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The GRAS gene family encodes transcription factors that participate in plant
growth and development phases. They are crucial in regulating light signal
transduction, plant hormone (e.g. gibberellin) signaling, meristem growth, root
radial development, response to abiotic stress, etc. However, little is known
about the features and functions of GRAS genes in Orchidaceae, the largest and
most diverse angiosperm lineage. In this study, genome-wide analysis of the
GRAS gene family was conducted in Dendrobium chrysotoxum (Epidendroideae,
Orchidaceae) to investigate its physicochemical properties, phylogenetic
relationships, gene structure, and expression patterns under abiotic stress in
orchids. Forty-six DchGRAS genes were identified from the D. chrysotoxum
genome and divided into ten subfamilies according to their phylogenetic
relationships. Sequence analysis showed that most DchGRAS proteins
contained conserved VHIID and SAW domains. Gene structure analysis
showed that intronless genes accounted for approximately 70% of the
DchGRAS genes, the gene structures of the same subfamily were the same,
and the conserved motifs were also similar. The Ka/Ks ratios of 12 pairs of
DchGRAS genes were all less than 1, indicating that DchGRAS genes underwent
negative selection. The results of cis-acting element analysis showed that the 46
DchGRAS genes contained a large number of hormone-regulated and light-
responsive elements as well as environmental stress-related elements. In
addition, the real-time reverse transcription quantitative PCR (RT—-qPCR)
experimental results showed significant differences in the expression levels of
12 genes under high temperature, drought and salt treatment, among which two
members of the LISCL subfamily (DchGRAS13 and DchGRAS15) were most
sensitive to stress. Taken together, this paper provides insights into the
regulatory roles of the GRAS gene family in orchids.
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Introduction

In recent years, studies on the GRAS gene family have shown
that it plays an important role in plant growth and development
and particularly in the response to abiotic stress (Jaiswal et al., 2022).
The GRAS gene family name is derived from the abbreviations of
the earliest three members: gibberellic acid insensitive (GAI) (Peng
et al,, 1997), repressor of GAI (RGA) (Silverstone et al., 1998), and
scarecrow (SCR) (Laurenzio et al., 1996). Genes of the GRAS gene
family generally consist of 400-770 amino acids, with a changeable
N-terminal sequence and a more conservative C-terminal sequence
(Niu et al,, 2016a). The C-terminal sequence has five conserved
motifs: LHR I, LHR II, VHIID, PFYRE and SAW. Among them,
VHIID, PFYRE, and SAW are more conserved (Pysh et al., 1999).
GRAS gene family has been identified and analysed in many plants.
According to the difference in N-terminal length and sequence,
members of GRAS gene family can be divided into 17 subfamilies at
most (DELLA, PAT1, LISCL, HAM, SCR, SHR, LAS, SCL3 in
model plants, and NSP1, NSP2, RAD1, SCLA, SCLB, RAM1, DL,
SCLA4/7, SCL32 in other plants.) (Tian et al., 2004; Liu and Widmer,
2014; Cenci and Rouard, 2017).

First, in the growth and development of plants and
morphological regulation, through the regulation of the LAS
subfamily of the GRAS protein family, the formation of mutants
prevents the development of axillary meristems, which is more
conducive to the growth of meristems (Schumacher et al., 1999).
OsMOCI and LAS are homologous genes that are key factors in
regulating tillering in rice (Liang et al., 2014). SHR induces the
activity of SCR promoters in specific tissues (Helariutta et al.,
2000), which play an important role in radial growth of roots and
stems (Laurenzio et al., 1996). NSPI (Smit et al., 2005) and NSP2
(Kalo et al, 2005) also play important roles in nodulation
signalling in legumes. Second, in terms of plant hormone signal
transduction, the introduction of an early stop codon in the PAT1
1 mutant indicated that the PAT1 protein inhibits phyA signalling
(Bolle et al,, 2000); AtSCLI3 plays a positive regulatory role in
phyB signalling (Torres-Galea et al., 2006); and the DELLA
subfamily and SCL3 subfamily antagonize each other and
regulate GA (gibberellin) signal transduction in plants, thereby
regulating plant seed germination, stem elongation, and flower
development (Heoa et al., 2011). In addition, GRAS proteins also
play an important role in biotic and abiotic stresses. OsCIGRI and
OsCIGR2, members of the PAT1 subfamily, can inhibit the
infection of Oryza sativa L. pathogens (Day et al, 2004), and
their expression in Arabidopsis thaliana can improve the drought,
cold, and salt resistance of plants (Yuan et al., 2016). The DELLA
protein interacts with the cellular gibberellin (GA) receptor GIDI,
activates stress adaptation mechanisms by altering cellular
reprogramming, and regulates plant growth under different
adversities by combining plant intrinsic signal transduction.
AtSCLY, AtSCLI13, AtSCLI4, and other genes can all respond to
abiotic stress (Torres-Galea et al., 2006; Fode et al., 2008; Lee
et al., 2008).
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Orchidaceae is one of the largest angiosperm families,
accounting for 10% of the world’s angiosperms and representing
an ideal taxa for studying biodiversity and evolution. Orchids have
abundant flower morphology and pollination mechanisms
(Ramirez et al., 2011; Li et al., 2020; Lu et al, 2022), unique
epiphytic phenomena, xerophytic physiology (Zhang et al., 2016),
and extremely complex mycorrhizal relationships (Li et al., 2022).
Dendrobium is the second largest genus of Orchidaceae and has
high medicinal and ornamental value and strong stress resistance
(Zhang et al, 2016; Zhang et al, 2021a). D. chrysotoxum is a
valuable medicinal plant resource in Orchidaceae, and its functional
components, such as erianin (Zhang et al., 2021b) and chrysotoxene
(Dou et al., 2018), have been reported. The stout pseudobulb of D.
chrysotoxum is not only rich in medicinal components but also
closely related to its resistance to stress (Zhang et al, 2021a).
Although GRAS genes have been extensively studied in model
plants as well as in some crops, little is known about the
characterization of GRAS genes in orchids. The advent of high-
quality, chromosomal-level orchid genomes has made it possible to
explore the role of the GRAS gene family in orchids. Exploring the
regulatory mechanism of the GRAS gene family in the growth and
development of D. chrysotoxum and the expression of functional
genes under abiotic stress is of great significance for the
development and utilization of D. chrysotoxum.

In this study, GRAS gene family members of D. chrysotoxum
were examined by gene structure analysis, phylogenetic tree
construction, selection pressure analysis, cis-acting element
analysis, and analysis of expression patterns under abiotic
stress. This study provides a reference for further research on
the evolutionary relationship and functional characteristics of
the GRAS family in orchids.

Materials and methods
Data sources

We downloaded the genome sequence and annotation files
of D. chrysotoxum (Zhang et al, 2021a) from the National
Center for Biotechnology Information (NCBI) (accession
number: PRINA664445) and the GRAS protein sequence files
of A. thaliana and O. sativa from PlantTFDB (http://planttfdb.
gao-lab.org ) and Phytozome v13 (https://phytozome-next.jgi.
doe.gov/ ) respectively.

