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Abstract
Main conclusion Genome-wide identification, classification, expression analyses, and functional characterization of
GRAS genes in oil crop, Brassica napus, indicate their importance in root development and stress response.

Abstract GRAS proteins are a plant-specific transcription factor gene family involved in tissues development and stress
response. We classified 87 putative GRAS genes in the Brassica napus genome (BnGRASs) into 13 subfamilies by phylo-
genetic analysis. The C-terminal GRAS domains of Brassica napus (B. napus) proteins were less conserved among sub-
families, but were conserved within each subfamily. A series of analyses revealed that 89.7% of the BuGRASs did not have
intron insertions, and 24 specific-motifs were found at the N-terminal. A highly conserved microRNA 171 (miRNA171)
target was observed specifically in the HAM subfamily across land plants. A total of 868 pairs of interaction proteins were
predicted, the primary of which were transcription factors involved in transcriptional regulation and signal transduction.
Integrated comparative analysis of GRAS genes across 26 species of algae, mosses, ferns, gymnosperms, and angiosperms
revealed that this gene family originated in early mosses and was classified into 19 subfamilies, 14 of which may have origi-
nated prior to bryophyte evolution. RNA-Seq analysis demonstrated that most BnGRASs were widely expressed in different
tissues/organs at different stages in B. napus, and 24 BnGRASs were highly/specifically expressed in roots. Results from a
gRT-PCR analysis suggested that two BnGRASs belonging to SCR and LISCL subfamilies potentially have important roles
in the stress response of roots.
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Abbreviations Introduction

BRAD Brassica database

FPKM Fragments per kilobase of transcript per million
mapped reads

OGs Orthologous groups
PEG Polyethylene glycol

GRAS proteins are an important family of transcription fac-
tors (TF) in plants (Silverstone et al. 1998). Typically, GRAS
proteins include 400—700 amino acids, with a variable N-ter-
minal and highly conserved C-terminal containing several
motifs with conserved sequence characteristics and order,
such as leucine heptad repeat I (LHRI), VHIID, leucine hep-
tad repeat II (LHRII), PFYRE, and SAW (Lee et al. 2008).
The N-terminal domains contain numerous molecular recog-
nition features (MoRFs) representing potential protein—pro-
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tein binding sites that are potentially involved in molecular
recognition during plant development (Sun et al. 2011).
GRAS transcription factor functions vary and include
microspore and root development (Morohashi et al. 2003),
signal transduction (Bolle et al. 2000), stem cell maintenance
(Stuurman et al. 2002; Li et al. 2003), and stress response
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(Fode et al. 2008; Ma et al. 2010). Genome-wide analyses in
a range of plants, such as Chinese cabbage (Brassica rapa),
tomato (Solanum lycopersicum), and woad (Isatis indigotica)
(Song et al. 2014; Huang et al. 2015; Zhang et al. 2016), have
generally divided the GRAS gene family into eight subfami-
lies: DELLA, SCARECROW (SCR), LATERAL SUPPRES-
SOR (LS), HAIRY MERISTEM (HAM), phytochrome A sig-
nal transduction 1 (PAT1), SCL4/7, SHORT-ROOT (SHR),
and SCARECROW-LIKE9 (SCL9) (Lee et al. 2008; Guo et al.
2017). However, 13 subfamilies have been identified in Popu-
lus trichocarpa (Liu and Widmer 2014) and 16 in Medicago
truncatula (Song et al. 2017). Recently, the family was newly
classed into 17 subfamilies in angiosperms (Cenci and Rouard
2017). Thus, the classification of this gene family is not yet
uniform.

Brassica plants are widely used as vegetables, oilseed,
and fodder, and B. napus is one of the most economically
important oil crops in China, Europe, and North America.
Recently, the genome of B. napus was sequenced (Chalhoub
et al. 2014; Sun et al. 2017), but the GRAS gene family has
yet to be reported. Investigating this family in B. napus would
provide insights into the evolutionary mechanisms of hybridi-
sation (allopolyploid) between B. rapa and Brassica oleracea
and a theoretical basis for future studies on the roles of GRAS
proteins in B. napus.

In this study, we identified 87 GRAS members in the B.
napus genome (BnGRASs) mapped to the 19 B. napus chro-
mosomes. According to the results of the phylogenetic analysis
and the gene functions, the angiosperm GRAS gene family
is divided into 17 subfamilies and the BnGRASs were found
to be distributed in 13 of these. Allopolyploidization was the
main reason for the rapid expansion of this gene family in B.
napus. The expression profiles of candidate BnGRASs in 50
samples revealed that they were widely expressed in different
tissues at different stages in B. napus. Their expression pat-
terns within the same subfamily were found to be generally
similar, suggesting functional similarity. Meanwhile, up to
24 BnGRASs were highly or specifically expressed in roots,
suggesting important roles for GRAS genes in root develop-
ment. qRT-PCR analysis of nine screened BnGRASs from LS,
LISCL, SCL4/7, and SCR subfamilies under PEG and salt
stresses showed that some genes were up- or down-regulated
by abiotic stresses. Among which, BuGRAS86 and BnGRAS25
are potential candidates for breeding stress resistant B. napus.
The results of our study provide key insights into the evolu-
tion, classification, and function of GRAS proteins in B. napus.
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Materials and methods
Sequence retrieval

The sequences of 34 Arabidopsis thaliana GRAS proteins
(AtGRASSs) were retrieved from the TAIR (http://www.
arabidopsis.org/). To identify the putative GRAS genes
in the B. napus genome, we performed BLASTP searches
in the GENOSCOPE database (Darmor—bzh, http://www.
genoscope.cns.fr/brassicanapus/) (Chalhoub et al. 2014)
using all of the A. thaliana, Oryza sativa, and Vitis vinifera
GRAS protein sequences as queries (Cenci and Rouard
2017). We further manually checked the sequence infor-
mation of candidate genes according to that of the GRAS
genes in another sequenced B. napus genome in NCBI
database (ZS11, https://www.ncbi.nlm.nih.gov/genome/
annotation_euk/Brassica_napus/101/) (Sun et al. 2017).
To verify the reliability of our results, all putative non-
redundant sequences were assessed with PROSITE profil-
ing to confirm the candidates possessing the typical GRAS
domain (http://prosite.expasy.org/). The information of
cDNA sequences and genomic sequences was acquired
from the B. napus genome, as well. Similarly, the can-
didate GRAS genes in B. oleracea (v1.0) were identified
by the same method in the BRAD database (http://brass
icadb.org/brad/), and the candidates in B. rapa and other
species were identified in the Phytozome v12.1 (https://
phytozome.jgi.doe.gov/pz/portal.html).

Multiple sequence alignment, detection
of orthologous groups, and phylogenetic analysis

Multiple sequence alignment of GRAS domains of can-
didate proteins was performed using the online MAFFT
version 7 software under default parameters (https://mafft
.cbrc.jp/alignment/server/) (Katoh and Standley 2013) and
then edited by MEGA version 7.0 software (Kumar et al.
2016). Protein sequence characteristics were viewed by
WebLogo (http://weblogo.berkeley.edu/logo.cgi).

The manual inference of orthologous groups (OGs)
was to confirm the protein belonging to the OG by mutual
BLASTp, as described in Cenci and Rouard (2017). To
investigate the evolutionary history of the B. napus GRAS
gene family, we constructed a neighbour joining (NJ) tree
based on the multiple sequence alignment of the GRAS
domains using MEGA 7.0. To determine the statistical
reliability, we applied bootstrap analysis with 1000 rep-
licates and with the following main parameters: p dis-
tance and pairwise deletion. The JJT amino acid substi-
tution model with estimation of the gamma distribution
shape parameter (JJIT+G) was suggested to be the best
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evolutionary model, based on the Akaike information cri-
terion (AIC) in MEGA7.0. The maximum-likelihood (ML)
trees were constructed using PhyML 3.0 (Guindon et al.
2009) with 100 replicates and the JJT4+G model. The tree
files were viewed and edited using FigTree v1.3.1 (http://
tree.bio.ed.ac.uk/software/figtree/).

