stress responses. Finally, the evolu-
tionary origin of BnGRASs in the Brassica genus was 
proposed. Taken together, this study not only deduces 
the evolutionary origin of BnGRASs in the Brassica 
genus but also provides important candidate BnGRAS 
genes for further functional analysis.

Keywords  GRAS family · Brassica napus · Whole 
genome duplication · Whole genome triplication · 
Tandem duplication · Allopolyploidization

Introduction

As plant-specific transcription factors (TFs), GRAS 
genes play an indispensable role in plant growth and 
development, as well as in stress responses (Ito and 
Fukazawa 2021). The name of GRAS is derived from 
the first three identified members: GAI (gibberellic 
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acid insensitive), RGA (repressor of GA1-3 mutant), 
and SCR (scarecrow) (Pysh et al. 1999; Bolle 2004). 
Due to fast advances in genomics, transcriptomics, 
and other omics in planta, GRAS family members 
have been widely identified and analyzed in over 30 
mono- and dicotyledonous plants, such as Arabi-
dopsis thaliana, Oryza sativa (Tian et  al. 2004; Lee 
et al. 2008), Vitis vinifera (Grimplet et al. 2016; Sun 
et  al. 2016), Brassica rapa, Brassica juncea, and 
Brassica napus. napus (Song et  al. 2014; Guo et  al. 
2019; Li et al. 2019). Previous studies have classified 
GRAS TFs into 8–13 subfamilies, such as DELLA, 
HAM, LS, DLT, LISCL, NSP1, NSP2, PAT1, SCR, 
SCL3, and SCL4/7. Recently, GRAS members were 
divided into 17 distinct subfamilies and 29 ortholo-
gous groups (OGs) in angiosperm species, suggesting 
that at least 29 ancestor genes existed before the angi-
osperm lineage evolutionary split from Amborella 
trichopoda (Cenci and Rouard 2017).

Generally, GRAS proteins, ranging from 400 
to 700 amino acid (aa) residues (Bolle 2004), are 
regarded as intrinsically disordered proteins (IDPs) 
because the amino (N-) termini contain intrinsi-
cally disordered regions (IDRs), implying that the 
N-terminal domains of GRAS proteins harbor vari-
ous structural variations (Peng et  al. 1997; Sun 
2011). Additionally, the N-terminal regions of some 
GRAS proteins may include other motifs, such as the 
DELLA domain in the DELLA subfamily, indicating 
the diverse N-termini of GRAS proteins (Peng et al. 
1997). In contrast, the carboxyl (C-) termini of GRAS 
TFs appears to be highly conserved (the so called 
GRAS domain) and commonly contains five motifs: 
leucine heptad repeat I (LHR I), VHIID, leucine hep-
tad repeat II (LHR II), PFYRE and the SAW motifs 
(Tian et al. 2004). The VHIID motif, a core structure, 
can combine with LHR I and II to form the complex 
LHR I–VHIID–LHR II, which might play an impor-
tant role in DNA and protein binding in protein–pro-
tein interactions (Richards et al. 2000). However, for 
functional specificity, the localization of SAW and 
PFYRE motifs has not yet been clearly elucidated.

Not only are GRAS members structurally diverse, 
but they also perform multiple functions in plant 
development and stress responses. SHR (SHORT-
ROOT) is involved in the bundle sheath and meso-
phyll cell fate by regulating the expression of SCR 
and SCL23 in A. thaliana (Cui et  al. 2014). HAM 
is essential and specific for maintaining the shoot 

apical meristem in Petunia hybrida (Stuurman et  al. 
2002). HAMII-3 (SCL6), HAMII-2 (SCL22), and 
HAMII-1 (SCL27) have been shown to negatively 
regulate chlorophyll biosynthesis by inhibiting pro-
tochlorophyllide oxireductase C (PORC) gene expres-
sion in light-grown plants (Ma et al. 2014). DELLA 
proteins not only function as repressors of gibberellin 
responses (Sun 2011) but also constitute a main hub 
in hormone (jasmonate, auxin, brassinosteroid, and 
ethylene) signaling (Bai et al. 2012; Wild et al. 2012). 
PAT1-1 (PAT1), PAT1-2 (SCL21), and PAT1-4 
(SCL13), which are three members of the PAT sub-
family, have been shown to be downstream of the 
phytochrome A (phyA) signal transduction path-
way in A. thaliana (Torres-Galea et al. 2006, 2013). 
LISCL is involved in meiosis-associated gene regu-
lation in Lilium longiflorum (Morohashi et al. 2003), 
while LISCL6 (SCL14) is essential for the activation 
of stress-inducible promoters, especially SA- and 
2,4-D-inducible promoters (Fode et al. 2008).

Apart from the important characterized structures 
and functions of GRAS proteins, genome-wide stud-
ies of GRAS genes from A. thaliana, Brachypodium 
distachyon, O. sativa, Glycine max, Selaginella moe-
llendorffii, and Physcomitrella patens have shown 
that segmental duplications mainly exist in the soy-
bean genome, and tandem duplication (TD) greatly 
promotes the expansion of group II GRAS genes (Wu 
et  al. 2014). In addition, both whole genome dupli-
cation (WGD) and TD events have been verified as 
important contributors to the expansion of GmGRAS 
family members. Syntenic and evolutionary constraint 
analyses of GRAS proteins among soybean and dis-
tinct species (two monocots and four dicots) provided 
more detailed evidence of GmGRAS gene evolution 
(Wang et  al. 2020a). Moreover, the genome-wide 
identification of GhGRASs in cotton indicated that 
the origin of the GRAS family might have occurred 
due to bacterial infection in the stage between algae 
and moss. Furthermore, duplication analysis also 
showed that segmental duplication events played the 
main role in GhGRAS family expansion, and purify-
ing selection worked on these duplicated homologous 
gene pairs. TD events led to the increase of introns 
and expansion of SHR genes (Zhang et al. 2018).

To date, three rounds (i.e., γ, β and α) of WGD 
or whole genome triplication (WGT) have been 
suggested through evolutionary process analy-
sis in Brassicaceae species (Bowers et  al. 2003). 
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Furthermore, the ancestors of the Brassica spe-
cies experienced a specific WGT event (Brassica-α 
WGT, Bra-α WGT) after splitting from a common 
ancestor with A. thaliana. The allotetraploid B. 
napus (2n = 4x = 38) was formed by the hybridi-
zation (0.038 to 0.051 Million Years Ago, MYA) 
between B. rapa and Brassica oleracea that 
occurred approximately 7500  years ago, fol-
lowed by chromosomal doubling. Due to the high 
sequence similarity of the two subgenomes in 
B. napus, subtle structural changes and incipient 
gene loss were very common in B. napus, includ-
ing abundant homoeologous exchanges (Allender 
and King 2010; Chalhoub et  al. 2014). Therefore, 
Brassica plants have been very important model 
plants for the evolutionary study of polyploidiza-
tion (Lysak et al. 2005; Chalhoub et al. 2014; Yang 
et  al. 2016). According to the gene density differ-
ence, the three orthologous genomic regions in B. 
rapa or B. oleracea were then classified into three 
subgenomes: MF1 (medium fractionated), MF2 
(most fractionated), and LF (least fractionated) 
(Cheng et al. 2014; Liu et al. 2014). One gene in A. 
thaliana should have three copies in Brassica spe-
cies after the Bra-α WGT. However, the genome-
wide idenfication of GRAS members in B. rapa or 
B. oleracea was not three times that in A. thaliana 
or in BnGRAS genes in B. napus (Song et al. 2014; 
Guo et  al. 2019), indicating that GRAS genes are 
very conservative, yet the underlying mechanism is 
unclear.