Identification and physicochemical
properties of the GRAS gene family

A local BLASTp search was conducted with A. thaliana
GRAS proteins as a probe (built-in Tbtools; Chen et al., 2020).
In addition, the conserved domains of GRAS, PF03514, were
downloaded from the online database (http://pfam.xfam.org/)
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(Finn et al, 2014) to perform the HMMER search (default
parameters) to screen for candidate genes of the GRAS gene
family in D. chrysotoxum (Eddy, 2011). BLAST and HMMER
results were combined to remove incomplete and redundant
protein sequences, and uncertain genes were uploaded to the
NCBI website (https://blast.ncbinlm.nih.gov/) for a BLASTp
search. The online software ExPASy (https://www.expasy.org/)
was used to analyse the protein length, isoelectric point (pI),
molecular weight (MW), hydrophilic large average (GRAVY),
instability index (II) and fat index (AI) of the protein
(Duvaud et al,, 2021). Snapgene is used to analyse the length of
CDS. The number of exons and chromosome distribution of the
DchGRAS genes were obtained from the gff3 files of D.
chrysotoxum. Subcellular localization was predicted by Plant
mPloc (Chou and Shen, 2010).

Phylogenetic analysis of GRAS genes

The sequences of 46 GRAS proteins of D. chrysotoxum, 34
GRAS proteins of A. thaliana, and 60 GRAS proteins of O. sativa
were introduced into the MEGA 7.0 software. We used the
muscle program and default settings for multisequence
alignment and the maximum likelihood method (ML;
bootstrap method: 1000) to construct the phylogenetic tree
(Edgar, 2004). FigTree and online software Evloview (http://
www.evolgenius.info/evolview/treeview) were used to improve

and beautify the phylogenetic tree.

Gene structure analysis and gene
distribution on chromosomes

Using the CDD tool in the online NCBI software, the
conserved domains of the DchGRAS protein were predicted.
The conserved motif of the GRAS gene in D. chrysotoxum was
analysed and downloaded by the online software MEME, and
the prediction number was set to ten. TBtools was used to
integrate phylogenetic trees, conserved protein motifs, and
overall comparative maps of gene structure.

The software TBtools was used to extract the location
information of the GRAS gene from the genome file and gene
annotation file of D. chrysotoxum and to construct the physical
map of the GRAS gene on the chromosome.

Calculation of Ka and Ks ratios

According to the phylogenetic tree, the gene pairs with a
close relationship were selected. DNAMAN software was used to
select gene pairs with greater than 60% identity. TBtools
software was then used to calculate Ka (nonsynonymous rate),
Ks (synonymous substitution), and Ka/Ks (evolutionary
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constraint) values. Divergence time (T) was calculated using
the form T=Ks/(2x9.1x10~%)x10™° million years ago. In general,
Ka/Ks<1.0 represents purifying or negative selection, Ka/Ks = 1.0
represents neutral selection, and Ka/Ks>1.0 represents positive
selection (Wang et al., 2021).

Promoter element analysis of
DchGRAS genes

To identify putative cis-acting elements in the promoter, we
used TBtools to obtain 2,000 bp gene sequence upstream of the
promoter codon from the D. chrysotoxum genome (Chen et al,
2020; Zhang et al., 2021a). The online software PlantCARE (https://
bioinformatics.psb.ugent.be/webtools/plantcare/html/)
(Lescot et al., 2002) was used to analyse the cis-acting regulatory
elements in the promoter region of the DchGRAS gene (Chen et al,,
2021). Then, the data was processed using Excel software, followed
by TBtools and Origin software for visualization.

Treatment of plant materials

The plant materials used in this study were gotten the shade
house in Forest Orchid Garden of Fujian Agriculture and
Forestry University. We selected nine pots of mature D.
chrysotoxum with the same growth periods and culture
conditions in the shed and put them into the artificial climate
culture room and divided them into three groups equally
(group-A, group-B and group-C). After they were cultured for
one week (photoperiod: 16h light/8h dark, temperature period:
15°C/25°C), the leaves of three groups of plants taken as contrast
samples (CK-A, CK-B, CK-C).

Then, three groups of plants were subjected with three
different abiotic stress treatments respectively. The plants of
group-A were placed under the conditions of 16h light/8h dark,
30°C/38°C, watered once every 24h, and collected mixed samples
of leaves after 48h treatment (T); Under the condition of 16h
light/8h dark, 15°C/25°C, the plants of group-B were irrigated
with 0.5 M NaCl solution in their roots every 8h. After 48h of
continuous irrigation for 48h, the leaves of group-B were mixed
and sampled (St); The leaves of group-C plants were also
collected together as a sample after ten days, starting from the
substrate humidity in the basin drops below 1.0 under the
conditions of 16h light/8h dark, 15°C/25°C (10) (Cao et al,
2015; Zeng et al., 2019).

RT—gPCR analysis

Using the Biospin Plant Total RNA Extraction Kit (Bioer
Technology, Hangzhou, China), RNA was isolated from the leaves
of D. chrysotoxum. First-strand DNA was synthesized with
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TransScript® All-in-One First-Strand cDNA Synthesis SuperMix
for quantitative PCR (qPCR; TransGen Biotech, Beijing, China).
TransScript® All-in-One First-Strand cDNA Synthesis SuperMix
for qPCR was also used to remove genomic DNA. The real-time
reverse transcription quantitative PCR (RT—-qPCR) primers for
DchGRAS were designed by Primer Premier 5 software
(Supplementary Table 5). Primer blast on the NCBI website was
used to confirm primer specificity. PerfectStart' " Green qPCR
SuperMax (TransGen Biotech, Beijing, China) was used for RT
—qPCR analysis. The Ef-1ct gene from D. chrysotoxum was used as
the reference gene in this study (Hou et al., 2022). The relative
expression of the target gene was calculated by the yAACT
method (Wang et al, 2021). All the RT-qPCR analyses set

three technical repetitions respectively.

Results

Identification and physicochemical
properties of the GRAS gene family

Sequence alignment was carried out between the A.
thaliana GRAS gene and the D. chrysotoxum genome. The
obtained genes were analysed in the SwissProt database, and
the genes with GRAS conserved domains were screened. We
finally identified 46 GRAS genes of D. chrysotoxum and named
the 46 GRAS genes DchGRAS1-DchGRAS46 according to the
order in which genes are distributed on chromosomes (from
top to bottom). The physical and chemical properties of D.
chrysotoxum were analysed by the ExXPASY online tool. These
DchGRAS protein sequences varied considerably in the number
of amino acids (AA), ranging from 405 to 783 aa, with an
average length of 574 aa. The isoelectric point (pI) ranged from
4.92 to 8.02, with four GRAS proteins having an isoelectric
point greater than 7, making them alkaline, and 42 GRAS
proteins having an isoelectric point less than 7, making them
acidic. It is further predicted that four proteins (DchGRAS7,
DchGRAS19, DchGRAS35, and DchGRAS45) are strongly
acidic. The protein molecular weights ranged from 25.72 for
DchGRASI2 to 85.54 kDa for DchGRASI3, with an average
molecular weight (Mw) of 57.43 kDa. The deduced grand
average of hydrophilic (GRAVY) values were in the range of
-0.568 for DchGRASI4 to 0.201 for DchGRASS5, suggesting that
most DchGRAS proteins were hydrophilic. The instability
index (II) was in the range of 30.78 for DchGRASI2 to 64.29
for DchGRAS42, and the aliphatic index (AI) of DchGRAS-
deduced proteins was in the range of 72.70 for DchGRAS33 to
105.44 for DchGRASI2. In addition, we also predicted the
subcellular localization of 46 DchGRAS genes. The results
showed that most of the genes were distributed in the
nucleus, and a few genes were distributed in the cytoplasm
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(Table 1). These results imply that they may function in the
nucleus similar to most transcription factors.