Detection of the physical and chemical
characteristics and conserved motifs

The physical and chemical characteristics of the candidate
GRAS proteins were predicted using the Protparam tool
(http://web.expasy.org/) (Bjellqvist et al. 1993). Subcellular
localisation prediction was applied by Plant-mPLoc (http://
www.csbio.sjtu.edu.cn/bioinf/plantmulti/) (Chou and Shen
2008).

Conserved motifs of GRAS proteins were identified with
the MEME 4.11.1 program with default parameters, except
for the maximum number of motifs (5) and the maximum
width (100). Only motifs with an e value < le-20 were kept
for further analysis.

Analyses of intron patterns, chromosomal location,
miRNA, and the interaction network

The intron insertion sites of GARS genes in B. napus, B.
rapa, and B. oleracea were manually analyzed by compar-
ing the DNA and CDS sequences of each gene using MEGA
7.0. The intron insertion information of GRAS genes in A.
thaliana was acquired from Phytozome v12.1 (https://phyto
zome.jgi.doe.gov/pz/portal.html). The intron patterns of B.
napus GARS genes were visualised by the Gene Structure
Display Server (GSDS) 2.0 (http://gsds.cbi.pku.edu.cn/) (Hu
et al. 2015). MapChart software was used to draw the chro-
mosome map of candidate genes. Collinearity analysis of
GRAS genes in the A. thaliana, B. oleracea, B. rapa, and B.
napus genomes was obtained from the Brassica Database
(BRAD), and the R package (Krzywinski et al. 2009) was
used to view collinearity. Gene replication event was ana-
lyzed by CoGe online software (https://genomevolution.org/
CoGe/). Nucleotide substitution rate (Ka/Ks) of duplicate
genes was calculated by KaKs_calculator 2.0 using the LWL
method (Wang et al. 2010a). Plant small RNA-targeted gene
prediction was performed by psRNATarget (http://plantgrn.
noble.org/psRNATarget/analysis/). Protein interaction net-
work prediction was performed by STRING (https://strin
g-db.org/cgi/input.pl?sessionld) (Szklarczyk et al. 2017) and
visualised with Cytoscape version 3.4.0. The gene ontol-
ogy (GO) annotation information of interaction proteins was

obtained by GO database (http://www.geneontology.org/)
(Ashburner et al. 2000).

The expression analyses of GRAS genes in B. rapa, B.
oleracea, and B. napus

The RNA-Seq of B. napus variety “Zhongshuang 11”
(ZS11) in distinct tissues at different developmental stages
(BioProject ID PRINA358784) and under five hormones
induction (IAA, auxin; GA;, gibberellin; 6-BA, cyto-
kinin; ABA, abscisic acid and ACC, ethylene) (unpub-
lished data) was used to analyze the expression profiles
of candidate BnGRASs. The data were analyzed by Clus-
ter 3.0 and a heatmap was drawn by Java Treeview soft-
ware. The RNA-seq data of B. rapa and B. oleracea were
obtained from BRAD (http://brassicadb.org/brad/genom
eDominanceData.php) and GEO Data Sets (Accession
number: GSE42891), and then were used to analyze the
expression profiles of candidate BoGRASs and BrGRASs,
respectively.

For qRT-PCR analyses, seeds of ZS11 were obtained
from the College of Agriculture and Biotechnology and
grown in an artificial climatic chamber at 25 °C with a
14:10 photoperiod (day:night). 5-leaf seedlings of ZS11
were used for different treatments. Seedlings were treated
in Hoagland liquid medium containing 200 mM NaCl, 15%
PEG6000 (to mimic drought stress) and 50 puM ABA for 0,
1,3, 6,12, and 24 h, respectively, and then, the root tissues
were collected. All materials were frozen in liquid nitro-
gen immediately and stored at —80 °C for RNA isolation.

Total RNA was extracted using EASYspin total RNA
Extraction kit (Biomed, Beijing, China); the quality and
concentration of each RNA sample was determined using
gel electrophoresis and a NanoDrop 2000 spectrophotom-
eter. Only the RNA samples that met the criteria A260/280
ratio=1.8-2.1 and A260/230 ratio >2.0 were used for
further analyses. The total RNA sample was treated with
DNase I (Promega) before use. First-strand cDNA syn-
thesis was performed using an oligo (dT) primer and 2 pg
of total RNA in a 20 pl reaction volume, according to
the manufacturer’s instructions for the M-MuLV RT kit
(Takara, Dalian, China). The fluorescence was measured
after the extension step using the CFX Connect™ Real-
Time System (Bio-Rad, Chongqing, China) and the SYBR-
Green PrimeScript RT-PCR Kit (Takara). The B. napus
Actin7 (BnActin7) (GenBank Accession no. AF024716)
was used as the reference gene. The primers used in this
analysis are listed in Table S1. Three biological replicates
were included for each treatment, and each consisted of
three technical replicates. Expression levels were calcu-
lated as the mean signal intensity across the three repli-
cates, and the relative expression levels were determined
using the 2("2A%Y method (Livak and Schmittgen 2001).
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Results

Genes encoding GRAS proteins in the B. napus
genome

To identify GRAS encoding genes in the B. napus genome,
a preliminary repeated BLASTP search (e values of < 1.0)
was performed using the A. thaliana, O. sativa, and V.
vinifera GRAS proteins as queries. To ensure the integrity
of the B. napus GRAS protein data, we searched the two
sequenced B. napus cultivar genomes in GENOSCOPE
(Darmor—bzh, http://www.genoscope.cns.fr/brassicana
pus/) (Chalhoub et al. 2014) and NCBI database (ZS11,
https://www.ncbi.nlm.nih.gov/genome/annotation_euk/
Brassica_napus/101/) (Sun et al. 2017), and then, we man-
ually compared and corrected the sequence information of
the candidate genes between these two cultivars.

A large number of deduced amino acid sequences
containing GRAS or GRAS-like repeats were obtained.
Redundant sequences were discarded, and the GRAS
domain was verified in the remaining sequences by
ExPASy. The sequences possessing incomplete open read-
ing frames (ORFs), especially long deletion in the GRAS
domain, were excluded for further analysis. Finally, based
on the comparative analyses of the GRAS sequences
between ZS11 and Darmor—bzh genomes, we found 92
GRAS candidate genes in Darmor—bzh. Among them, 85
genes encode typical non-redundant GRAS proteins with
relative complete ORFs, one gene (BnaC06g03620D)
should be split into two proteins, (BnGRAS55.1 and
BnGRAS55.1) due to annotated error, and five genes may
be pseudogenes and were excluded in our further analysis
(Table S2). The candidate proteins were referred to as:
BnGRAS1-BnGRASB86 based on their chromosomal order,
where the BnaC06g03620D was named as BnGRASS55.1
and BnGRASS55.2 (Table 1). Accordingly, we used the 87
GRAS proteins (BnGRASSs) from Darmor—bzh in our fur-
ther analyses.

The 87 BnGRASs ranged from 44.47 (BnGRASS86) to
83.25 kDa (BnGRAS25) and were located in the nucleus
(Table 1). They were primarily dominated by alpha heli-
ces and random coils and secondarily by extended strands
and beta turns with an average incidence of 44.58, 40.23,
10.64, and 4.54% (Table S3), respectively. All except one
had a theoretical PI value <7 (Table 1). Most had an insta-
bility index > 40, indicating that they were unstable and
all of them had a hydropathicity value <0, suggesting that
they were hydrophilic (Table S4).