The evolutionary origin of GRAS members in 
plants proved to be very ancient, and the detailed 
evolutionary analysis of this family might shed some 
light on the evolutionary origin of species/genus 
speciation. However, a comprehensive evolutionary 
study of the BnGRAS genes in the Brassica genus is 
still lacking. In this study, we first identified GRAS 
family members from different angiosperms. We then 
systematically investigated the phylogenetic relation-
ships, gene structures, motif compositions, chromo-
somal locations, and gene duplication events of the 
identified GRAS members in the Brassica genus. 
Moreover, evolutionary analysis of GRAS genes 
between B. napus and the two diploid parental lines 
(B. rapa and B. oleracea), as well as one close relative 
(A. thaliana) in Brassicaceae, was also carried out. In 
addition, cis-acting elements and different expression 
profiles of the BnGRAS genes were explored. Finally, 

the evolutionary origin of GRAS genes in the Bras-
sica genus was proposed in this study. Collectively, 
these results not only disclose the expansion patterns 
and evolutionary origin of BnGRAS family members 
in the Brassica genus but also lay a foundation for 
further functional studies of different Brassica GRAS 
members.

Materials and methods

Sequence retrieval of Brassica GRAS family 
members

Genomic sequences and gene annotations for B. rapa 
(v2.0) were retrieved from the Brassica database 
(http://​brass​icadb.​org/​brad/), for B. oleracea (v2.1) 
from Ensembl (http://​useast.​ensem​bl.​org/​index.​
html), and for B. napus (v4.1) from the Genoscope 
database (http://​www.​genos​cope.​cns.​fr/​brass​icana​
pus). Using the latest Hidden Markov Model (HMM) 
model PF03514.11 downloaded from Pfam (http://​
pfam.​xfam.​org/) as a query, the hmm search function 
from the HMMER 3.0 program was employed for 
GRAS proteins searching the entire protein fasta files 
of the three Brassica species, with an E value < 1e−10 
and protein length > 100 aa. Subsequently, the cor-
responding sequences were retrieved for the entire 
protein and CDS sequence files using an in-house 
perl script. Finally, all sequences were manually con-
firmed by the dataset comparison in the EST database 
by employing BlastN from NCBI (https://​blast.​ncbi.​
nlm.​nih.​gov/​Blast.​cgi). Finally, genomic sequences 
of the identified GRAS genes (All CDS sequences 
are listed in Supplementary file 1) were obtained in 
accordance with the gene annotation file specification 
(Supplementary file 2). To distinguish GRAS genes 
among subgenomes in Brassica species, the subge-
nomes were redesignated as follows: B. rapa genome 
as Br, B. oleracea genome as Bo, and B. napus A sub-
genome as BnA and C subgenome as BnC (Table S1).

Sequence alignment and phylogenetic analysis of 
GRAS family members

To explore the evolutionary origin of candidate Bras-
sica GRAS proteins (Table  S1), multiple sequence 
alignment and phylogenic analysis were carried out. 
Except for the identified GRAS proteins in the three 

http://brassicadb.org/brad/
http://useast.ensembl.org/index.html
http://useast.ensembl.org/index.html
http://www.genoscope.cns.fr/brassicanapus
http://www.genoscope.cns.fr/brassicanapus
http://pfam.xfam.org/
http://pfam.xfam.org/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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Brassica species, GRAS protein sequences of A. 
trichopoda (one basal angiosperm, and also outgroup 
for mono- and dicotyledonous phylogenies) and three 
studied species (A. thaliana, V. vinifera, and Theo-
broma cacao) were obtained from a previous study 
(Cenci and Rouard 2017), while GRAS protein data-
bases of Carica papaya and 2 other Brassicaceae 
species (Capsella rubella and Thellungiella parvula) 
were downloaded from PlantTFDB 4.0 (http://​plant​
tfdb.​cbi.​pku.​edu.​cn/; Jin et al. 2017). All the protein 
sequences are listed in Supplementary file 3. Multi-
ple sequence alignments were performed using the 
MAFFT program via the EMBL-EBI bioinformat-
ics interface with default parameters (Li et al. 2015). 
Gblocks (http://​molev​ol.​cmima.​csic.​es/​castr​esana/​
Gbloc​ks_​server.​html) was used to identify conserved 
blocks using the following parameters: (i) smaller 
final blocks, (ii) gap positions within the final blocks, 
and (iii) less strict flanking positions (Castresana 
2000). The phylogenetic tree was built by PhyML 
(http://​phylo​geny.​lirmm.​fr/; Guindon et  al. 2010). 
The approximate likelihood-ratio test (aLRT) was 
chosen as the statistical test for branch support, and 
LG (amino acid, aa) was chosen as the substitution 
model. Finally, the phylogenetic tree file (Supplemen-
tary file 4) was visualized with iTOL v4 (http://​itol.​
embl.​de/; Letunic and Bork 2016).

Distribution analysis of GRAS family members in 
angiosperms

Apart from the 10 species described above, GRAS 
members of 12 other species were also identified from 
previous studies and treated with the same method 
to obtain more detailed subfamily classification of 
GRAS members in angiosperms. The 12 species were 
O. sativa (Tian et al. 2004), Prunus mume (Lu et al. 
2015), Populus trichocarpa (Liu and Widmer 2014), 
Musa acuminata (Cenci and Rouard 2017), Ricinus 
communis (Xu et  al. 2016), Zea mays (Guo et  al. 
2017), Malus domestica (Fan et  al. 2017), Solanum 
lycopersicum (Niu et  al. 2017), Nelumbo nucifera 
(Wang et al. 2016), and Medicago truncatula, G. max 
and Phoenix dactylifera (Cenci and Rouard 2017).

Syntenic analysis of GRAS genes in Brassica

The detailed chromosome location of each GRAS 
gene was mapped to the chromosomes of B. rapa, 

B. oleracea, and B. napus, according to the retrieved 
information from the genome annotation files. The 
syntenic relationship datasets for the corresponding 
orthologous gene pairs in three subgenomes, MF1, 
MF2, and LF of A. thaliana and Brassica species, 
were obtained from the released data (http://​brass​
icadb.​cn/#/​synte​nic-​gene/; Cheng et  al. 2012). Puta-
tive TD events were then identified from PTGBase 
(https://​zhang​lab.​ccmb.​med.​umich.​edu/I-​TASSER/) 
and analyzed using MCScanX (Wang et  al. 2012). 
The chromosomal locations and orthologous and 
paralogous relationships of GRAS genes of B. rapa, 
B. oleracea, and B. napus were visualized with cir-
cos-0.69 (http://​circos.​ca/; Krzywinski et al. 2009).

Evolutionary analysis of Brassica GRAS genes

To estimate the selective pressure acting on GRAS 
genes among B. napus, B. oleracea, B. rapa, and A. 
thaliana, the non-synonymous nucleotide substitu-
tions (Ka), the synonymous nucleotide substitutions 
(Ks), and Ka/Ks ratios of all homologous gene pairs 
within subgenomes and subfamilies, as well as those 
generated by TD events, were calculated using KaKs_
calculator 2.0 (Zhang et  al. 2006). The divergence 
times of orthologous and paralogous gene pairs were 
evaluated according to the formula T = Ks/2λ, assum-
ing a clock-like rate (λ) of 1.5 synonymous substitu-
tions per 10−8 years for Brassica species (Koch et al. 
2000).