Phylogenetic analysis of GRAS genes

To reveal the evolutionary relationship of the D. chrysotoxum
GRAS gene family and help with its classification, an evolutionary
tree was constructed with 140 GRAS genes from D. chrysotoxum, A.
thaliana, and O. sativa. We divided 46 GRAS genes in D.
chrysotoxum into ten subfamilies: DELLA (six genes), Os19 (one
gene), LISCL (five genes), SHR (seven genes), PAT1 (five genes),
SCLA4/7 (two genes), HAM (ten genes), SCR (six genes), LAS (one
gene) and SCL3 (three genes) (Figure 1). Among them, the HAM
subfamily has the most members, which includes ten genes; the
Os19 and LAS subfamilies have the fewest members, both of which
contain only one member.

Gene structure analysis and gene
distribution on chromosomes

To further understand the gene structure of D. chrysotoxum,
the conserved protein motifs were analysed on the MEME website
and set as Motif1-Motif10. The results showed that most of the
conserved motifs of the DchGRAS gene existed in the C-terminal
domain and were arranged in the order of Motifl0, Motif3,
Motifl, Motif7, Motif9, Motif8, Motif2, Motif4, Motif6, and
Motif5, with Motif8 being the most highly conserved. The
conserved motifs of genes in the same subfamily are the same.
Among them, the deletion of Motif4 and Motif9 occurred in
members of the HAM, SCR, SHR, SCL4/7, and Os19 subfamilies.
PAT1 and DELLA have a very stable conserved C-terminal
domain, and no motif deletion exists in those
subfamilies (Figure 2B).

By analysing the intron—exon structure, it was found that
69.59% of the genes in D. chrysotoxum had no introns, and only
14 genes had introns; among the genes with introns,
DchGRAS32, DchGRAS26 and DchGRASI7 had longer introns
(Figure 2C). The gene structures of the same subfamily are
basically the same, and the conserved motifs also have high
similarities (Figure 2). Among the 46 DchGRAS proteins, only
DchGRAS17 and DchGRAS29 showed motif addition, and both
genes contained introns. We also found that most genes without
introns have different degrees of motif deletion.

The visualization of genes on chromosomes showed that 44
DchGRAS genes were distributed on 18 chromosomes, Chr02-
Chrl19, and the remaining two genes were distributed on unknown
chromosomes (Figure 3). Chrl0 contained the greatest number of
DchGRAS genes, with six genes; Chr02, Chr04, Chr07, Chr08,
Chrl1, and Chrl3 all contained only one DchGRAS gene.
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TABLE 1 Characteristics of the GRAS proteins from D. chrysotoxum.

Name GeneID AA' pI* Mw® GRAVY' II° AI° CDS’” Chromosome Number of Subcellular

(aa) (kDa) (bp) location® exons localization®

DchGRASI ~ Maker103270 558 546  64.72 0011 5076 9029 1767 Chr02:26408192- 1 Nucleus.
26409958

DchGRAS2  Maker109984 482 624  46.61 -0.047 4507 9507 1263 Chr03:1989689- 5 Cytoplasm., Nucleus.
1991459

DchGRAS3 ~ Maker109993 482 681 3921 -0.112 4743 9506 1035 Chr03:2003069— 1 Nucleus.
2004103

DchGRAS4 ~ Maker90665 410 553 4627 -0.094 4795 8566 1275 Chr04:77284065— 2 Nucleus.
77286015

DchGRAS5 ~ Maker107353 486 574 5044 0201 4451 9937 1428 Chr05:55087262— 1 Extracell., Nucleus.
55088689

DchGRAS6  Maker107243 603 54  49.79 <0293 5822 7572 1362 Chr05:55239506— 1 Nucleus.
55240867

DchGRAS7 ~ Makerl09157 588 492 6327 <0256 5116 8339 1710 Chr05:58493522— 1 Nucleus.
58495231

DchGRAS8 ~ Maker106713 783 536 69.48 <0190 6133 87.15 1926 Chr06:22492694— 2 Nucleus.
22495775

DchGRAS9  Maker109319 640  7.59  61.04 -0.127 4067 89.89 1704 Chr06:90385613- 2 Nucleus.
90387380

DchGRASI0 Maker96576 658 641  64.11 -0.392 491 7778 1716 Chr06:93270893- 1 Nucleus.
93272608

DchGRASII  Maker64901 405 581  47.36 009 6006 91.81 1314 Chr07:51745669— 1 Nucleus.
51746982

DchGRASI2  Maker77807 718  7.72 2572 0089  30.78 10544 654 Chr08:30122565- 2 Nucleus.
30127357

DchGRASI3  Maker93384 718 661 8554 0560 5467 7607 2271 Chr09:1803507- 1 Nucleus.
1805777

DchGRAS14 Maker74260 718 552 75.86 0568 5511 7655 3993 Chr09:90897477- 2 Nucleus.
90903204

DchGRASI5 Maker74359 718 628  65.84 0561 5138 7582 1740 Chr09:90918703- 1 Nucleus.
90920442

DchGRASI6 Maker102355 542 7.16  51.14 0420 5501 74.89 1395 Chr10:8813808- 1 Nucleus.
8815202

DchGRASI7 Maker108806 630 522  69.14 -0.148 4626 77.81 1950 Chr10:12747107- 1 Nucleus.
12791396

DchGRASI8 Maker120980 575 578  53.66 -0.040 4364 9176 1488 Chr10:13665155- 1 Nucleus.
13666642

DchGRASI9 Maker120973 508  4.96  50.57 0043 3979 8617 1380 Chr10:13774703- 1 Nucleus.
13776082

DchGRAS20 Maker74947 695 645 5057 0303 4365 8675 1350 Chr10:20947846- 1 Nucleus.
20949195

DchGRAS21 Maker116208 531 524 4427 -0.190 5090 8262 1182 Chr10:50696148- 1 Nucleus.
50697329

DchGRAS22  Maker55437 405 581  47.36 2009 6006 91.81 1314 Chr11:63210270- 1 Nucleus.
63211583

DchGRAS23  Maker57245 445 661 4548 0208 4952 87.94 1212 Chr12:16579699— 1 Nucleus.
16580910

DchGRAS24 Maker56787 718 509  83.16 0545  49.01 7422 2199 Chr12:27678250- 1 Nucleus.
27680448

DchGRAS25 Maker34817 533 509 5299 0026  57.04 9500 1467 Chr12:35790222- 1 Nucleus.
35791688

DchGRAS26 Maker67092 558 585 7272 0012 5323 8956 1983 Chr13:57193721- 2 Cytoplasm., Nucleus.
57221035

DchGRAS27 Maker18932 575 598  50.02 0025 4475 8635 1374 Chr14:3417648- 1 Nucleus.
3419021

(Continued)
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TABLE 1 Continued

10.3389/fpls.2022.1058287

Name GeneID AA' pI* Mw® GRAVY' I’ AI° CDS’ Chromosome  Number of Subcellular
(aa) (kDa) (bp) location® exons localization®

DchGRAS28 Maker98448 630 514 6234 -0.163 5252 8371 1725 Chr14:44820072- 1 Nucleus.
44823800

DchGRAS29 Maker91453 658 594  59.57 -0.396 5277 89.75 1578 Chr14:44820072— 4 Nucleus.
44823800