We also identified 46 and 51 sequences encoding GRAS
proteins in the genomes of B. rapa (BrGRASs) and B.
oleracea (BoGRASSs), respectively (Table S5). For the
phylogenetic analysis, we retained the GRAS proteins
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that lacked some sequence at the N-terminus (non-GRAS
domain) to ensure the representativeness of the data. This
did not affect the phylogenetic tree construction. One
GRAS gene was excluded from B. rapa in our data com-
pared with a previous study (Song et al. 2014), due to
the updated genome. The 34 GRAS genes in A. thaliana
(AtGRASSs) and 52 GRAS genes in V. vinifera (VWGRASs)
were obtained from the previous reports (Cenci and
Rouard 2017; Guo et al. 2017).

Phylogenetic analysis of GRAS gene family in B.
napus

To explore the evolution and classification of candidate
BnGRASSs, the GRAS domains of the 87 BnGRASs, 34
AtGRASSs, 46 BrGRASs, 51 BoGRASSs, and 49 VVGRASs
were aligned using MAFFT online software, and then, were
used to construct NJ and ML phylogenetic trees by MEGA
7.0 and PhyML3.0, respectively, based on the alignment.

Our results showed that the topologies and bootstrap sup-
port values of the NJ and ML trees were highly congruent
(Fig. 1 and Fig. S1), and we divided the candidates into 13
subfamilies based on high bootstrap support (Fig. 1). The
distributions of candidate BnGRASs among the different
subfamilies were as follows: HAM (13), LISCL (19), SHR
(3), NSP1 (1), SCL32 (3), PAT (21), DELLA (10), SCR
(3), SCL3 (4), DLT (4), SCL4/7 (2), LS (2), and NSP2 (2).
To further confirm our classification, we referred to that of
Cenci and Rouard (2017), who classified the GRAS pro-
teins of eight representative angiosperms into 29 OGs based
on orthologous relationships (Table S5). Our results were
consistent with 17 OGs of the 29 OGs, and that 12 OGs
representatives were lost in Brassicaceae (Cenci and Rouard
2017). However, homologous genes of subfamilies SCLB,
SCLA, RAMI, and RAD1 were not identified in B. rapa,
B. oleracea, nor B. napus, and, therefore, may not exist in
the Brassica lineage. The number of BnGRASs in each sub-
family was generally equal to the number in B. rapa and
B. oleracea. However, some BnGRASs were missing from
LISCL, HAM, SHR, SCL32, and NSP1 compared to those
of B. rapa and B. oleracea, inferring gene loss in B. napus,
potentially following the hybridisation process.

Sequence feature analysis of BhnGRAS proteins

To analyze the sequence features in GRAS domains, we
performed a multiple sequence alignment analysis of the
GRAS domains of the 87 BnGRASs, using MAFFT with
default parameters. The GRAS domains were located at
the C-terminal. The length of which varied among candi-
dates but was similar within each subfamily ranging from
230-400 amino acids. Furthermore, the similarity between
all BhnGRASs domains was only 35.88%, whereas, within
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Table 1 Features of the 87
GRAS proteins from B. napus
identified in this study
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Name Genome ID Chromosome SL PI MW(kDa) Length (aa)
BnGRASI1 BnaA01g01120D  chrAO1 Nucleus  5.04  54.23 487
BnGRAS2 BnaAO1g17860D  chrAO1 Nucleus 597  59.2 535
BnGRAS3 BnaA01g19870D  chrAO1 Nucleus  5.54  68.33 601
BnGRAS4 BnaA02g10830D  chrA02 Nucleus  5.58  62.16 576
BnGRASS BnaA03g17340D  chrA03 Nucleus  6.48  75.65 673
BnGRAS6 BnaA03g21080D  chrA03 Nucleus  5.67  65.85 598
BnGRAS7 BnaA04g01210D  chrA04 Nucleus 4.71  60.3 550
BnGRASS BnaA04g16850D  chrA04 Nucleus  6.35  82.62 726
BnGRAS9 BnaA05g25420D  chrA05 Nucleus  4.86  57.17 509
BnGRASI10 BnaA05g32640D  chrA05 Nucleus 4.7 59.34 544
BnGRASI11 BnaA06g00290D  chrA06 Nucleus  6.17  49.1 441
BnGRASI12 BnaA06g02700D  chrA06 Nucleus  5.79  58.58 526
BnGRASI13 BnaA06g02820D  chrA06 Nucleus  6.05  49.99 444
BnGRAS14 BnaA06g15170D  chrA06 Nucleus  4.89  64.37 576
BnGRASI15 BnaA06g30410D  chrA06 Nucleus  6.06  55.81 497
BnGRAS16 BnaA06g34810D  chrA06 Nucleus 5.7 62.4 572
BnGRAS17 BnaA07g01720D  chrA07 Nucleus  5.62  54.24 491
BnGRAS18 BnaA07g14220D  chrA07 Nucleus  6.17  71.37 618
BnGRAS19 BnaA07g14230D  chrA07 Nucleus  6.17  79.85 704
BnGRAS20 BnaA07g37270D chrAO7_random  Nucleus 5.1 59.99 539
BnGRAS21 BnaA07g37410D chrAO7_random  Nucleus 4.76 64.79 596
BnGRAS22 BnaA07g37990D chrAO7_random  Nucleus 526 66.38 601
BnGRAS23 BnaA08g02160D  chrA08 Nucleus  6.03  49.76 445
BnGRAS24 BnaA08g15740D  chrA08 Nucleus  5.54  59.09 525
BnGRAS25 BnaA08g29000D  chrA08 Nucleus 549  83.35 744
BnGRAS26 BnaA08g30240D  chrA08_random Nucleus 5.68 58.43 530
BnGRAS27 BnaA09g02850D  chrA09 Nucleus 6.44 5544 494
BnGRAS28 BnaA09g10790D  chrA09 Nucleus  6.89  71.2 632
BnGRAS29 BnaA09g12920D  chrA09 Nucleus  6.97  71.94 645
BnGRAS30 BnaA09g18700D  chrA09 Nucleus  5.23  63.32 579
BnGRAS31 BnaA09g34140D  chrA09 Nucleus  5.68  68.01 622
BnGRAS32 BnaA09g49370D  chrA09 Nucleus  5.63  76.52 666
BnGRAS33 BnaA09g49380D  chrA09 Nucleus 5.7 78.85 690
BnGRAS34 BnaA10g07400D  chrA10 Nucleus  5.56  65.51 608
BnGRAS35 BnaA10g09700D  chrA10 Nucleus  5.62  55.54 499
BnGRAS36 BnaA10g12460D  chrA10 Nucleus  6.03  67.37 597
BnGRAS37 BnaA10g17240D  chrA10 Nucleus  4.77  57.75 525
BnGRAS38 BnaAnng03920D  chrAnn_random  Nucleus 5.44  46.85 418
BnGRAS39 BnaAnngl8540D  chrAnn_random  Nucleus 5.79  61.77 562
BnGRAS40 BnaAnngl8550D  chrAnn_random  Nucleus 5.82  61.78 562
BnGRAS41 BnaAnng36390D  chrAnn_random  Nucleus 6.3 55.85 497
BnGRAS42 BnaC01g02150D  chrCO1 Nucleus  5.09  54.38 489
BnGRAS43 BnaC01g21110D  chrCO1 Nucleus 597  58.8 531
BnGRAS44 BnaC01g24660D  chrCO1 Nucleus 537  68.14 599
BnGRAS45 BnaC02g15050D  chrC02 Nucleus 5.73  63.57 588
BnGRAS46 BnaC02g38370D  chrC02 Nucleus  6.34  55.75 497
BnGRAS47 BnaC03g20860D  chrC03 Nucleus 647  75.88 674
BnGRAS48 BnaC03g25140D  chrCO03 Nucleus 548  65.94 600
BnGRAS49 BnaC03g61310D  chrCO03 Nucleus 549  59.32 475
BnGRAS50 BnaC04g15290D  chrC04 Nucleus  5.64  71.46 619
BnGRASS51 BnaC04g22080D  chrC04 Nucleus 4.8 61.56 564
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Table 1 (continued)