Structural analysis of GRAS family members

The local version of Multiple Em for Motif Elicita-
tion (MEME) v4.12.0 was utilized to identify con-
served motifs in Brassica GRAS proteins using the 
default parameters with minor modifications. The 
maximum number of motifs was set to 35 to identify 
as many conserved motifs as possible (Tables S6, S7; 
Bailey et al. 2006). Then, the exon–intron structures 
obtained from the.gff genome annotation files and 
motif distributions identified above were depicted 
together using the revised genome annotation. The 
promoter sequences (the 2000 bp region upstream of 
the ATG start codon) of GRAS genes obtained from 
the genome database were used to identify cis-acting 
elements with PlantCARE (http://​bioin​forma​tics.​
psb.​ugent.​be/​webto​ols/​plant​care/​html/; Lescot et  al. 

http://planttfdb.cbi.pku.edu.cn/
http://planttfdb.cbi.pku.edu.cn/
http://molevol.cmima.csic.es/castresana/Gblocks_server.html
http://molevol.cmima.csic.es/castresana/Gblocks_server.html
http://phylogeny.lirmm.fr/
http://itol.embl.de/
http://itol.embl.de/
http://brassicadb.cn/#/syntenic-gene/
http://brassicadb.cn/#/syntenic-gene/
https://zhanglab.ccmb.med.umich.edu/I-TASSER/
http://circos.ca/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
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2002), and then visualized with TBtools software 
(Plant et al. 2020).

Expression pattern analysis of GRAS family 
members under different conditions

The published transcriptome datasets of B. rapa, B. 
oleracea, and B. napus were obtained from the NCBI 
Short Read Archive (SRA) database (https://​www.​
ncbi.​nlm.​nih.​gov/​sra), for B. rapa from SRP017757, 
SRP064840, SRP082359, and SRP064814, for B. 
oleracea from SRP017530, and for B. napus from 
ERP004876, SRP028575, SRP035525, SRP045411, 
SRP069813, and SRP079682. By performing Tophat 
v2.0.13, the clean reads from RNA-seq after quality 
control were mapped onto the B. rapa genome v2.0, B. 
oleracea genome v2.1, and B. napus genome v4.1. The 
expression levels in log10-based fragments per kilobase 
of exon model per million mapped fragments (FPKM) 
plus 1 of each gene were quantified by Cufflinks 
(v2.2.1; Table S8; Trapnell et al. 2012). The expression 
patterns of the GRAS genes were subsequently visual-
ized using the heatmap.2 function in the gplot package 
for R software.

Plant materials and stress treatment

Brassica napus (‘Zhongshuang 11’, ZS11) seeds were 
cultivated in pots containing mixed soil (1:3 vermicu-
lite/humus). For stress treatment, 14-day-old ZS11 
seedlings were immersed in 17% (weight/volume) 
PEG6000 (drought) and 200 mM NaCl (salt) for 0, 2, 
4, 6, and 8 h. After treatment, roots were collected and 
submerged immediately in liquid nitrogen, and then 
stored at –80℃ for further analysis.

RNA extraction and quantitative RT‑PCR analysis

Total root RNA was extracted for B. napus using Tri-
zol (TaKaRa, Beijing, China). The first-strand cDNA 
was synthesized using a PrimeScript RT reagent Kit 
with gDNA Eraser (TaKaRa, Beijing, China) and used 
for quantitative reverse transcription-polymerase chain 
reaction (qRT-PCR) with SYBR Premix ExTaq™ 
(TaKaRa, Beijing, China) according to the manu-
facturer’s instructions on a Roche LightCycler® 480 
Real-time PCR system (Roche, Basel, Switzerland). 
BnCACTIN-7 was used as the reference control, and 
all gene-specific primers are listed in Table  S9. Each 

experiment was conducted three times with 3 biologi-
cal replicates to evaluate variation. The relative gene 
expression levels were calculated using the 2−△△Ct 
method.

Results

More BnGRASs were derived from genome 
duplication than from tandem duplication

By performing the HMM search, 56, 52, and 94 can-
didate GRASs were identified from B. rapa, B. oler-
acea, and B. napus, respectively. These sequences 
were revised by comparisons with the whole genome 
sequence and then corrected and integrated through 
Blast in the EST and SRA databases. Finally, 56, 53 
(a new gene: BoPAT1-3b), and 96 (two new genes: 
BnALISCL3a and BnASHR-1a) validated GRAS 
sequences were identified from B. rapa, B. oleracea, 
and B. napus, respectively (Table S1). The allotetra-
ploid B. napus possessed almost twice the GRAS 
genes as the two diploid Brassica plants. GRAS 
proteins from Brassica species varied from 103 to 
760 aa residues in length, with an average of 512, 
538, 525, and 517 aa in the Br, Bo, BnA, and BnC 
subgenomes, respectively. The aa lengths of these 
orthologous GRAS genes exhibited high similarities. 
Although the chromosome locations of the GRAS 
genes were highly conserved between the interspecies 
homologous gene pairs, they were unevenly distrib-
uted along the chromosomes in each Brassica species 
(Table S1).

To explore the classification of candidate 
BnGRASs, a phylogenetic tree with GRAS members 
from Brassica species and seven other species was 
constructed (Fig.  1). All GRAS genes were named 
based on their OGs (Fig. 1; Table S1). The homolo-
gous genes from different Brassica species were con-
firmed by BlastP, and almost all GRAS genes formed 
interspecies gene pairs. Most gene pairs matched 
well in the Br-BnA and Bo-BnC groups, whereas 
BrDELLA1-1 and BrPAT1-3c mapped genes matched 
the BnC subgenome.

The total GRAS members identified from B. rapa 
(56) and B. oleracea (53) were greater than those 
from A. thaliana (33; Fig.  1). Compared to that in 
A. thaliana, almost every AtGRAS gene had at least 
one orthologous gene in the three Brassica species, 

https://www.ncbi.nlm.nih.gov/sra
https://www.ncbi.nlm.nih.gov/sra
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except for SCL4 (AT3G50650) and DELLA1-5 (GAI, 
AT1G14920), which were lost during the evolution 
of the Brassica genus. Although many genes retained 
more than one copy in the Brassica species, there was 
only one gene copy for 12 GRAS members (PAT1-
2, LISCL1, LISCL2, LISCL4, LISCL5, DELLA1-1, 
DELLA1-3, SCL7, LS, SCR, NSP1, and HAMII-2) in 

Br, Bo, BnA, and BnC subgenomes (Fig. 1), suggest-
ing that these genes were functional conservative dur-
ing the Bra-α WGT event. The identified GRAS gene 
number from each subgenome of B. napus was lower 
than that from their parental genomes, some of which 
were lost during B. napus speciation.