DchGRAS30 Maker78471 438 629  47.90 -0.118 5175 9052 1278 Chr15:22460806- 1 Nucleus.
22462083

DchGRAS31  Maker09526 544 608  64.23 0287 4673 8432 1731 Chrl15:27837037- 2 Cytoplasm., Nucleus.
27847016

DchGRAS32  Maker71994 544 622  64.10 0295 4676 8349 1731 Chr15:28087128- 2 Nucleus.
28107888

DchGRAS33  Maker53947 623 529  69.59 0235 5128 7270 1938 Chr16:11189178- 1 Nucleus.
11191115

DchGRAS34 Maker53896 575 579 5523 -0.172 5081 84.64 1515 Chr16:11897962- 1 Nucleus.
11899476

DchGRAS35 Maker53963 575 495  53.85 -0.154 4208 79.84 1488 Chr16:12003067- 1 Nucleus.
12004554

DchGRAS36  Maker06292 531 546  44.87 0288 5091 7885 1176 Chr16:26958259~ 1 Nucleus.
26959434

DchGRAS37 Maker59349 542 6.06  56.50 0390 4320 7394 1563 Chr17:87774189~ 1 Nucleus.
87775751

DchGRAS38 Maker59202 630 533  62.67 -0.184  51.80 8347 1704 Chr17:90199821- 1 Nucleus.
90201524

DchGRAS39  Maker59068 508 508  53.00 -0.125 465 8217 1470 Chr17:91328084- 1 Nucleus.
91329553

DchGRAS40 Maker64611 533 555  53.73 0084 5024 100.93 1479 Chr18:14440477- 1 Nucleus.
14443592

DchGRAS41  Maker84688 544 582 5791 0298 5281 8297 1569 Chr18:95039362- 1 Nucleus.
95040930

DchGRAS42  Maker84792 410 544  45.04 0058 6429 9452 1230 Chr18:96739953- 1 Nucleus.
96741182

DchGRAS43  Maker65831 640  8.02  73.00 0243 5436 7924 2067 Chr19:12929694~ 2 Nucleus.
12934290

DchGRAS44 Maker65692 558 573 77.52 -0.135 5544 84.83 2133 Chr19:15485118- 1 Nucleus.
15487250

DchGRAS45 Maker22635 588 4.92 63.31 -0.249 5232 839 1710 Unknow 1 Nucleus.

DchGRAS46  Maker26072 658 565  51.18 0315 5296 9221 1371 Unknow 2 Nucleus.

'AA, exhibits amino acid; *p, theoretical isoelectric point; *Mw, molecular weight; *‘GRAVY, grand average of hydrophobicity; *II, instability index; ®AL aliphatic index; “CDS, Snapgene is
used to calculate the CDS length of genes; ®The location of the gene on the chromosome comes from the gff file; *subcellular localization predicted by Plant-mPloc (Chou and Shen, 2010;

Kaundal et al., 2010).

Calculation of Ka and Ks ratios

Calculating Ka (nonsynonymous substitution), Ks (synonymous
substitution), and Ka/Ks (evolutionary selection pressure) is of great
significance for determining phylogeny and understanding the
evolutionary dynamics within (among) species (Wang et al,, 2021).
In this study, 12 pairs of DchGRAS genes with consistency greater
than 60% were selected by DNAMAN software for calculation and
analysis. The results showed that the Ka/Ks values of 12 pairs of
DchGRAS genes were less than 1, indicating that almost all DchGRAS
genes experienced negative selection (Table 2), which made them
more evolutionarily stable. The divergence time of these 12 gene pairs
was between 0.66 Mya for DchGRAS45-DchGRAS7 and 117.98 Mya
for DchGRAS41-DchGRAS32.

Frontiers in Plant Science

06

Promoter analysis of DchGRAS genes

In order to investigate the regulatory functions of DchGRAS
genes, the 2,000 bp promoter regions of DchGRAS genes were
retrieved for the identification of putative cis-elements. A total of
1068 cis-acting regulatory elements were obtained, and Box 4,
which is related to light reactions, had the most elements, with 137
cis-acting regulatory elements. There are eight cis-acting
regulatory elements related to hormone regulation, with a total
of 447 elements, accounting for 41.85%; 17 cis-acting regulatory
elements related to light response, with a total of 328 elements,
accounting for 30.71%; four cis-acting regulatory elements related
to plant growth and development, with a total of 56 elements,
accounting for 5.24%; and five cis-acting regulatory elements
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FIGURE 1

[ DELLA
0Os19
I LiscL
SHR
PAT1
I scLar
HAM
[0 SCR

% D. chrysotoxum
O. sativa
A A thaliana

Phylogenetic tree of GRAS genes based on the GRAS protein sequences of D. chrysotoxum, A. thaliana, and O. sativa. The GRAS protein
sequences of D. chrysotoxum, A. thaliana, and O. sativa are shown in Supplementary Table 1.

related to environmental stress, with a total of 145
elements, accounting for 13.58%. DchGRAS31 contains the
largest number of components, a total of 44; DchGRASI8
contains the least number of components, only 12. The 46

DchGRAS genes all contain light-responsive and hormone-
regulated elements, DchGRASII and DchGRAS44 do not
contain stress-related cis-acting regulatory elements, and 16
genes, including DchGRAS36, DchGRAS3, and DchGRAS21,

FIGURE 2
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default parameters on the MEME website. (C) Based on dff files, TBtool software was used to visualize the structure of genes. Motif1-10
sequence and logo in Supplementary Figure 2.
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FIGURE 3
GRAS gene distribution on chromosomes of D. chrysotoxum.

do not contain growth-related elements (Figure 4,
Supplementary Table 3).

RT—gPCR analysis

In this study, three groups of D. chrysotoxum were treated
with high temperature, salt and drought stress respectively, and
there was no significant change in plant phenotype before and
after treatment (Supplementary Figure 4). In order to explore the
expression pattern of the DchGRAS gene under three abiotic
stresses (high temperature, salt, and drought), we performed
real-time quantitative PCR (RT-qPCR) on 12 genes from
different subfamilies. The results showed that the expression
levels of these 12 genes in leaves after high temperature, salt, and
drought stress all showed an upwards-regulated trend to
varying degrees.

After induction at 30°C/38°C for 48 h, the expression levels of
DchGRAS13 and DchGRAS23 were significantly upregulated by
more than five-fold, while those of DchGRASS and DchGRAS21

TABLE 2 Ka/Ks analysis of GRAS genes in D. chrysotoxum.

Y—peharAsps
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10.3389/fpls.2022.1058287
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showed almost no upregulation. After 48 h of treatment with 0.5
M NaCl solution, the expression levels of DchGRASI5 and
DchGRAS23 were significantly upregulated; after ten days of
drought, the expression levels of DchGRAS32, DchGRASIS,
DchGRAS23, and DchGRAS28 were significantly upregulated,
while that of DchGRAS45 was hardly upregulated (Figure 5).