Name Genome ID Chromosome SL PI MW(kDa) Length (aa)
BnGRASS52 BnaC04g40230D  chrC04 Nucleus  6.37 824 725
BnGRASS53 BnaC05g05240D  chrCO05 Nucleus 5.4 78.77 694
BnGRAS54 BnaC05g47760D  chrCO05 Nucleus  4.73  59.09 543
BnGRASS55.1  BnaC06g03620D  chrC06 Nucleus  5.79  49.75 444
BnGRASS55.2  BnaC06g03620D  chrC06 Nucleus  5.79  49.75 444
BnGRAS56 BnaC06g03750D  chrC06 Nucleus 575 58.35 524
BnGRAS57 BnaC06g07300D  chrC06 Nucleus  6.28  49.01 440
BnGRASS58 BnaC07g03310D  chrCO07 Nucleus  5.62  54.36 493
BnGRAS59 BnaC07g14490D  chrCO7 Nucleus  5.16  61.27 550
BnGRAS60 BnaC07g15890D  chrCO7 Nucleus  5.16  48.32 433
BnGRAS61 BnaC07g20900D  chrCO7 Nucleus 546  62.65 576
BnGRAS62 BnaC07g46190D  chrC07 Nucleus  5.14  51.22 461
BnGRAS63 BnaC07g46670D  chrC07 Nucleus  5.64  59.77 532
BnGRAS64 BnaC07g49170D chrC07_random Nucleus 6.3 55.71 497
BnGRAS65 BnaC08g02280D  chrCO08 Nucleus 554  79.77 745
BnGRAS66 BnaC08g25070D  chrCO8 Nucleus  5.63  68.06 622
BnGRAS67 BnaC08g45390D  chrCO8 Nucleus 591  80.21 700
BnGRAS68 BnaC08g45400D  chrC08 Nucleus 545  77.85 679
BnGRAS69 BnaC08g48710D  chrCO8_random  Nucleus 5.54  46.93 418
BnGRAS70 BnaC09g02270D  chrC09 Nucleus  6.81  55.78 497
BnGRAS71 BnaC09g28480D  chrC09 Nucleus 538  66.6 618
BnGRAS72 BnaC09g32140D  chrC09 Nucleus 5.6 54.43 489
BnGRAS73 BnaC09g34770D  chrC09 Nucleus 572 67.48 597
BnGRAS74 BnaC09g40420D  chrC09 Nucleus 4.8 57.6 525
BnGRAS75 BnaC09g52270D  chrC09_random  Nucleus 5.32  62.33 569
BnGRAS76 BnaCnng00830D  chrCnn_random  Nucleus 5.76  45.39 405
BnGRAS77 BnaCnngl14890D  chrCnn_random  Nucleus 6.74  71.56 637
BnGRAS78 BnaCnngl8770D  chrCnn_random  Nucleus  5.68  58.81 533
BnGRAS79 BnaCnng28010D  chrCnn_random  Nucleus  5.37  55.83 507
BnGRASS80 BnaCnng57010D  chrCnn_random  Nucleus  5.37  66.08 598
BnGRASS1 BnaCnng58110D  chrCnn_random  Nucleus  4.98  64.39 576
BnGRASS82 BnaCnng67210D  chrCnn_random  Nucleus 7.41  72.19 643
BnGRASS3 BnaCnng68300D  chrCnn_random  Nucleus  5.31  55.97 507
BnGRASS84 BnaCnng73510D  chrCnn_random  Nucleus 891 65 569
BnGRASS85 BnaCnng77180D chrCnn_random Nucleus 4.78 65 598
BnGRAS86 BnaUnng00200D chrUnn_random Nucleus 5.63 44 .47 404

SL subcellular localization, PI isoelectric point, MW molecular weight, aa amino acid

each subfamily, it was 59.68—-100% (Fig. S2). Accordingly,
the sequence similarity of the GRAS domains was less
conserved among the whole gene family, but was highly
conserved within each subfamily (Fig. S2 and Fig. S3).
Consistent with the previous studies (Liu and Widmer
2014), the GRAS domain comprised five main motifs,
namely, LHRI, VHIID, LHRII, PFYRE, and SAW with
distanced degree of conservation. Most of the BnGRASs
contained the nuclear localisation signal region (NLS) of
the LHRI motif at the C-terminal (Figs. 2, S2 and S3).
The LHRII motif was relatively conserved, especially the
Lx6Lx6L (L=leucine, x=any amino acid) sub-motif in
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the first half part that was highly conserved in BnGRASs
(Fig. 2). The xHxxD (H=histidine, D=aspartic acid)
sub-motif in the VHIID motif was involved in transcrip-
tional activation activity (Gallagher and Benfey 2009).
Accordingly, we found that the residues of H-162 (99%)
and D-165 (100%) in this motif were highly conserva-
tive (Fig. S2), implying that they might be important for
transcriptional activities. The PFYRE motif was relatively
less conserved and contained three sub-motifs (P, FY, and
RE) that had a short segment insertion at the N-terminal in
the SCL3 subfamily (Fig. S2). The SAW motif comprised
four sub-motifs: RVER, W-G, L-W, and SAW (Fig. 2 and



Planta (2019) 250:1051-1072

1057

»
@
&
=\

-SCL3

<

22%% T
2282699 ,22828%¢
£55%2353233888548
3 a9
6708522 05352228858

RS2 F50QB RGN
$3559300238583008
22050526330002838
‘Qil(z‘ bs 546

@

2/OG:p %
snGRAswoe.p:TTf )
BrGRAS7/0G.PAT.¢
AtGRAS30/0G-PAT-1
BNGRAS64/0G-PAT-1
/0G-PAT-1
BNGRAS15/0G-PAT-1
BrGRAS19/0G-PAT-1
GRAST70/0G-PAT-1
e 0G-PAT-1

3/0G-scL3
O

SCL3
-SCL3
G-SCL3

BOGRAS12/0G-:

By

rGRAS17/0G.
BnGRAS1

Al

GRASS/(

|

BnGRAS30/0G-DELLA-
BOGRAS24/0G-DELLAT |
BnGRAS75/0G-DELLA-1 [
BrGRAS26/0G-LISCL
BnGRAS19/0G-LISCL
BOGRAS19/0G-LISCL
BNGRAS84/0G-Lisc|.

0..05

Fig. 1 Phylogenetic relationships of GRAS proteins. The phyloge-
netic tree (neighbour joining) was constructed using all of the candi-
date GRAS proteins in A. thaliana (At: 34), B. rapa (Br: 46), B. oler-
acea (Bo: 51), B. napus (Bn: 87), and V. vinifera (Vv: 49) which were
classified into 17 subfamilies (29 OGs) based on the bootstrap value

Fig. S2), consistent with the previous results (Yoon et al.
2016).

We further identified 24 conserved motifs outside the
GRAS domain at the N-terminal of the GRAS proteins in
A. thaliana, B. rapa, B. oleracea, and B. napus using the

and topology. The branches sharing the same background colour are
in the same subfamily, except for four representatives of OG-SCLA,
OG-RAMI1, OG-RADI, and OG-SCLB subfamilies, which did not
have homologous genes in Brassica species

MEME website. In general, the distribution of these motifs
varied among subfamilies (Fig. S4). For example, motif
1 was only located in PAT subfamily; motifs 15, 16, and
17 in LISCL subfamily; and motifs 7, 8, and 9 in SCL4/7
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subfamily (Table S6). The diversity of motifs between
subfamilies may be related to their functional evolution.