Fig. 1   Unrooted ML phylogenetic tree based GRAS sequences 
from Amborella trichopoda, Vitis vinifera, Theobroma cacao, 
Carica papaya, Capsella rubella, Thellungiella parvula, 
Arabidopsis thaliana, Brassica rapa, Brassica oleracea and 

Brassica napus. The tree was categorized into 17 distinct 
subfamilies and 30 Orthologous Groups (OGs) with different 
colors. 13 grey colored OGs were lacked in Brassica species. 
All GRAS proteins of Brassica genus were emphasized in red
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As the BnGRAS genes originated from BrGRASs 
and BoGRASs, most GRAS genes from B. rapa and 
B. oleracea preserved their homologous pairs in 
BnA and BnC (Table  S1). However, compared with 
the parental genomes, 9 and 5 GRASs could not be 
detected in BnA and BnC, respectively. Some of 
these genes might have been generated individually 
in B. rapa and B. oleracea after B. napus specia-
tion. Some of them originated from TDs (for exam-
ple, BoPAT1-1a-td, BrLISCL6-td, BrLISCL7a-td, 
BrDLTb-tda, BrDLTb-tdb, and BrSCR-2-td), whereas 
the rest were derived from interspersed repeat events 
(e.g., BrSCL3d). In addition, some genes could not 
be observed in B. napus (SCL3c in BnA, NSP1 and 
HAMII-3 in BnC, and SHR-1b and PAT1-3a in BnA 
and BnC were missing). In contrast, the homologue 
of BnAHAMII-3-td could not be detected in the dip-
loid ancestral species, which were generated by TD 
events in B. napus, or could have disappeared dur-
ing the evolution of B. rapa after B. napus specia-
tion. In addition, some GRAS genes produced by TDs 
were detected in both B. napus and its parental spe-
cies (LISCL3b-td), which might have been generated 
throughout the evolution of Brassica plants (Fig.  1; 
Table S1).

Highly close subfamily classification of GRASs in 
cruciferous species

In total, 477 GRAS protein sequences obtained from 
10 species, including A. trichopoda (the basal out-
group), V. vinifera, C. papaya and T. cacao (only 
experienced γ WGT event), C. rubella, A. thaliana, 
and T. parvula (experienced γ WGT, α WGD, and β 
WGD events), together with the GRAS proteins iden-
tified from Brassica species (experienced with the 
specific Bra-α WGT event) were used to construct the 
phylogenetic tree (Fig. 1). GRAS proteins of Brassica 
species were classified into 13 distinct subfamilies, 
namely PAT1, LISCL, HAM, DELLA, DLT, SHR, 
SCR, SCL4/7, LS, SCL3, SCL32, NSP1, and NSP2, 
and 17 OGs based on tree topology, as previously 
described (Cenci and Rouard 2017; Guo et al. 2019). 
No Brassica-specific subfamily or OG was found in 
this phylogenetic analysis. Each Brassica species con-
tained at least one member of the above subfamilies. 
Compared with other species, the members of the 
SCLA, SCLB, RAM1, and RAD1 subfamilies were 

absent in all Brassica species, which was the same as 
in other Brassicaceae species (Fig.  1). These results 
indicated that the GRAS family was relatively con-
served in the Brassica genus, and the SCLA, SCLB, 
RAM1, and RAD1 subfamilies did not exist in Bras-
sicaceae. Except for orthologous gene copies, no new 
member was detected after the divergence of B. rapa 
and B. oleracea from the common ancestor or after B. 
napus speciation.

Excluding SCL4, LS, NSP1, and NSP2, all other 
subfamilies enriched their members compared with 
other cruciferous species, which might have expanded 
during the Bra-α WGT event, indicating that the 
number of GRAS genes has increased significantly in 
each Brassica species (Table S1; Fig. 1). As reported 
in previous studies, PAT1 and LISCL subfamilies 
consisted of more GRASs than other subfamilies in 
Brassica species (Guo et al. 2019). Additionally, the 
PAT1, SCL3, DLT, SHR, and HAM subfamilies also 
enlarged their members and had more GRAS genes, 
while the rest remained comparatively conserved, 
with few members. Taken together, these results dem-
onstrate that GRASs from the Brassica genus and 
other cruciferous species, including the model species 
A. thaliana, share highly close relations in classifica-
tion, which might facilitate the functional research of 
GRAS genes in plants.

Expansion resistant patterns of Brassica GRAS genes 
in angiosperms

To estimate the expansion patterns of GRAS genes 
in Brassica, GRAS genes from 22 species, includ-
ing the 3 Brassica species, were further character-
ized into different subfamilies, and OGs follow-
ing the same classification method (Fig.  2). A basal 
angiosperm species, A. trichopoda, the single living 
representative of the sister lineage to all other extant 
flowering plants, which originated prior to the split of 
eudicots and monocots and has not experienced any 
WGD events, harbors a relatively low number (34) 
of GRAS genes (Cenci and Rouard 2017). Almost 
all other species experienced one or more rounds of 
WGD/WGT after splitting from A. trichopoda. How-
ever, the GRAS subfamilies of two different species 
derived from two close lineages exhibited high differ-
ences in gene number because of WGD/WGT events. 
For instance, the number of GRASs in P. trichocarpa 
was ~ 2.2-fold of that in R. communis, and the gene 
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number in G. max was ~ 1.79-fold of that in M. trun-
catula. In addition, when compared with A. trichop-
oda (34), 19 and 22 more GRAS genes were detected 
in B. oleracea and B. rapa, which were generated by 
duplication events. In addition, the number of Bras-
sica GRAS genes in some subfamilies (e.g., PAT1 and 
LISCL) was dramatically expanded, whereas some 
subfamilies were expansion resistant (e.g., NSP1) or 
lost all members of a certain subfamily (e.g., SCLB; 
Fig. 2).

Although some cruciferous species (A. thaliana, 
C. rubella, and T. parvula) experienced one WGT 
and two WGD events, only 32–34 GRAS genes were 
identified. When compared with other species, GRAS 
genes of the Brassica genus were not only absent in 4 
subfamilies (RAM1, RAD1, SCLA, and SCLB) and 
7 OGs (PAT2, DELLA-2, SCR-3, SHR-2, NSP2-2, 
NSP2-3, and NSP2-Amb), but also lost many other 
genes, such as TpDELLA1-5, CrSCL7, and AtSCL32-
1–2 during evolution (Fig. 2; Table S1). The scenario 
of cruciferous species was followed by diploid Bras-
sica species because that they also lacked the same 
homologues. Compared with other species in Bras-
sicaceae, with the help of various types of duplica-
tion events, the GRAS members in B. rapa and B. 

oleracea were 1.7- and 1.58-fold of that in A. thali-
ana, respectively. Most AtGRASs retained their cor-
responding homologues in a single copy, while others 
were lost, followed by two or three copies in Brassica 
species. Additionally, when compared with AtGRAS 
genes, 17 and 19 more GRAS genes were generated 
by the Bra-α WGT event in B. rapa and B. oleracea, 
respectively. In addition, 6 and 2 more GRAS genes 
within B. rapa and B. oleracea were generated by TD 
events (Table S1), suggesting that TD contributed to 
the expansion of GRAS family members. Notably, 
BrDLTb-tda and BrDLTb-tdb were parts of these 
genes originally derived from TD, but later, each of 
them was split into two genes. After B. napus specia-
tion, another gene copy of HAMII-3 was produced by 
a TD event in BnA. Taken together, the Bra-α WGT 
contributed more to the expansion of Brassica GRAS 
family members than TD.