Discussion

The ecotypes of orchids are diverse, with 70% being
epiphytic (Zhang et al., 2016; Zhang et al., 2022). D.
chrysotoxum, as a perennial epiphytic herb, is widely cultivated
and used (Xiao et al,, 2014). It has high ornamental, medicinal,
and health value. In recent years, the molecular mechanism of
flower development regulation of D. chrysotoxum and the
formation mechanism of medicinal components have been
extensively studied (Zhang et al, 2021a). However, there are
few studies on the molecular mechanism of D. chrysotoxum
under adverse conditions. The GRAS gene family has been

Gene pairs Ka' Ks® Ka/Ks® Time (Mya)* Subfamily
DchGRAS38-DchGRAS28 0216967677 1.134528645 0.19124037 62.33673874 DELLA
DchGRAS28-DchGRAS33 0.179621381 1.581916811 0.113546667 86.9185061 DELLA
DchGRAS28-DchGRAS17 0.159038717 1.360038863 0.116936891 74.72741005 DELLA
DchGRAS33-DchGRAS17 0.132467162 1.230910978 0.107617175 67.63247132 DELLA
DchGRAS3-DchGRAS30 0.114861954 0980996956 0.117086963 53.90093165 SCL3
DchGRAS11-DchGRAS22 2.536793813 1.657769547 1.530245152 91.08623885 SCR
DchGRAS29-DchGRAS46 0.03801653 0.046311005 0.820896242 2.544560714 SCR
DchGRAS45-DchGRAS7 0.001554203 0.012033953 0.12915153 0.661206209 SCL4/7
DchGRAS41-DchGRAS31 0.202752185 2086842634 0097157391 114.6616832 PAT
DchGRAS41-DchGRAS32 0205621812 2.147275637 0.095759393 117.9821779 PAT
DchGRAS31-DchGRAS32 0.004552366 0017442647 0260990555 0958387198 PAT
DchGRAS21-DchGRAS36 0.131329889 1.200829768 0.10936595 65.97965758 SHR

'Ka, non-synonymous rate; “Ks, synonymous substitution; *Ka/Ks, evolutionary constraint; *Divergence time (T) was calculated by using the formula T= Ks/(2x9.1x10%) x10°® million

years ago (Wang et al,, 2021).
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FIGURE 4
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Promoter analysis of the DchGRAS gene. (A) D. chrysotoxum GRAS gene phylogenetic tree. (B) The numbers in the circle exhibit the number of
cis-acting elements in DchGRAS. (C) The number of light response, plant growth and development, stress response, and phytohormone
response elements. The types and quantities of cis-acting elements are shown in Supplementary Table 3.
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Real-time reverse transcription quantitative PCR (RT-qPCR) validation of 12 DchGRAS genes under high temperature, salt, and drought stress. CK-A:
Control sample before high-temperature stress. T: Samples treated under high temperature stress of 30°C/38°C for 48 h. CK-B: Control sample before
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Student's t test). Primers and RT-gPCR analysis of 12 DchGRAS genes are shown in Supplementary Table 5.
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widely identified and studied in a variety of plants, which proves
that it is closely related to plant growth, development, abiotic
stress, and hormone regulation (Jaiswal et al., 2022). In this
study, 46 DchGRAS genes were obtained through comparison
and screening based on GRAS-specific domains (Table 1). The
identification results were similar to those of Cicer arietinum
(46) (Yadav et al., 2022), Prunus mume (47) (Lu et al.,, 2015),
Dendrobium catenatum (47) (Zeng et al., 2019); more than those
of A. thaliana (32) (Tian et al.,, 2004) and Pinus (32) (Abarca
et al., 2014); and less than those of Rosa chinensis (59) (Kumari
et al., 2022), O. sativa (63) (Tian et al., 2004), Manihot esculenta
(77) (Shan et al,, 2020), and Zea mays (86) (Guo et al., 2017).
These differences may be due to gene duplication events or the
different frequencies of retained copies after duplication events.

In general, the evolutionary relationship of species is inferred
or evaluated through phylogenetic analysis and the construction
of an evolutionary tree. The phylogenetic tree constructed in the
study shows that the phylogenetic relationships of the GRAS gene
family in D. chrysotoxum are more closely related to O. sativa
rather than A. thaliana. All 140 GRAS genes of three species are
divided into ten subfamilies (Figure 1). HAM protein was found
to be related to the maintenance of apical or lateral meristem in
Petunia hybrida plants (Jaiswal et al., 2022). The HAM subfamily
has the most members (10/46) in our study. The SCR and SHR
subfamilies can form a tissue specific network with BIRD/IDD
proteins (Moreno-Risueno et al., 2015), which plays an important
role in the regulation of root and leaf radiation morphology. In
this study, the members of SCR (6/46) and SHR (7/46) subfamilies
may help D. chrysotoxum form a divergent root system, which can
better adhere to trees or rocks. The DELLA and PAT1 subfamilies
are widely studied in many plants, especially the DELLA
subfamily. DELLA protein can stimulate GA signal
transduction, which is crucial in seed germination, stem and
root elongation and flower development (Niu et al., 2016a).
DELLA (6/46), PAT1 (5/46), and LISCL (5/46) subfamilies also
had more members in this study, and these subfamilies play a
crucial part in other plants in coping with abiotic stresses such as
drought, salt and photooxidative stress (Khan et al., 2021). GRAS
proteins are fully involved in all stages of plant growth and
development, and some specific subfamilies are differentiated
during the process of contraction or expansion. Such as the
Os19 subfamily is a specific subfamily of O. sativa, and the
phylogenetic tree constructed in this study shows that the Os19
subfamily contains only two members, DchGRAS20 and
OsGRAS2I (Liu and Widmer, 2014). Most plant GRAS gene
families contain members of the Os19 subfamily, but A.
thaliana (Liu and Widmer, 2014), Z. mays (Guo et al, 2017),
Phaseolus vulgaris (Laskar et al., 2021) and other plants do not
contain members of this subfamily. This suggests that
DchGRAS20 may be formed after differentiation of the common
ancestor with A. thaliana.

The structure of genes may also affect the phylogenetic
relationship. A gene family may be structured differently in
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different species. The N-terminal intrinsically disordered region
(IDR) sequence of GRAS proteins binds to different proteins
when expressed, resulting in specific functions (Sun et al., 2012);
VHIID is a core structure among five conserved domains at the
C-terminus of GRAS proteins (Pysh et al., 1999). The results of
the sequence alignment of the DchGRAS gene in this study
showed that, except for DchGRAS2, all 45 members have a
VHIID domain, in which aspartic acid (D) is extremely stable,
and almost all subfamilies have different degrees of amino acid
substitution (Figure 6). For example, all members of the SHR
subfamily have valine (V) replaced by leucine (L), while all
members of the DELLA family with a complete motif backbone
have isoleucine (I) replaced by valine (V), and the PATI
subfamily also has a few amino acid substitutions. The PAT1
and DELLA subfamilies play an important role in regulating
plant photosensitive signal transduction, GA signal
transduction, and stress resistance (Torres-Galea et al., 2006;
Wang et al,, 2014; Zhang et al., 2021¢). In this study, they have a
complete motif skeleton structure without deletion. Therefore,
the large number of amino acid substitutions in these two
relatively stable subgroups may be the embodiment of the slow
evolution of the D. chrysotoxum GRAS gene family to adapt to
environmental changes. In addition, SAW is also a relatively
conserved domain at the C-terminus of the GRAS protein. It is
composed of three consecutive parts: WX7G, LW and SAW
(Hirsch et al., 2009). In this study, most DchGRAS genes had this
domain, and there was less substitution than seen in the prior
study. Although the function of the SAW domain is unclear,
these conserved elements play a vital role in maintaining the
integrity of the domain and playing a role in stabilizing the
protein (Sun et al., 2011).