Intron/exon structure and miRNA target analysis

Using the online GSDS 2.0 software, we analyzed the intron
insertions of the 87 BnGRASs (Fig. 3). Our results show that
most BnGRASs have only one GRAS domain. About 89.7%
(78/87) of the genes did not have intron insertion sites along
their full-length ORF regions. The last (10.3%) have similar
insertion sites in the same branch (Fig. 3), among which nine
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of four conservative sub-motifs within the GRAS domains of the 17
listed on the left and top, respectively

BnGRASs have one intron insertion in the GRAS domains.
Similarly, we analyzed the intron insertions of GRAS genes
in A. thaliana, B. oleracea, and B. rapa, and found that 88%
(30/34), 89% (41/46), and 86% (44/51) of the candidates
had no intron insertion in these three species, respectively
(Fig. S5). Moreover, we found that the insertion positions
and phases of the introns in the orthologs genes were highly
conserved in each clade. For example, all members of the
same clade in the SCR subfamily (AtGRAS21, BrGRAS39,
BoGRAS29, BnGRAS31, and BnGRAS66) had the same
intron insertion pattern (Fig. S5). These results revealed that
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Fig.3 Phylogenetic relation-
ship and gene structures of
BnGRASs. The neighbour
joining (NJ) tree was generated
based on the multiple sequence
alignment of the 87 BnGRAS
proteins. The coloured
backgrounds represent the 13
subfamilies that were supported
with high predictive value
(>99%). Green boxes indicate
the exons, black lines indicate
the introns, and pink boxes
represent the GRAS domains
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the intron patterns of the GRAS gene family are conserved
within each branch.

MicroRNAs (miRNAs) played an important role in the
expression of transcription factor genes in plants (Axtell
2013), and it was reported that GRAS members are regu-
lated by miRNA171 (Ma et al. 2014). Our results showed
that eight genes in HAM (BnGRAS6, BnGRAS7, BhGRAS22,
BnGRAS39, BnGRAS40, BnGRAS48, BnGRAS51, and
BnGRASS80) were unambiguously complementary to the
miRNA171 sequence. This result was confirmed by psR-
NATarget (Table S7). In addition, another 26 miRNAs were
also found to bind to 63 BnGRASs with about 90% comple-
mentary. These results suggested that miRNAs may play an
important role in regulating the expression of BnGRASs.

Chromosome distribution and collinearity of the B.
napus GRAS gene family

Based on genome annotation, the distribution of the
BnGRASs was drawn. Most of the 87 BnGRASs were mapped
on the 19 B. napus chromosomes (Fig. S6), except for one
gene in the Unn subgenome (BnGRASS6), four genes in the
Ann subgenome (BnGRAS38-BnGRAS41), and ten genes in
the Cnn subgenome (BnGRAS75-BnGRASSS), the locations
of which were unclear yet. In general, the distribution on
each chromosome was uneven. For example, chromosomes
A,09 had seven genes, while chromosome A 02 only had
one. In all, the A, and C, subgenomes contain 41 and 45
BnGRASs, respectively, proving that there is not an obvious
bias between these two subgenomes. This was similar to the
gene number in the ancestors of B. rapa (46 genes) and B.
oleracea (51 genes) genomes, respectively.

To explore the amplification mechanism of BnGRASs,
we performed collinearity analysis of GRAS genes in the
A. thaliana, B. oleracea, B. rapa, and B. napus genomes
(Fig. 4) by Brassica Database (BRAD). We further dem-
onstrated that up to 22.99% (16 genes from B. rapa and
four genes from B. oleracea) of BnGRASs originated from
chromosome doubling; 19.54% genes (12 genes from B.
rapa and five genes from B. oleracea) originated from
segmental exchange; 32.18% genes (24 genes from B.
rapa and four genes from B. oleracea) originated from
homologous exchange; 8.05% genes (seven genes) were
involved in segmental duplications by GoGe. Only three
pairs (BnGRAS32/BnGRAS33, BhnGRAS39/BnGRAS40, and
BnGRAS67/BnGRAS68) were tandem duplications (4.59%)
that occurred in B. napus following hybridisation (Fig. S6;
Table S8). We further analyzed the loss of the GRAS gene
after polyploidisation events. The results showed that most
of the BnGRASs derived from B. rapa were retained in the
A, subgenome, and a small number of candidate genes were
exchanged to the C, subgenome. However, many BnGRASs
derived from B. oleracea were lost in B. napus; accordingly,
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a relatively small number of genes from B. oleracea were
retained in the C, subgenome (Table S8). Given that B.
napus was hybridised by B. rapa and B. oleracea about
7500 years ago, these results suggest that genomic hetero-
geneous doubling (allopolyploid) was the main driving force
for the large expansion of GRAS genes in B. napus genome,
which tended to retain the genes from B. rapa.

To explore the selective pressures acting upon the dupli-
cated genes, we determined the non-synonymous/synony-
mous substitution ratio (Ka/Ks) for each pair of duplicated
genes. Our results showed that the Ka/Ks ratios of the dupli-
cates were commonly less than 1, indicating that these genes
were subject to purifying selection (Table S9).

Interaction network analysis of GRAS proteins in B.
napus

In the GRAS domain, the LHRI motif was known to medi-
ate protein—protein interactions that are important for plant
development. For instance, in rice, a conserved LZ domain
in the LHRI motif of SLR1 was able to interact with itself
to form a homodimer and inhibit the protein functions (Itoh
et al. 2002), while, in M. truncatula, the LHRI motif of
NSP2 interacted with NSP1 to form a heterodimer that was
required for nodule formation (Hirsch et al. 2009). These
results suggested that BhnGRASs might function by form-
ing homo- and hetero-protein complexes. Thus, we used the
STRING database to construct a protein interaction network
for BhnGRASSs based on the orthology analysis with A. thali-
ana GRAS proteins.

A total of 149 interaction protein pairs were predicted
in A. thaliana (Table S10). The number and the types of
interaction proteins for each subfamily were significantly
different. Among the 13 subfamilies, SCL4/7 and NSP2
had no interaction proteins; DELLA, PAT, and LISCL had
more interaction proteins. The interaction proteins of GRAS
proteins were found to be diverse, including transcription
factors (37.3%), enzymes (19.6%) involved in signal trans-
duction, and other types of proteins (43.1%) (Table S10),
consistent with the previous studies. For example, members
of SHR and SCR interacted with JKD and MGP transcrip-
tion factors to control an oriented cell division in ground
tissue stem cell daughters (Welch et al. 2007). RGA1
(DELLA) interacted with GID1 (receptor protein) and PIF3
(transcription factor) to mediate gibberellin acid (GA) sig-
nal transduction and activate a light-responsive transcription
factor that was required for GA signaling and controls root
growth, seed germination, and flower development (Feng
et al. 2008). HAM members (SCL27, SCL22, and HAM4)
interacted with WUS-like transcription factors (WUS and
WOX4) to specify stem cell identity in meristems (such as
shoot apical meristem, SAM).
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Fig.4 Collinearity analysis of GRAS genes from A. thaliana (At), B.
rapa (Br), B. oleracea (Bo), and B. napus (Bn). The outer circle indi-
cates the chromosome number and the inner circle indicates the loca-
tions of the AtGRASs, BoGRASs, BnGRASs, and BrGRASs on each

In B. napus, 45 BnGRASs have orthologs in A. thaliana,
based on the syntenic analysis data in BRAD and up to 868
interaction proteins of BnGRASs were predicted on the basis
of the orthology analysis with A. thaliana GRAS proteins
(Fig. 5; Table S10). Accordingly, members of PAT, LISCL,
DELLA, and HAM have relatively more interaction proteins
than the others. In addition, the types of interaction proteins
were generally different among subfamilies. For instance,
the interaction proteins were mainly transcription factors in
SCR, SHR, LS, and SCL3, whereas, in DLT, the interaction

chromosome. The blue lines link two syntenic GRAS genes from A.
thaliana, B. oleracea, B. napus, and B. rapa. The red line indicates
tandem duplications

proteins ware mainly other types of proteins. GO enrich-
ment analysis showed that interaction proteins mainly exist
in the nucleus (208 genes), plasma membrane (30 genes),
and cytoplasm (22 genes), and functions were generally
sequence-specific transcription factor activity (124 genes),
protein binding (79 genes), and DNA binding (65 genes).
Interaction proteins participated in up to 289 biological
processes including transcription regulation (124 genes),
jasmonic acid mediated signaling pathway (37 genes), and
response to chitin (35 genes) (Table S11; Fig. S7).
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N Enzyme protein