Moreover, the GRAS gene locations at each chro-
mosome of the ancestral translocation Proto-Cale-
pineae Karyotype chromosome (tPCK chr1 ~ 7) 
were also explored. Based on the syntenic relation-
ship datasets of A. thaliana and Brassica species, 30 
AtGRAS genes were mined for their corresponding 
orthologous gene pairs in the three subgenomes of 

Fig. 2   Distributions of GRAS genes by subfamily in 22 plant 
species. The left panel: the species phylogenetic tree was 
inferred from Comparative Genomics, CoGe. Divergence time 
of these species was estimated by molecular clock dating from 
TimeTree. Green/red star represents the whole genome dupli-
cation (WGD) or triplication (WGT) event. The middle panel: 
the identified GRAS gene distribution in each subfamily. Num-

bers in the matrix represent GRAS gene specified by subfamily 
according each header. The gradient colors from green to red 
illustrate the abundance of genes. And total GRAS gene num-
bers in each species were listed on the right panel with blue 
histogram. MYA: million years ago; Bra-α-WGT: Brassica-α 
whole genome triplication
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B. rapa or B. oleracea (Table S2). The most retained 
Brassica GRAS genes were located in the LF subge-
nome (54.76% in Br and 51.22% in Bo), followed by 
the MF2 subgenome (26.19% in Br and 29.27% in 
Bo), and the MF1 subgenome was the least (19.04% 
in Br and 19.51% in Bo, Table S2), suggesting a rela-
tively similar retention of GRAS genes between the 
two species. Some subfamilies increased their mem-
bers during each WGD/WGT event, such as PAT and 
LISCL, while others (e.g., DLT and NSP1) remained 
expansion resistant during polyploidization. How-
ever, members of some subfamilies (e.g., NSP2) were 
reduced during the evolutionary process, whereas 
some others (e.g., SCL3, and DELLA) expanded or 
shrank their members in different stages (Table S2).

The Bra‑α WGT event influenced the purifying 
selection of BnGRASs

To explore the evolutionary features of GRAS genes 
among A. thaliana and three other Brassica species, 
the nucleotide substitutions of orthologous gene pairs 
from each group were evaluated. In total, 55 and 53 
orthologous gene pairs were obtained from the At-Br 
and At-Bo groups, respectively, and the mean Ka/Ks 

ratios of orthologous GRAS gene pairs were all less 
than 1, suggesting that GRAS gene pairs underwent 
purifying selection during the Bra-α WGT event 
(Fig.  3; Table  S3). Meanwhile, 43 and 48 ortholo-
gous gene pairs were obtained from the Br-BnA and 
Bo-BnC groups, respectively. The mean Ka/Ks ratios 
of these homologous gene pairs were also less than 
1, indicating that purifying selection also existed in 
BnGRAS genes during the speciation of B. napus (the 
early period of allopolyploidization). Moreover, the 
mean Ka/Ks ratios of gene pairs from the At-Br and 
At-Bo gene pair groups and Br-BnA and Bo-BnC gene 
pair groups were similar. Nevertheless, the Ka and 
Ks values of gene pairs from the Br-BnA and Bo-BnC 
groups were approaching or equal to zero, much less 
than those from the At-Br and At-Bo groups (Fig. 3; 
Table  S3). These results indicate that the evolution 
of Brassica GRAS genes were highly conserved, and 
allopolyploidization had little impact on this process 
compared with that of the Bra-α WGT event.

To further analysis the evolutionary patterns 
of GRAS genes, the Ka, Ks, and Ka/Ks values of 
GRAS gene pairs within different subgenomes were 
also calculated. Most GRAS gene pairs showed 
purifying selection (the mean Ka/Ks < 1) during 

Fig. 3   Evolutionary selection patterns of homologous GRAS 
gene pairs in different groups. Non-synonymous nucleotide 
substitutions (Ka), synonymous nucleotide substitutions (Ks) 
and Ka/Ks ratios of orthologous GRAS gene pairs from the At-
Br, At-Bo, Br-BnA, Bo-BnC, At-BnA, and At-BnC groups were 

calculated by KaKs_Calculator 2.0. Arabidopsis thaliana (At), 
Brassica rapa (Br), B. oleracea (Bo), A (BnA) and C (BnC) 
subgenomes of B. napus. Dots represent the data that were out 
of range, and standard deviations were also calculated
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species evolution, and the Ka values of GRAS genes 
all appeared to be 1. However, the mean Ks val-
ues within B. rapa and B. oleracea were similar and 
much higher than those within the BnA and BnC 
subgenomes (Fig. S1a; Table  S4). These results 
indicated that the GRAS genes exhibited much less 
selective pressure during the early speciation of B. 
napus (allopolyploidation), thus further proving the 
poor influence of allopolyploidation on the evolu-
tion or divergence of Brassica GRAS genes (Fig. S1a; 
Table  S4). Similarly, the assessed Ka, Ks, and Ka/
Ks values of GRAS gene pairs within PAT, LISCL, 
HAM, and DELLA subfamilies were almost the 
same, suggesting purifying selection (Ka/Ks < 1) 
within the subfamilies of GRAS genes in B. rapa, 
B. oleracea, and B. napus (Fig. S1b; Table  S4). In 
addition, GRAS gene pairs generated by TD were 
also subject to purifying selection during evolution 
(Table S5). Taken together, the evolution of homolo-
gous GRAS genes underwent purifying selection in 
the Brassica genus, and the Bra-α WGT event had a 
bigger influence than allopolyploidization (and/or TD 
event) during this process.

Furthermore, the diversity times of different 
homologous GRAS gene pairs were estimated in 
Brassica plants. Three peaks roughly emerged with 
high consistency in all 4 subgenomes, which highly 
coincided with the corresponding time of the Bra-α 
WGT event, the Cretaceous–Paleogene extinction 
event, and the γ-WGT event (Fig. S2). These obser-
vations indicate that GRAS genes have experienced 
consistent purifying selection during the evolution of 
Brassica plants.

High chromosome location similarity between 
interspecies homologous GRAS gene pairs in 
Brassica

Based on the chromosome locations of individual 
GRAS genes, 56 (100%) BrGRAS genes and 51 
(96.23%) of the 53 BoGRAS genes were mapped 
on 10 (B. rapa, Chr Ar01–10) and 9 (B. oleracea, 
Chr Co01–09) pseudochromosomes, respectively; 
and 39 (82.98%) of the 47 GRAS genes in BnA and 
40 (81.63%) of the 49 GRAS genes in BnC were 
anchored on the 10 and 9 pseudochromosomes of 
BnA (Chr An01–10) and BnC (Chr Cn01–09), respec-
tively (Figs.  4, 5; Table  S1). The remaining GRAS 
genes were mapped onto scaffolds. The distribution 

of GRAS genes was uneven; some chromosomes (e.g., 
20.7% of the BoGRAS genes located on Co07 of B. 
oleracea) possessed more GRAS genes than others 
(Table  S1), indicating that these GRAS genes were 
generated by segmental duplication. In addition, 
some genes (BrLISCL7b-td, BrDLTb-tdb, BrSCR-
2-td, and BnAHAMII-3-td) were produced by TD 
immediately after B. napus speciation instead of oth-
ers (BrLISCL3b-td, BrDLTb-tda, BoPAT1-1a-td, and 
BoLISCL3b-td) during the evolution of Brassica spe-
cies as the coresponding homologous genes could not 
be found (Fig. 5; Table S1).