During evolution, introns are considered to be one of the
important reasons for the formation of new genes. 69.56% of
DchGRAS genes in this study lacked introns (Figure 2C) and
more than 70% of GRAS genes in other plants such as Z. mays
(Guo et al., 2017), Glycine max (Wang et al., 2020) and Melilotus
albus (Wang et al., 2022) lacked introns. This phenomenon is
parallel to the early reports on the conserved characteristics of
GRAS genes. Some studies have found that intron-free genes
also belong to large families that regulate physiological and
biochemical processes and participate in growth and
development processes, such as signal transduction, protein
synthesis and conversion, and metabolism (Jain et al., 2008).
Although intron-free genes have no advantage in species
evolution or recombination, they often respond quickly to
stress (Sang et al., 2016). Therefore, many DchGRAS members
may be able to respond quickly to environmental changes, and
these intron-free genes are the main driving force of plant tissue-
specific evolution. Orchids have the characteristics of high
heterozygosity, high repetition, and long introns (Cai et al,
2015; Lu et al., 2019). Three genes in this study (DchGRASI17,
DchGRAS26, and DchGRAS32) have introns over 10,000 bp in
length, probably because they contain a large number of
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A Subfamily ~ Name VHIID WX7G Lw SAW
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FIGURE 6

VHIID and SAW motifs in the GRAS protein amino acid sequences. (A) DchGRAS protein sequence alignment results. (B) Sequence logo of
motifs. (a) Sequence of the VHIID domain. (b) and (c) Sequence of the SAW domain.

transposable elements (Figure 7). Genes containing introns
promote the evolution of plant species by participating in
translation and energy metabolism, and these genes with long
introns are important for the abundance of orchid species
(Jain et al., 2008).

Cis-acting elements are involved in the dynamic network of
gene regulation. This study identified many anti-stress
responsive cis-acting elements in the upstream 2000 bp
promoter region of 46 DchGRAS genes (Figure 4). At the same
time, some hormone-responsive elements, such as ABRE (ABA
response), P-box (ABA and ethylene response), and TATC-box
(GA response) (Cao et al,, 2021), are also widely present in
DchGRAS genes. Plants need to adapt to changes in the external
environment through gene regulation. In recent years, an
increasing number of studies have shown that GA anabolism
and signal transduction pathways are involved in abiotic stress in
plants. When GA content decreases, the corresponding cis-
acting elements begin to respond, and DELLA proteins bind to
transcription factors, inhibiting downstream gene expression
and thereby inhibiting plant growth (Achard et al, 2008;
Shan et al., 2020). This may be a key pathway for GRAS
proteins to regulate plant growth and development under
stress conditions.

We selected 12 DchGRAS genes from different subfamilies
for RT-qPCR validation analysis. The results showed that after
high temperature, drought and salt treatment, the expression
levels of 12 genes were significantly different under different
stresses, and there were also differences in expression among
members of the same subfamily (Figure 5). For example,
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DchGRAS13 and DchGRASI5 all belong to the LISCL
subfamily, but the RT-qPCR results showed that DchGRASI3
is significantly induced under high temperature stress and
increases up to 25-fold, while DchGRASI5 does not change
significantly under high temperature stress but is upregulated
ten-fold under salt stress and drought stress. This phenomenon
also exists in GRAS genes from different subgroups of other
plants after stress treatment, such as Solanum lycopersicum
(Niu et al, 2016b), Populus (Liu and Widmer, 2014), and
Camellia sinensis (Wang et al., 2018). This suggests that the
genes of the same subfamily may have different roles in the
signalling pathways of abiotic stress responses. A large number
of studies have shown that the DELLA and PAT1 subfamily are
fully involved in the growth and development processes of
multispecies abiotic stress, light signal transduction, seed
germination, and other processes and control plant height by
influencing the growth of inflorescence stems (Khan et al., 2021;
Jaiswal et al, 2022). In this study, members of the DELLA
subfamily (DchGRAS25 and DchGRAS28) were induced under
all three stress conditions, and their expression was significantly
upregulated under drought stress. The expression of
DchGRAS32 of the PAT1 subfamily was upregulated under all
three stress conditions, but especially under drought stress,
under which its expression was upregulated by more than five-
fold. LAS subfamily is closely related to the development of plant
lateral buds (Schumacher et al., 1999). OsMOCI in rice belongs
to LAS subfamily, and its overexpression can increase the
number of rice tillers, thereby reducing plant height (Li et al,
2003). LAS homologous genes with similar functions have been
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The structures of 14 DchGRAS genes of D. chrysotoxum containing i
GSDS website.

found in S. lycopersicum, Nicotiana tabacum, Cucumis sativus,
Zoysia tenuifolia and other crops (Chang et al., 2013). In this
study, the expression of DchGRAS23, a member of the LAS
subfamily, was also significantly upregulated under stress
conditions, which indicated that LAS subfamily members
likely function in stress tolerance and provided a reference for
exploring more functions of LAS subfamily members. In
addition, studies have shown that AtGRASI14 of the LISCL
subfamily is also a key gene regulating plant development and
stress and is related to the occurrence of anther microspores in
Lilium longiflorum (Morohashi et al., 2003). DchGRASI5 and
AthGRAS14 are homologous genes, which are also up-regulated
under abiotic stress. To sum up, this study speculates that the
normal growth and development of D. chrysotoxum and the
maintenance of the swollen pseudobulb under abiotic stress may
be regulated by members of the GRAS gene family.

Conclusion

In this study, 46 DchGRAS genes were identified from the D.
chrysotoxum genome and divided into ten subfamilies according
to their phylogenetic relationships, and members of the same
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ntrons. The intron-exon structure was drawn using a platform on the

subfamily had similar gene structures and conserved domains.
The results of real-time reverse transcription quantitative PCR
(RT-qPCR) experiments showed significant differences in the
expression levels of 12 genes under abiotic stress, among which
LISCL, LAS, and DELLA subfamily members were the most
sensitive to stress. This result will provide valuable information
for further studying of D. chrysotoxum and other orchids under
abiotic stress.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Author contributions

SL, Z-JL, and DZ contributed to conceptualization and
validation. XZ, D-KL, and CZ prepared the original draft. SK,
YL, Q-QW, and QZ analysed the data. All authors contributed to
the article and approved the submitted version.

12 frontiersin.org


https://doi.org/10.3389/fpls.2022.1058287
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Zhao et al.

Funding

This work was supported by the Forestry Peak Discipline
Construction Project of Fujian Agriculture and Forestry
University (72202200205), and the National Key Research and
Development Program of China (2019YFD1000400).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or

References

Abarca, D., Pizarro, A., Hernandez, 1., Sanchez, C., Solana, S. P., Amo, D. A,
et al. (2014). The GRAS gene family in pine: transcript expression patterns
associated with the maturation-related decline of competence to form
adventitious roots. BMC Plant Biol. 14 (1), 354. doi: 10.1186/s12870-014-0354-8

Achard, P., Gong, F. S., Alioua, M., Hedden, P., and Genschik, P. (2008). The
cold-inducible CBF1 factor-dependent signaling pathway modulates the
accumulation of the growth-repressing DELLA proteins via its effect on
gibberellin metabolism. Plant Cell. 20 (8), 2117-2129. doi: 10.1105/tpc.108.058941

Bolle, C., Koncz, C., and Chua, N. H. (2000). PAT1, a new member of the GRAS
family, is involved in phytochrome a signal transduction. Genes Dev. 14 (10), 1269—
1278. doi: 10.1101/gad.14.10.126

Cai, J., Liu, X., Vanneste, K., Proost, S., Tsai, W., Liu, K.-W., et al. (2015). The
genome sequence of the orchid Phalaenopsis equestris. Nat. Genet. 47, 65-72.
doi: 10.1038/ng.3149

Cao, S., Luo, J., Qiu, S, Liu, Z, Li, X, Zhao, J., et al. (2015). Effects of drought
stress in leaves stomatal movement in five dendrobium species. Adv. Ornamental
Hort. China 2015, 595-601.