M. Other types of proteins

Fig.5 Interaction network of BnGRAS proteins in B. napus. 868
pairs of interacting proteins for 11 BnGRAS subfamilies, except for
SCL4/7 and NSP2 that had no interaction proteins. The red rhombi

In all, our results show that most of the GRAS proteins
tend to form protein complexes, suggesting that it is the
major way for GRAS genes to regulate plant growth and
development. Although the BhnGRASS’ interaction network
needs to be verified experimentally, our results provide
important theoretical evidence for the molecular mecha-
nisms of BnGRASs.
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NSP1

indicate the BhnGRAS proteins in each subfamily; the other coloured
diagrams symbolise the four main types to which the interaction pro-
teins in each clade belong

Expression analysis of BnGRAS:s at different
developmental stages

Gene expression patterns are closely related to function, so
we further analyzed the expression levels of BnGRASs in
various tissues using the published RNA-seq data (BioPro-
ject ID PRINA358784).
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Our results showed that most of the BnGRASs were dif-
ferentially expressed in different tissues in both vegetative
and reproductive organs at different stages in B. napus.
Except for BnGRAS68 that had no detectable expression
level, most BnGRASs had high expression levels in roots,
stems, leaves, flowers, and seed tissues. For example, mem-
bers of SCR, SHR, and LS were mainly expressed in roots;
members of HAM and SCL3 were mainly expressed in
reproductive organs; members of PAT, LISCL, DELLA,
and SCL4/7 were expressed in different vegetative organi-
sation (Fig. 6). In addition, we found that 21 BnGRASs
from PAT (BnGRAS2, BhGRAS34, BhnGRAS43, BnGRAS46,
BnGRAS56, BhGRAS59, BnGRAS71, and BnGRASSI),
DELLA (BnGRAS16, BhGRAS30, BaGRAS61, BnGRAS74,
and BnGRAS75), SHR (BnGRAS24 and BnGRAS63),
SCL4/7 (BnGRAS21 and BnGRASSS5), and LISCL subfami-
lies (BnGRAS25, BnGRAS3, BnGRAS65, and BnGRAS73)
were highly expressed in roots and three BnGRASs from
SCR (BnGRAS86) and LS subfamilies (BnGRASII and
BnGRASS57) were specifically expressed in roots. These
results demonstrated that many BnGRASs (24 genes) have
a relative higher expression levels in roots, suggesting they
may play an important role in root development in B. napus
(Fig. 6).

We further analyzed the expression patterns of ten pairs
of duplication genes in B. napus, and the results showed that
the expression patterns of each pair were similar (Fig. S8c
and d), indicating that they were functionally redundant. We
compared the expression profiles of the homologous GRAS
genes in roots, stems, and leaves at the seedling stage of
B. rapa and B. oleracea. Our results showed that most of
the BnGRASs have similar expression patterns with their
homologs in B. rapa and B. oleracea, indicating their func-
tional conservation. For instance, homologs from B. rapa
and B. napus in subfamily DELLA were all expressed in
roots and stems; homologs from B. rapa, B. oleracea, and
B. napus in subfamily HAM have similar expression profiles
in roots and stems (Fig. S8a—c), etc. However, we also found
that members of three subfamilies, PAT, SCL32, and DLT,
have different expression patterns, where members of PAT
in B. napus were mainly expressed in leaves, while these in
B. rapa and B. oleracea were mainly expressed in roots and
stems (Fig. S8a—c). This may indicate functional diversifica-
tion of duplicates.

Expression analysis of BnGRASs under hormone
induction

We analyzed the hormone-induced expression patterns of
BnGRASs under ABA, IAA, GA;, ACC, and 6-BA treat-
ments in roots as well, using recently created RNA-seq
data. The BnGRASs with expression levels less than one
(FPKM < 1) were removed from our analysis (Fig. 7).

We found that most of BnGRASs were not obviously
induced by hormone treatments, while a few BnGRASs
from PAT, LISCL, SHR, SCR, DELLA, and HAM were
obviously up- or down-regulated. The genes in the same
branch generally have the same expression pattern within
each subfamily. Such as members of SCR subfam-
ily (BnGRAS31 and BnGRAS66) were up-regulated by
6-BA induction; members of DELLA (BnGRASI0 and
BnGRAS54), SCL32 (BnGRAS60), SHR (BnGRAS24 and
BnGRAS49) LISCL (BnGRAS3 and BnGRAS36), PAT
(BnGRAS46 and BnGRAS41), and SCL3 (BnGRAS13) sub-
families were down-regulated by ACC and GA;; members of
PAT (BnGRAS27, BhGRAS2, BhGRAS14, and BnGRAS20)
were up-regulated by GA; members of PAT (BnGRAS14 and
BnGRAS15) subfamily were up-regulated by ACC (Fig. 7).

Overall, our results showed that the GRAS gene fam-
ily has a wide expression pattern in B. napus, and some
BnGRASs were obviously induced by hormone inductions in
roots. Up to 24 BnGRASs may be involved in B. napus root
development, especially these in SCR and LS.

Expression analysis of BnGRASs under abiotic
stresses by qRT-PCR

As mentioned above, members of SCL4/7, LISCL, LS, and
SCR subfamilies were highly or specifically expressed in
roots (Fig. 6), suggesting their possible roles in root. Abiotic
stress is a key global issue that reduces crop yield, especially
drought and excess salt. The root resistance of plants plays
important roles in response to drought and salt stress. There-
fore, to examine possible roles of BnGRASs under abiotic
stress response in B. napus roots, we selected nine genes,
which were highly or specificity expression in roots from
SCLA4/7 (BnGRAS21 and BnGRASSS5), LISCL (BnGRAS25
and BnGRAS6Y5), LS (BnGRASI11 and BnGRAS57), and SCR
(BnGRAS31, BnGRAS66, and BnGRAS86) subfamilies to
analyze their expression profiles in root under PEG, salt
stresses, and ABA induction by qRT-PCR.

As shown in Fig. 8a and c, the expressions of six can-
didate genes (BnGRASII, BnGRAS57, BnGRAS31,
BnGRAS66, BnGRASS85, and BnGRAS21) were down-
regulated and three genes (BnGRAS86, BnGRAS25, and
BnGRAS65) were up-regulated under NaCl stress and
ABA induction. The expressions of four genes from SCR
(BnGRAS31, BnGRAS66, and BnGRAS86) and LISCL
(BnGRAS25) were up-regulated under PEG stress (Fig. 8b),
suggesting that they may be candidates for stress-resistance
functions in B. napus root systems. Another five genes from
LS (BnGRASI1 and BnGRAS57), SCL4/7 (BhnGRAS8S5
and BnGRAS21), and LISCL (BnGRAS65) were not evi-
dent under PEG stress (Fig. 8b), suggesting that they may
be involved in other biological processes. In addition, we
found that two genes in SCR (BnGRASS86) and LISCL
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«Fig. 6 Expression profiles of BnGRASs in 50 different samples dur-
ing plant development by RNA-seq. Ro root, Ststem, Le leaf, Sp
silique pericarp, Sc seed coat, Em embryo, Ao anthocaulus, Se seed,
Hy hypocotyl, GS germination seeds, Cap capillament, Pi pistil, Cal
calyx, Co cotyledon, Pe petal. The ‘h’, ‘d’, *s’, ‘b’ ‘1’, ‘f’ indicate
hour, day, seeding, budding, initial flowering, and full-bloom stages,
respectively. Colour bar at the top represents log2 (FPKM) expression
values: green represents low expression value, black represents mean
expression level, and red represents high expression value

(BnGRAS25) were up-regulated under NaCl and PEG
stresses and ABA induction (Fig. 8a—c), indicating that
they may respond to drought stress through the ABA sign-
aling pathway in B. napus roots. Conversely, the two genes
from SCR (BnGRAS31 and BnGRAS66) subfamily were
up-regulated under PEG stresses and down-regulated under
NaCl stresses and ABA induction (Fig. 8a—c), suggesting
that these genes may respond to drought resistance through
the ABA independent pathway.