When comparing the chromosome location of 
BnGRAS genes generated by the Bra-α WGT from 
Br-BnA with those from Bo-BnC, almost all ortholo-
gous BnGRASs and their parental genes were posi-
tioned on the same chromosome, indicating that the 
chromosome location of Brassica GRASs was highly 
conserved during evolution (Fig. 5; Table S1). How-
ever, some BnGRASs still changed their locations; 
for example, BrSCL3b was located on Ar05, while 
its orthologous BnASCL3b was detected on An08. 
Moreover, BrPAT1-3c and BrDELLA1-1 were two 
GRAS genes on Ar05 and Ar02 of B. rapa, whereas 
the corresponding orthologous genes, BnAPAT1-
3c (BnaCnng71600D(A)), and BnADELLA1-1 
(BnaCnng68300D(A)) were detected on the BnC sub-
genome. Interestingly, this phenomenon was not the 
same in the C-subgenome (Fig.  5; Table  S1), indi-
cating that the GRAS genes from the A-subgenome 
might have undergone more homoeologous segmental 
exchanges than those from the C-subgenome. Since 
the chromosomal location of homologous GRAS gene 
pairs shared a high similarity between species, the 
unanchored GRASs could predict the chromosome 
to which they belong (e.g., BnaCnng71600D (BnA)). 
However, some GRAS gene pairs did not preserve 
high location similarity; thus, the accurate locations 
of those genes could not be fully predicted (BolDLTb 
(Bo00795s120), BnAPAT1-3c (BnaCnng71600D), 
and BnADLTb (BnaCnng67210D); Table S1).

Highly structural similarity of BnGRASs

To investigate the sequence diversity among the dif-
ferent Brassica GRAS genes, we compared their 
gene structures (exon/intron organization). As 
shown in Fig. 6, 90 (93.75%) BnGRASs, 53 (94.6%) 
BrGRASs, and 53 (100%) BoGRASs were mono-exon 
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or harbored only one intron, and the gene struc-
tures were usually conserved within subfamilies and 
among orthologues across the three species. The 
structures of GRASs generated by WGT and TD 
events had many types of variation; some were highly 
conserved (e.g., BraPAT1-1a and BnAHAMII-3-td), 
some had more introns (e.g., BolDELLA1-4b), some 
exhibited shrunken sequences (e.g., BraPAT3b and 

BraLISCL7a-td), and some had been divided into two 
new genes (e.g., BraDLTb-tda and BraDLTb-tdb). 
Compared with the parental lines, some BnGRAS 
genes had more introns or deleted partial exons 
(Fig. 6).

In addition to gene structures, the motif patterns 
of different GRAS proteins were also explored 
by MEME (Fig.  6; Tables S6, S7). Overall, 27 

Fig. 4   Syntenic relations of detected orthologous GRAS gene 
pairs between A rabidopsis thaliana and Brassica rapa (Green 
lines), A. thaliana and B. oleracea (blue lines). The detected 
syntenic orthologous genes in the three sub-genomes, MF1, 

MF2 and LF of B. rapa from A. thaliana were highlighted in 
red, yellow and blue, respectively, while the rests were labeled 
in black. The genes generated by tandem duplication were 
labeled in green
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distinct motifs were detected in Brassica GRAS 
proteins: LHRI domain (motifs 7 and 11), VHIID 
domain (motifs 2 and 3), LHRII domain (motifs 
6 and 8), PFYRE domain (motifs 5 and 9), SAW 
domain (motifs 1, 4 and 12), and motifs 10, 16 and 
20 were highly conserved in the C-termini (GRAS 
domain) of most GRAS proteins. Most GRAS pro-
teins in the same subfamily had conserved motif 

structures and orders, implying similar functions 
(Figs.  6, S3; Tables S6, S7). However, not all 
subfamily members were highly conserved in the 
GRAS domain; for instance, NSP1 lacked LHRII 
and PFYRE domains (Fig.  6; Table  S6). In addi-
tion, some domains even lacked one or two motifs 
in some subfamilies; for example, motif 1 was not 
detected in the SAW domain in SCL4/7, SCR, 

Fig. 5   Syntenic relationships of detected orthologous GRAS 
gene pairs between Brassica rapa (Br, Ar) and An (BnA) sub-
genome of B. napus, B. oleracea (Bo, Co), and Cn (BnC) sub-
genome of B. napus. Green and blue lines indicate the orthol-
ogous GRAS genes pairs in the Br-BnA, and Bo-BnC groups, 
respectively, while grey lines represent GRAS gene pairs 

located between the unanchored scaffolds and/or pseudo-chro-
mosomes. Red lines indicate that these gene pairs have under-
gone homoeologous sequence exchanges. Br, BnA, Bo, and 
BnC subgenomes of Brassica species were colored in green, 
light green, blue, and light blue, individually
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HAM, NSP1, and NSP2 subfamilies. Additionally, 
motif 16 was situated between LHRI and PFYRE, 
motif 10 was nested within VHIID and LHRII, 
and motifs 9, 24 or 25 could be detected between 
LHRII and PFYRE. Interestingly, motifs 23 and 
25 were detected between PFYRE and SAW only 
in the HAM subfamily. Intriguingly, some motifs 
appeared to be subfamily-specific; for instance, 
motif 27 was PAT-specific, motifs 17 and 19 were 
DELLA-specific, motifs 18 and 23 were HAM-
specific, and motifs 13, 15, and 21 were LISCL-
specific. Furthermore, we clearly found that the 
motifs were highly similar between orthologous 
GRAS gene pairs, especially between homologous 
proteins from the same subgenome. However, some 
protein structures contained certain differences 
in the same orthologous gene pairs; for example, 

BrSCR-2, BoSCR-2, and BnASCR-2 shared highly 
similar and conserved C-termini, while BnCSCR-2 
lacked the LHRI and VHIID domains (Figs. 6, S3; 
Table  S7). In conclusion, the structural similarity 
within specific GRAS subfamilies was consistent 
with the evidence provided by phylogenetic analy-
sis, which documented the conservative functions 
of GRAS genes in Brassica species.

Diverse cis‑acting elements identified on BnGRAS 
promoters

As cis-acting elements played an essential role in 
the transcriptional regulation of gene expression 
(Wang et al. 2020a), promoter sequences (the 2000 bp 
upstream of the ATG start codon) of the identified 
BnGRASs were extracted from the B. napus genome, 

Fig. 6   Sequence feature analysis of GRAS members in Bras-
sica species. The exon–intron structures of GRAS genes 
obtained from genome annotation files and conserved motif 
patterns of GRAS proteins mined by MEME software were 

visualized in TBtools. Different colored blocks indicate diverse 
motifs on exons, while black lines represent the intron regions. 
Bar = 200 bp
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and cis-acting element analysis was carried out using 
PlantCARE. A total of 24 types of cis-acting ele-
ments were observed in the promoter regions of the 
BnGRAS genes (Fig. S4). Notably, the cis-acting ele-
ments related to defense and stress response, hormone 
response, meristem maintenance, and other regulation 
mechanisms related to various biological processes 
were broadly distributed (Fig. S4), suggesting their 
diverse functions in plant growth and development.