Cao, L., Zhang, Q., Gou, Z., Lu, X, Zhang, X., Wei, X,, et al. (2021). Genome-
wide identification and expression analysis of auxin response factor gene family in
maize. J. Nucl. Agric. Sci. 35 (9), 2016-2026. doi: 10.11869/j.issn.100—
8551.2021.09.2016

Cenci, A., and Rouard, M. (2017). Evolutionary analyses of GRAS transcription
factors in angiosperms. Front. Plant Sci. 8. doi: 10.3389/fpls.2017.00273

Chang, W. J,, Liu, X. W,, and Zhang, Z. L. (2013). Progress in molecular
structure and functions of plant GRAS proteins. Chin. Bull. Life Sci. 25 (11), 1045
1052. doi: 10.13376/j.cbls/2013.11.012

Chen, C,, Chen, H., Zhang, Y., Thomas, H. R, Frank, M. H,, He, Y., et al. (2020).
TBtools: an integrative toolkit developed for interactive analyses of big biological
data. Mol. Plant 13, 1194-1202. doi: 10.1016/j.molp.2020.06.009

Chen, X., Wang, P., Gu, M,, Lin, X., Hou, B, Zheng, Y., et al. (2021). R2R3-
MYB transcription factor family in tea plant (Camellia sinensis): Genome-
wide characterization, phylogeny, chromosome location, structure, and
expression patterns. Genomics. 113 (3), 1565-1578. doi: 10.1016/
j.ygeno.2021.03.033

Chou, K. C,, and Shen, H. B. (2010). Plant-mPLoc: a top-down strategy to
augment the power for predicting plant protein subcellular localization. PLoS One
5, e11335. doi: 10.1371/journal.pone.0011335

Frontiers in Plant Science

13

10.3389/fpls.2022.1058287

claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fpls.2022.1058287/full#supplementary-material

SUPPLEMENTARY TABLE 1
GRAS protein sequences used in the phylogenetic tree;

SUPPLEMENTARY FIGURE 2
Sequence and logo of Motif1-10;

SUPPLEMENTARY TABLE 3
Promoter and cis-acting elements analysis of DchGRAS genes;

SUPPLEMENTARY FIGURE 4
Plant images of D. chrysotoxum before and after different abiotic stresses;

SUPPLEMENTARY TABLE 5
Primers and RT-gPCR analysis of 12 DchGRAS genes.

Day, R. B,, Tanabe, S., Koshioka, M., Mitsui, T., Itoh, H., Ueguchi-Tanaka, M.,
et al. (2004). Two rice GRAS family genes responsive to n-
acetylchitooligosaccharide elicitor are induced by phytoactive gibberellins:
evidence for cross-talk between elicitor and gibberellin signaling in rice cells.
Plant Mol. Biol. 54 (2), 261-272. doi: 10.1023/B:PLAN.0000028792.72343.ee

Dou, C., Han, M., Zhang, B., Sun, L., Jin, X,, and Li, T. (2018). Chrysotoxene
induces apoptosis of human hepatoblastoma hepG2 cells in vitro and in vivo via
activation of the mitochondria-mediated apoptotic signaling pathway. Oncol. Lett.
15 (4), 4611-4618. doi: 10.3892/01.2018.7857

Duvaud, S., Gabella, C., Lisacek, F., Stockinger, H., Ioannidis, V., and Durinx, C.
(2021). Expasy, the swiss bioinformatics resource portal, as designed by its users.
Nucleic Acids Res. 49 (W1), W216-W227. doi: 10.1093/nar/gkab225

Eddy, S. R. (2011). Accelerated profile HMM searches. PLoS Comput. Biol. 7
(10), €1002195. doi: 10.1371/journal.pcbi.1002195

Edgar, R. C. (2004). MUSCLE: multiple sequence alignment with high accuracy
and high throughput. Nucleic Acids Res. 32 (5), 1792-1797. doi: 10.1093/nar/
gkh340

Finn, R. D., Bateman, A., Clements, J., Coggill, P., Eberhardt, R. Y., Eddy, S. R,,
et al. (2014). Pfam: the protein families database. Nucleic Acids Res. 42 (D1), D222—
D230. doi: 10.1093/nar/gkt1223

Fode, B., Siemsen, T., Thurow, C., Weigel, R., and Gatz, C. (2008). The
Arabidopsis GRAS protein SCL14 interacts with class II TGA transcription
factors and is essential for the activation of stress-inducible promoters. Plant
Mol. Biol. 67 (6), 659-670. doi: 10.1007/s11103-008-9345-1

Guo, Y., Wu, H,, Li, X,, Li, Q., Zhao, X., Duan, X,, et al. (2017). Identification and
expression of GRAS family genes in maize (Zea mays I.). PLoS One 12 (9),
€0185418. doi: 10.1371/journal.pone.0185418

Helariutta, Y., Fukaki, H., Wysocka-Diller, J., Nakajima, K., Jung, J., Sena, G.,
et al. (2000). The SHORT-ROOT gene controls radial patterning of the Arabidopsis

root through radial signaling. Cell. 101 (5), 555-567. doi: 10.1016/S0092-8674(00)
80865-X

Heoa, J., Changa, K. S., Kima, I. A, and Lim, J. (2011). The GRAS gene family in
pine: transcript expression patterns associated with the maturation-related decline
of competence to form adventitious roots. Proc. Natl. Acad. Sci. U. S. A. 108 (5),
2166-2171. doi: 10.1073/pnas.1012215108

Hirsch, S., Kim, J., Munoz, A., Heckmann, A. B., Downie, J. A., and Oldroyd, G.
E. (2009). GRAS proteins form a DNA binding complex to induce gene expression

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2022.1058287/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.1058287/full#supplementary-material
https://doi.org/10.1186/s12870&ndash;014&ndash;0354&ndash;8
https://doi.org/10.1105/tpc.108.058941
https://doi.org/10.1101/gad.14.10.126
https://doi.org/10.1038/ng.3149
https://doi.org/10.11869/j.issn.100&ndash;8551.2021.09.2016
https://doi.org/10.11869/j.issn.100&ndash;8551.2021.09.2016
https://doi.org/10.3389/fpls.2017.00273
https://doi.org/10.13376/j.cbls/2013.11.012
https://doi.org/10.1016/j.molp.2020.06.009
https://doi.org/10.1016/j.ygeno.2021.03.033
https://doi.org/10.1016/j.ygeno.2021.03.033
https://doi.org/10.1371/journal.pone.0011335
https://doi.org/10.1023/B:PLAN.0000028792.72343.ee
https://doi.org/10.3892/ol.2018.7857
https://doi.org/10.1093/nar/gkab225
https://doi.org/10.1371/journal.pcbi.1002195
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1093/nar/gkt1223
https://doi.org/10.1007/s11103&ndash;008&ndash;9345&ndash;1
https://doi.org/10.1371/journal.pone.0185418
https://doi.org/10.1016/S0092&ndash;8674(00)80865&ndash;X
https://doi.org/10.1016/S0092&ndash;8674(00)80865&ndash;X
https://doi.org/10.1073/pnas.1012215108
https://doi.org/10.3389/fpls.2022.1058287
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Zhao et al.