In all, our results showed that the BnGRAS86 and
BnGRAS25 obviously respond to drought and salt stress,
suggesting that they may be good genes for analyzing the
mechanisms of GRAS gene regulation of B. napus abiotic
stress response.

Origin, evolution, and diversification of GRAS gene
family in the plant kingdom

There is yet to be a standard classification for the GRAS
gene family, e.g., Bolle (2004) divided the rice and A. thali-
ana GRAS genes into eight subfamilies, although some
genes were not well defined. In tomato (Niu et al. 2017), P.
trichocarpa (Liu and Widmer 2014), and Gossypium hir-
sutum L. (Zhang et al. 2018), the family was divided into
10, 13, and 14 subfamilies, respectively, with some genes
individually divided into a group due to species specific-
ity. Based on eight angiosperm species, Cenci and Rouard
(2017) divided the family into 17 subfamilies. This may be
attributed to the relatively small sample sizes of previous
studies. Thus, we further analyzed the distribution of GRAS
genes in 26 plant genomes, including five green algae (Chla-
mydomonas reinhardtii, Dunaliella salina, Micromonas
pusilla, Ostreococcus lucimarinus, and Klebsormidium
nitens), two mosses (Marchantia polymorpha and Physcom-
itrella patens), one fern (Selaginella moellendorffii), one
gymnosperm (Pinus abies), and 17 angiosperms. Among
them, GRAS genes in nine species (D. salina, M. pusilla,
K. nitens, M. polymorpha, Amborella trichopoda, Glycine
max, B. rapa, B. oleracea, and B. napus) were first identified
in the present study, whereas the remainder were acquired
from other reports (Lee et al. 2008; Liu and Widmer 2014,
Wang et al. 2016; Cenci and Rouard 2017; Guo et al. 2017;
Niu et al. 2017; Wang et al. 2018; Zhang et al. 2018) (Fig. 9;
Table S5).

In all, we obtained 1388 GRAS candidate genes in 21
land plants. Consistent with the previous reports (Song et al.
2017; Wang et al. 2018; Zhang et al. 2018), no GRAS mem-
bers were identified in algae, but they were in a moss (M.
polymorpha). It was previous reported that GRAS proteins
were present in bacteria and horizontally transferred from
bacteria to plants close to the origin of land plants (Zhang
et al. 2012). Thus, this gene family may have originated from
the horizontal transfer process from bacteria to early land
plants ~ 443 millions of years ago (MA) (Steemans et al.
2009). To systematically understand the evolution of GRAS
in land plants, 1265 of the 1388 candidates with relatively
complete ORF regions were applied for phylogenetic analysis
(NJ and ML tree), 98 candidates with large sequence dele-
tions in the GRAS domains were not included in the phylo-
genetic analysis due to technical reason (no common sites
for the sequence pairs) with classifications defined based on
sequence homologous, while 17 genes with no typical GRAS
character (e.g., the GRAS domain) by ExPASy analysis were
excluded from this study (Table S5; Fig. S9 and S10). To
ensure the accuracy of our classification, we considered the
current classification and gene functions of different species
(Liu and Widmer 2014; Cenci and Rouard 2017; Niu et al.
2017; Song et al. 2017). As an SCLB member in M. trunca-
tula was recently characterised and named MIG1 (Heck et al.
2016), we renamed SCLB subfamily to MIG1.

Based on the NJ and ML phylogenetic trees, we divided
the candidate GRAS genes from the 21 species into 19 sub-
families (Fig. S9 and S10). This number is larger than that
reported previously (Liu and Widmer 2014; Niu et al. 2017).
However, our result is highly consistent with the classification
of the OGs and subfamilies for the GRAS gene family in eight
angiosperms by Cenci and Rouard (2017). In addition, we
identified the 29 OGs in all of the angiosperms investigated
in this study (Fig. 9 and Table S5), and the 17 subfamilies
defined by Cenci and Rouard (2017), supporting that they
were conserved in higher plants. As mentioned above, the
amino acid sequence (Fig. S2), expression patterns (Fig. 6),
and functions (Table S12) showed subfamily-specific conser-
vation across these subfamilies, providing additional support
for our classification. However, some GRAS proteins from
lower plants and G. hirsutum L. and P. trichocarpa did not
have orthologous relationships with the 29 well-known OGs
and were clustered into two different clades in the phyloge-
netic analysis, and, thus, were defined as PSG and PG sub-
families, respectively. Consistent with the results of Zhang
et al. (2018), PSG only includes moss and fern genes, and PG
only contains G. hirsutum L. and P. trichocarpa genes, and,
thus, may be species- and/or lineage-specific. In the previous
reports, members of the PG subfamily were classified as the
SHR (Zhang et al. 2018) or DELLA (Liu and Widmer 2014)
subfamilies. However, their protein motifs, intron patterns,
and expression patterns were different from those of SHR
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Fig.7 Expression profiles of BnGRASs under five hormone induction levels (FPKM < 1) were removed from the figure. Colour bar at the
in B. napus root by RNA-seq. IAA, indoleacetic acid; ACC, 1-ami- top represents log2 (FPKM) expression values: olive colour repre-
nocyclopropanecarboxylic acid; ABA, abscisic acid; GA;, gibberellin sents low expression value, white represents mean expression level,
acid 3; 6-BA, cytokinin. The BnGRASs with no or weak expression and red represents high expression value

or DELLA subfamilies. Most members of the PG subfam- MIG1, and NSP1) existed in moss (Fig. 9), suggesting that
ily contain the zinc finger and ubiquitin-like protease at the  they might have evolved earlier, after the divergence of land
C-terminal instead (Liu and Widmer 2014; Zhang et al. 2018). plants, and were retained in land plants. In addition, some sub-

Thus, it may be species- and/or lineage-specific as well. families were lost in specific species, such as, RAM1, RADI,
Of the 19 subfamilies, PSG is found in lower plants butnot ~ and SCLA were lost in gymnosperm and Brassicaceae plants

higher plants; SCLA appeared in the early ancestral angio-  and MIG1 were lost in Brassicaceae plants.

sperm A. trichopoda about~ 130 MA (Crane et al. 1995); In summary, our results support that the GRAS gene fam-

RADI and NSP2 included fern and angiosperm members ily in land plants should be classified into 19 subfamilies,
and may have originated in a tracheophyte; PG included P.  with 17 of them being highly conserved across angiosperms.
trichocarpa and G. hirsutum L. genes and may be species-  There may exist some species- and lineage-specific subfami-
specific; the last 14 subfamilies (PAT, LISCL, DELLA, lies, implying different expansion and loss of some subfami-
SHR, SCR, SCL3, SCL32, DLT, HAM, LS, SCL4/7, RAM1, lies in some land plants.
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Discussion

Functional conservation and diversity of GRAS
genes

The functions of some GRAS genes have been previously
studied, mainly focusing on tissue/organ development,
stress-resistance processes, signal transduction, and sym-
biotic processes with fungi. Functional characterisation of

GRAS proteins has indicated the conserved function of puta-
tive orthologues in each subfamily and/or subclade. There-
fore, we summarised the functions of plant GRAS genes
(Table S12).