Expression profiling of BnGRAS genes under stress

To explore the functions of Brassica GRAS genes, 
some published public data downloaded from NCBI 
were used to further study the expression profiles of 
Brassica GRAS genes in the leaves and roots (Fig. 
S5; Table  S8). The expression levels of the identi-
fied GRAS genes were detected in at least one tissue, 
suggesting that Brassica GRASs might participate in 
plant leaf and/or root development. Moreover, similar 
expression patterns were observed between B. napus 
and its parental species; most expression patterns of 
orthologous GRAS gene pairs shared a high simi-
larity not only between B. rapa and B. oleracea but 
also between the subgenomes of B. napus (Fig. S5a; 
Table  S8-1). However, compared to their parental 
homologues, some GRASs in B. napus changed their 
expression patterns, which were derived from the 
gene redundancy created by allopolyploidization. For 
instance, there was almost no detected expression of 
BrPAT1-3b and BoPAT1-3b, while BnAPAT1-3b and 
BnCPAT1-3b showed relatively high expression lev-
els (Fig. S5a). This might be because the functional 
loss of BnAPAT1-3a and BnCPAT1-3a was replaced 
by BnAPAT1-3b and BnCPAT1-3b. In addition, some 
genes displayed homologous expression dominance, 
e.g., BnASCL3a and BnASCL3b exhibited expression 
dominance compared to their homologous genes in 
BnC, and BnCPAT4b showed expression dominance. 
Additionally, PAT1-2 was only expressed in the Bo 
and BnC subgenomes, suggesting that it might be 
a specific C-subgenome-expressed GRAS meme-
ber. Moreover, some GRAS genes generated by TD 
(BrLISCL6-td, BrLISCL7a-td, BrDLTb-tdb, and 
BrSCR-2-td) and interspersed repeats (BrSCL3d) 
were expressed at a very low level (Fig. S5a).

Plants are subjected to various external environ-
mental stress (Wang et  al. 2019), including biotic 
(such as weeds and diseases) and abiotic stress (such 

as drought and salinity). Therefore, the expression 
profiles of BnGRASs in response to diverse biotic 
and abiotic stressors were also investigated (Fig. 
S5b, S5c). Phoma stem canker seriously threatens 
the yield of B. napus and is mainly caused by two 
fungal viruses: Leptosphaeria biglobosa and Lepto-
sphaeria maculans. As shown in Fig. S5b, BnPAT3a, 
BnPAT4b, BnLISCL3b, and BnSCL3a showed higher 
expression levels after infection with L. biglobosa 
(weakly virulent strain) and L. maculans (strongly 
virulent strain). Sclerotinia sclerotiorum (Ss) is also 
a pathogen that harms the growth of B. napus. Pseu-
domonas chlororaphis strain PA23 can produce com-
pounds to inhibit the growth of Ss. Compared with the 
mock treatment and the treatment with only PA23 and 
both PA23 and Ss, the expression levels of BnPAT1-4, 
BnPAT3, BnLISCL3b, BnLISCL6, and BnDELLA1-3 
were higher when exposed to a single Ss treat-
ment (Fig. S5b). For abiotic response, BnPAT1-
1c, BnPAT1-3b, BnPAT3a, BnLISCL1, BnLISCL2, 
BnLISCL6, and BnSCL3 genes had higher expres-
sion levels in the roots of 7-day-old B. napus under 
drought stress (200  g/L PEG6000), while BnPAT1-
1a, BnPAT1-3b, BnPAT3a, BnLISCL6, BnSCL3b, 
and BnCSHR-1a were highly expressed in the roots 
of 3-week-old B. napus than others under salt stress 
(200 mM NaCl; Fig. S5c). These results indicate that 
these BnGRAS genes play an important role in the 
response to biotic and abiotic stress in roots.

To further confirm this, we investigated the expres-
sion patterns of some BnGRASs (BnAPAT1-1a, BnC-
PAT1-1a, BnAPAT3b, BnCPAT3b, BnASCL3b, BnC-
SCL3b, BnALISCL6, BnCLISCL6, BnADELLA1-3, 
BnCDELLA1-3, BnAHAMII-1b, and BnCHAMII-1b) 
in the roots of 14-day-old B. napus under salt and 
drought stress treatment (Table  S9). The expression 
of these genes was obviously induced under the abi-
otic stress treatment and was similar to the transcrip-
tome data, demonstrating that these BnGRAS genes 
played a role in root development in response to salt 
and drought stress (Fig. 7).

Discussion

Structural divergence of BnGRASs

The GRAS transcription factor family constitutes 
a large number of genes in plants and has been 
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identified throughout the genomes of many species, 
such as A. thaliana, O. sativa (Tian et  al. 2004), B. 
napus (Guo et  al. 2019), and B. rapa (Song et  al. 
2014). However, the evolutionary comparison of 
BnGRASs with that of their progenitor species has 
not yet been studied. Since the released genome 
sequences and annotations were not flawless, the 
validity for GRAS genes was manually revised by 
comprehensive comparison with genomic sequences 
and the EST and SRA datasets in this study. In pre-
vious studies, GRAS genes were named by numbers 
on the chromosomes, which might cause some mis-
conceptions in their further study and might be incon-
venient for later researchers (Song et  al. 2014; Guo 
et al. 2019). Hence, GRAS genes of B. rapa, B. olera-
cea, and B. napus were not only named or renamed 
in the same criterion but also subdivided into dif-
ferent subfamilies or OGs according to the ortholo-
gous relationships in other Brassicaceae species in 
the present work (Tian et  al. 2004; Table S1). Most 

GRAS orthologues were detected but not in every 
Brassicaceae species; for example, HAMI-2 existed in 
T. parvula but could not be detected in A. thaliana, 
whereas it was detected in the A subgenome of Bras-
sica species, suggesting that it might be lost during 
the evolution of A. thaliana.

Gene structure analysis confirmed that most 
GRAS genes lack introns or contain only one exon 
in Brassica species (Fig.  6), which is the same as 
that in most other plant GRAS genes (Song et  al. 
2014; Guo et  al. 2019; Wang et  al. 2020a). How-
ever, some BnGRASs possessed more introns after 
allopolyploidization. The divergence of exon–intron 
structures is mainly shaped by 3 mechanisms: exon/
intron gain/loss, exonization/pseudoexonization and 
insertion/deletion (Xu et al. 2012). Thus, the struc-
tural divergence of Brassica GRAS genes might 
also have been affected by these mechanisms dur-
ing species evolution. In addition, the gene struc-
tures of most Brassica GRAS family members were 
highly conserved, and TD events contributed to the 

Fig. 7   Real-time quantitative PCR validation of selected 
BnGRAS genes under salt and drought stress in the 14-day-
old B. napus seedling roots. The x-axis represents the differ-
ent hours (0, 2, 4, 6, and 8 h) upon drought (17% PEG6000) 

and salt (200 mM NaCl) treatment. BnCACTIN-7 was used as 
the reference gene. And the values in the y-axis indicate the 
mean ± SD of three independent biological replicates
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diversity of exon–intron structures. These cases 
might be attributed to: (a) some exon sequences 
were deleted during evolution, such as BnAPAT1-2; 
(b) certain introns were inserted into the sequence 
with no other changes, such as BnCSCL32-1–2; and 
(c) the intron of some genes in diploid Brassica spe-
cies might emerge after the speciation of B. napus, 
for instance, one intron was observed in BrDLTa 
that was lost in BnADLTa (Fig. 6).

Stress response of Brassica GRASs

Biotic and abiotic stress influence the growth and 
production of plants (Wang et  al. 2019). Abiotic 
stress reduces crop yields by more than 50% com-
pared to a less than 10% reduction caused by biotic 
stress, including in Brassica plants (Kreps et  al. 
2002). Many GRAS genes have been revealed to 
play an important role in improving the biotic and 
abiotic resistance of Brassica species. VaPAT1 in 
transgenic Arabidopsis showed enhanced salt and 
drought stress tolerance (Yuan et al. 2016), and the 
orthologue of LISCL6 in rice was involved in regu-
lating the drought stress response (Xu et al. 2015). 
LISCL6 and most of the other genes in the PAT sub-
family had higher expression under drought stress, 
as well as salt stress, in B. napus.