As plant-specific transcription factors, GRAS genes
are well known to be involved in various processes of tis-
sue or organ development. In SCR subfamily, A. thaliana
SCR gene is required for asymmetric cell division that is
responsible for ground tissue formation in roots and shoots
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Fig.9 Distribution of GRAS genes in 26 representative species by phylogenetic position. The table shows the number of GRAS genes in each

subfamily

(Wysocka-Diller et al. 2000). The homologs in rice and B.
napus, OsSCR, and BnGRASs (BnGRAS31 and BnGRAS68)
also have similar expression patterns and functions (Gao
et al. 2004). In LS subfamily, LAS gene in A. thaliana has
genetic regulation of axillary meristem formation (Greb
et al. 2003); similarly, the rice OsMOCI, S. lycopersicum Ls,
and B. napus homologous genes have similar functions (Li
et al. 2003; Yang et al. 2011). In SHR subfamily, SHR pro-
tein usually interacts with SCR and SCL23 proteins, which
is essential for bundle sheath cell-fate specification (Cui
et al. 2014). In HAM subfamily, A. thaliana HAM1, HAM?2,
HAM3, and HAM4 genes functional redundancy, which
regulated stem tips, root tips, and bud meristems (Engstrom
etal. 2011). In Petunia hybrid, the PhHAM gene also plays a
key role in shoot meristem and stem cell maintenance (Stu-
urman et al. 2002). The LISCL subfamily members have a
wide range of tissue expression profiles (Fig. 6); in Lilium
longiflorum, LISCL is involved in transcriptional regulation
during microsporogenesis within the lily anther (Morohashi
et al. 2003).

GRAS genes are also considered to act as key regulators
of responses to hormone induction and abiotic stress (cold,
hot, drought, and salt). For example, DELLA members play
an important role in GA biosynthesis and negatively regu-
late GA signaling pathways in A. thaliana (Silverstone et al.
1998). In A. thaliana, DELLA subfamily members (AtfRGL3,
AtRGA, and ArGAI) respond to GA and were related to tis-
sue development in seeds, roots, stems, and leaves (Tyler
et al. 2004). It has been reported that RGL2 is inhibited by

@ Springer

GA; induction to inhibit seed germination (Lee et al. 2002).
In our results, AtRGL2 homologous genes (BnGRAS10 and
BnGRASS55) were down-regulated under GA; induction, as
well (Fig. 6). The SCL3 subfamily member (SCL3) acted as
a positive regulator of GA signaling, SCL3 and DELLA sub-
family members interact, which maintains GA homeostasis
and controls GA-mediated growth and development (Zhang
et al. 2011). In DLT subfamily, OsDLT gene was found to be
involved in negative feedback regulation of brassinosteroid
(BR) biosynthesis (Tong et al. 2009). The SCL4/7 subfamily
members appear to be involved in plant stress tolerance. In
A. thaliana, AtSCL7 gene was up-regulated, while AtSCL4
gene was down-regulated under drought and salt stress con-
ditions (Kilian et al. 2007). Overexpressing poplar PeSCL7
gene in A. thaliana could enhance stress tolerance (Ma et al.
2010). The LISCL subfamily member AtSCLI4 gene could
activate stress-inducible promoters and regulate the expres-
sion of stress-responsive genes, such as drought stress (Fode
et al. 2008).

In addition, the GRAS gene is also involved in signal
transduction pathways and symbiotic relationships between
plants and microorganisms. For example, in PAT subfamily,
AtPATI and SCLI3 genes are involved in phytochrome A
and B signal transduction (Bolle et al. 2000). In NSP1 and
NSP2 subfamilies, both of NSP/ and NSP2 genes fulfil dual
regulatory functions involved in nod factor from rhizobial
bacteria signal transduction as well as strigolactone (SL)
biosynthesis in non-symbiotic conditions in M. truncatula
and rice (Liu et al. 2011). In RAD1 and RAM1 subfamilies,
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RADI and PAM1 genes were involved in mycorrhizal sign-
aling and promote mycorrhizal colonisation by regulating
cutin biosynthesis (Gobbato et al. 2012; Xue et al. 2015).
In the MIG1 subfamily, symbiotic fungi control plant root
cortex development through the MIG1 homolog genes (Heck
et al. 2016). It is clear that different subfamily members
have different functions, but the same subfamily ortholo-
gous genes function, similarly, indicating the diversity and
conservation of GRAS gene function.

The conservatism of miRNA171 regulating GRAS
genes across land plants

MiRNAs bind to specific sequences as a negative regulator;
this can be deployed for a wide variety of functions (Axtell
2013). A previous analysis of the origin and evolution of the
miRNA family found that some originated from bryophytes
or angiosperms (Cuperus et al. 2011), suggesting that they
may be closely related to the origin of the gene family and/
or the lineage-specific subfamily.

It was reported that miRNA171 was involved in the
regulation of shoot branching by regulating the transcrip-
tion of GRAS genes (Wang et al. 2010b). This mecha-
nism is identified in many species, for instance, A. thaliana
(Wang et al. 2010b), rice (Fan et al. 2015), and grapevine
(Sun et al. 2016). Our results showed that HAM comprised
two clades; the first clade (OG-HAM-II) contained eight
genes (BnGRAS6, BnGRAS7, BnGRAS22, BnGRAS39,
BnGRAS40, BnGRAS48, BnGRAS51, and BnGRASS0)
which were highly expressed in the stem (Fig. 6) and
were unambiguously complementary to the miRNA171
sequence (Table S7), suggesting that these genes may be
the target genes of miRNA171. The second clade (OG-
HAM-I) contains five genes (BnGRASI, BnGRAS42,
BnGRAS62, BnGRAS17, and BnGRASS58) which were
mainly expressed in flowers (Fig. 6). Interestingly, these
genes were not the targets of miRNA171. These results
indicate that the function of the HAM genes was differen-
tiated during evolution, but was conserved within clades.

In plants, only a minority of annotated miRNA gene
families are conserved across all plants and most are spe-
cies-specific (Cuperus et al. 2011). In addition, miRNAs
often have a defined set of miRNA targets that they co-
evolved with. miRNA171 is considered to have originated
from moss (P. patens) and then expanded in angiosperms
(Nozawa et al. 2012). According to our results, the GRAS
gene family appeared in early land plants. HAM was one
of the most ancient subfamilies, members of which were
identified in moss. Accordingly, we found that the tar-
get sites of miRNA171 existed in the HAM homologs in
moss (Sphagnum fallax), P. radiate, basal angiosperms
(A. trichopoda), dicots (A. thaliana), and monocots (O.
sativa), except for ferns due to incomplete information on

gene annotation (Table S13). The target sequences were
highly conserved across different plant species. These
results suggest that the mechanism with which miRNA171
regulates HAM homologs was formed in ancestral species
to meet the needs of shoot tip branch development. This
result further confirmed that species traits and gene regu-
lation mechanisms were coevolutionary. In conclusion,
BnGRASs may be regulated by miRNA and especially
the miRNA171. The role of HAM-like genes regulating
branching through miRNA171 was conserved in land
plant.

Conclusions

In this study, 87 GRAS genes (BnGRASs) were identified in
the B. napus genome and were further divided into 13 sub-
families. Most BnGRASs were found to have no intron inser-
tion and the GRAS domains were less conservative across
different subfamilies, but are conserved within the same
subfamily. GRAS genes were only distributed in land plants
and were divided into 19 subfamilies, 14 of which may
have originated before bryophyte differentiation. Genome-
wide duplication was its main amplification mechanism in
land plants. Eight BnGRASs in HAM may be regulated by
miRNA171 and this mechanism was conserved through-
out land plants. The expression patterns of BnGRASs were
commonly diversified and up to 24 genes may be related to
root development. Among them, two genes (BnGRAS86 and
BnGRAS25) may response to PEG and NaCl stress by the
ABA signal pathway. In summary, our results provide valu-
able data for further exploring the functions of candidate
BnGRASs, especially their roles in root development and
stress response.
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