Because gene expression patterns could pro-
vide critical clues for their possible functional 
assessment (Wang et  al. 2020b), the transcript 
levels of Brassica GRAS genes under normal and 
various types of stress were investigated in this 
study. Although almost all Brassica GRASs were 
expressed in at least one tissue, no expression of the 
Brassica GRAS genes generated by TD and inter-
spersed repeat events was detected in any tissue, 
thus further confirming their limited effects on the 
evolution of GRAS genes (Fig. S5a; Table S8). The 
expression patterns of most GRAS genes were simi-
lar in the Br-Bo and BnA-BnC groups. However, the 
expression profiles between B. napus and its paren-
tal species were slightly different; some homolo-
gous genes showed decreased expression levels in 
B. napus to that of its parental species, suggesting 
the existence of gene redundancy. Expression domi-
nance of homoeologous GRASs did not obviously 
occur in most cases. Some (PAT, DELLA, and 
HAM) subfamily genes showed dominant expres-
sion and response in B. napus or in the parental 

lines, regardless of normal or stress treatment (Figs. 
S5, S6), indicating that they might have undergone 
certain potential selection biases. Taken together, 
these findings demonstrate that Brassica GRAS 
genes play important roles in plant development 
and stress response, similar to other GRAS mem-
bers, whereas the subfunctionalization and neofunc-
tionalization of GRAS genes might still proceed in 
young B. napus; thus, further functional analysis is 
still needed (Ma et al. 2010; Wang et al. 2020b).

Proposed evolutionary origin of BnGRASs

Previous studies have shown that a wide variety of 
GRAS numbers exist among different species, which 
might be related to polyploidy. For instance, 34 
GRASs were identified in A. trichopoda, 106 in P. 
trichocarpa (Liu and Widmer 2014), which is ~ 2.21 
times higher than that in R. communis (Xu et  al. 
2016), and 106 in G. max, which is ~ 1.8 times higher 
than that in M. trucatula (Wu et al. 2014). After being 
classified by the latest method, many subfamilies 
(e.g., PAT1 and LISCL) were found to contain large 
numbers of GRAS homologues in Brasscia species, 
which was similar to most other angiosperm species 
(e.g., Populus simonii, G. max, and Malus pumila). 
This is probably because many GRAS members of 
PAT, LISCL, and other subfamilies extensively par-
ticipate in diverse biotic/abiotic stress response (Liu 
et  al. 2014; Wang et  al. 2020a, b). However, com-
pared with other species (Tian et al. 2004; Cenci and 
Rouard 2017), the total number of Brassica GRASs 
was not very large, as they lacked all members in 
SCLA, SCLB, RAD1 and RAM1 subfamilies as other 
species in Brassicaceae (Fig. 2).

Three rounds (i.e., γ, β, and α) of WGD/WGT and 
the specific Bra-α WGT event have been suggested 
through evolutionary process analysis in Brassica 
species (Bowers et al. 2003). However, most AtGRASs 
retained their corresponding homologues in a single 
copy of Brassica plants (Fig. 1; Tables S1, S2). Our 
evolutionary analysis showed that all GRAS genes in 
Brassica were subject to purifying seletion, together 
with the similar and conservative structural features 
of Brassica GRAS genes, further demonstrating the 
important functional conservation of GRAS family 
members and explaining the single copy of AtGRASs 
(Figs. 1, 2, 3, 4, 5, 6; Tables S1–S7). During the pro-
cess of evolution, the Bra-α WGT event contributed 
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Fig. 8   The proposed evolutionary origin of BnGRASs in the 
Brassica genus. The reference genes were syntenic and orthol-
ogous genes from Amborella trichopoda, Vitis vinifera, Theo-
broma cacao, Carica papaya, Capsella rubella, Thellungiella 
parvula and Arabidopsis thaliana. The purple, green, red, 
brown, and blue colored arrows represent the impact of gene 
expansion from γ-WGT, Cretaceous–Paleogene extinction 
event (α-WGD and β-WGD event), the Bra-α-WGT, allopoly-

ploidazayion, and tandem duplication event, respectively. Blue 
colored genes were generated by tandem duplication events, 
while grey colored genes were lost in the speciation process 
of Brassica napus. Br, Bo, BnA, BnC each represents the A 
genome of B. rapa, C genome of B. oleracea and An and Cn 
subgenomes of B. napus. NF: not found; WGD: whole genome 
duplication; WGT: whole genome triplication; Bra-α WGT: 
α-WGT specifically occurred in the Brassica genus
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more to the expansion of GRAS genes in the Brassica 
genus than TD events (Figs. 2, 3, S1; Tables S3–S5).

After the collinearity and phylogenetic analysis 
of GRAS genes in multiple species, we found that 
GRASs in PAT, LISCL, DELLA, and HAM subfami-
lies were highly expanded, while the members of 
some subfamilies (SCLA, SCLB, RAD1, and RAM1) 
were reduced or expansion resistant during evolution 
(Figs. 1, 2). These observations showed that genome 
duplication, genome triplication, and TD events 
played different roles in the expansion of the GRAS 
gene family in different species, similar to other angi-
osperms (Cenci and Rouard 2017; Wang et al. 2020a, 
b). Finally, a possible evolutionary origin of BnGRAS 
genes in the Brassica genus was proposed (Fig.  8); 
the GRAS genes from B. rapa and B. oleracea were 
combined with the help of allopolyploidization to 
give rise to the BnGRAS genes, and almost all GRAS 
genes derived from diploid species were retained in 
the allopolyploid B. napus. In addition, the evolution 
of the Brassica GRAS genes was highly conserved, 
and allopolyploidization had little impact on this 
compared with that of the Bra-α WGT event. How-
ever, some GRAS genes of the parental lines were 
lost after the speciation of B. napus (e.g., BrPAT1-3a, 
BoPAT1-3a, BoNSP1, BrSHR-1b, and BoSHR-1b), 
and there was no obvious subgenome-dominant gene. 
Taken together, the Bra-α WGT event contributed 
more to the expansion of GRASs than TD and exerted 
different functions on the evolution of diverse sub-
families in Brassica.

Conclusions

In the present study, 56, 53, and 96 GRAS genes were 
identified genome-wide in B. rapa, B. oleracea, and 
B. napus and classified into 13 subfamilies and 17 
OGs. The chromosomal locations, gene structures, 
motif patterns, and gene expression profiles of Bras-
sica GRAS members were highly conserved dur-
ing speciation. Additionally, polyploidization events 
(WGD and WGT) contributed more to the expansion 
and diversity of Brassica GRAS family members than 
other events, whereas gene loss was also detected 
during evolution. Furthermore, the early period of 
allopolyploidization and TD also played a role in 
the evolution of the BnGRAS genes. Moreover, the 

evolutionary origin of BnGRAS genes in the Brassica 
genus, which was strongly affected by duplication 
events, was first proposed here. In addition, BnGRAS 
genes might play an important role in stress responses 
in roots. In summary, our results not only broaden the 
understanding of the evolutionary mechanism of the 
BnGRAS family in the Brassica genus but also accel-
erate the functional research of Brassica GRAS genes.
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