during nodulation signaling in Medicago truncatula. Plant Cell. 21 (2), 545-557.
doi: 10.1105/tpc.108.064501

Hou, T., Yi, S., Zhang, Z., Wang, J., and Li, C. (2022). Selection and validation of
reference genes for RT-qPCR in phalaenopsis-type Dendrobium hybrid. Acta
Hortic. Sinica., 1-14. doi: 10.16420/j.issn.0513-353x.2021-0763

Jain, M., Khurana, P., Tyagi, A. K, and Khurana, J. P. (2008). Genome-wide
analysis of intronless genes in rice and Arabidopsis. Funct. Integr. Genomics 8, 69—
78. doi: 10.1007/s10142-007-0052-9

Jaiswal, V., Kakkar, M., Kumari, P., Zinta, G., Gahlaut, V., and Kumar, S., et al.
(2022). Multifaceted roles of GRAS transcription factors in growth and stress
responses in plants. iScience. 25 (9), 105026. doi: 10.1016/.is¢i.2022.105026

Kalo, P., Gleason, C., Edwards, A., Marsh, J., Mitra, R. M., Hirsch, S., et al.
(2005). Nodulation signaling in legumes requires NSP2, a member of the GRAS
family of transcriptional regulators. Science. 308 (5729), 1786-1789. doi: 10.1126/
science.1110951

Kaundal, R,, Saini, R., and Zhao, P. X. (2010). Combining machine learning and
homology-based approaches to accurately predict subcellular localization in
Arabidopsis. Plant Physiol. 154, 36-54. doi: 10.1104/pp.110.156851

Khan, Y., Xiong, Z., Zhang, H., Liu, S., Yaseen, T., and Hui, T. (2021). Expression
and roles of GRAS gene family in plant growth, signal transduction, biotic and
abiotic stress resistance and symbiosis formation-a review. Plant Biol. 24 (3), 404—
416. doi: 10.1111/plb.13364

Kumari, P., Gahlaut, V., Kaur, E., Singh, S., Kumar, S., and Jaiswal, V. (2022).
Genome-wide identification of GRAS transcription factors and their potential
roles in growth and development of rose (Rosa chinensis). J. Plant Growth Regul.
doi: 10.1007/s00344-022-10635-z

Laskar, P., Bhattacharya, S., Chaudhuri, A., and Kundu, A. (2021). Exploring the
GRAS gene family in common bean (Phaseolus vulgaris 1.): characterization,
evolutionary relationships, and expression analyses in response to abiotic
stresses. Planta. 254, 84. doi: 10.1007/s00425-021-03725-x

Laurenzio, L. D., Wysocka-Diller, J., Malamy, J. E., Pysh, L., Helariutta, Y.,
Freshour, G., et al. (1996). The SCARECROW gene regulates an asymmetric cell
division that is essential for generating the radial organization of the Arabidopsis
root. Cell. 86 (3), 423-433. doi: 10.1016/50092-8674(00)80115-4

Lee, M. H,, Kim, B., Song, S. K, Heo, J. O., Yu, N. I, Yu, N, et al. (2008). Large-
Scale analysis of the GRAS gene family in Arabidopsis thaliana. Plant Mol. Biol. 67
(6), 659-670. doi: 10.1007/s11103-008-9345-1

Lescot, M., Déhais, P., Thijs, G., Marchal, K., Moreau, Y., Peer, Y. V,, et al.
(2002). PlantCARE, a database of plant cis-acting regulatory elements and a portal
to tools for in silico analysis of promoter sequences. Nucleic Acids Res. 30, 325-327.
doi: 10.1093/nar/30.1.325

Liang, W, Shang, F., Lin, Q,, Lou, C,, and Zhang, J. (2014). Tillering and panicle
branching genes in rice. Gene. 537 (1), 1-5. doi: 10.1016/j.gene.2013.11.058

Li, M,, Liu, K, Li, Z,, Lu, H,, Ye, Q., Zhang, D,, et al. (2022). Genomes of leafy
and leafless Platanthera orchids illuminate the evolution of mycoheterotrophy.
Nat. Plants. 8 (4), 373-388. doi: 10.1038/s41477-022-01127-9

Li, X, Qian, Q,, Fu, Z., Wang, Y., Xiong, G., Zeng, D, et al. (2003). Control of
tillering in rice. Nature. 422, 618-621. doi: 10.1038/nature01518

Liu, X., and Widmer, A. (2014). Genome-wide comparative analysis of the
GRAS gene family in populus, arabidopsis, and rice. Plant Mol. Biol. Reporter. 32,
1129-1145. doi: 10.1007/s11105-014-0721-5

Li, B., Zheng, B., Wang, J., Tsai, W., Lu, H., Zou, L.-H., et al. (2020). New insight
into the molecular mechanism of colour differentiation among floral segments in
orchids. Commun. Biol. 3, 89. doi: 10.1038/s42003-020-0821-8

Lu, H. C, Lam, S. H,, Zhang, D., Hsiao, Y. Y., Li, B. J., Niu, S. C,, et al. (2022).
R2R3-MYB genes coordinate conical cell development and cuticular wax
biosynthesis in Phalaenopsis aphrodite. Plant Physiol. 188 (1), 318-331.
doi: 10.1093/plphys/kiab422

Lu, H, Lan, S, Tsai, W., and Liu, Z. J. (2019). The origin and evolution of
orchids. J. Fujian Agric. Forestry Univ. (Natural Sci. Edition). 48 (6), 002.
doi: 10.13323/j.cnki.j.fafu(nat.sci.).2019.06.002

Lu, J., Wang, T., Xu, Z,, Sun, L., and Zhang, Q. (2015). Genome-wide analysis of
the GRAS gene family in prunus mume. Mol. Genet. Genomics 290 (1), 303-317.
doi: 10.1007/s00438-014-0918-1

Moreno-Risueno, M., Sozzani, R., Yardimci, G., Petricka, J., Vernoux, T., Blilou,
I, et al. (2015). Transcriptional control of tissue formation throughout root
development. Science. 350 (6259), 426-430. doi: 10.1126/science.aad1171

Morohashi, K., Minami, M., Takase, H., Hotta, Y., and Hiratsuka, K. (2003).
Isolation and characterization of a novel GRAS gene that regulates meiosis-
associated gene expression. J. Biol. Chem. 78 (23), 20865-20873. doi: 10.1074/
jbe.M301712200

Niu, Y., Jiang, X., Xu, X, and Li, J. (2016a). Research progress of transcription
factors GRAS proteins in plant. Genomics Appl. Biol. 35 (9), 2519-2524.
doi: 10.13417/j.gab.035.002519

Frontiers in Plant Science

14

10.3389/fpls.2022.1058287

Niu, Y., Zhao, T., Xu, X,, and Li, J. (2016b). Genome-wide identification and
characterization of GRAS transcription factors in tomato (Solanum lycopersicum).
Peer]. 5, €3955. doi: 10.7717/peerj.3955

Peng, J., Carol, P,, Richards, D. E., King, K. E., Cowling, R. ]., Murphy, G. P, et al.
(1997). The Arabidopsis GAI gene defines a signaling pathway that negatively
regulates gibberellin responses. Genes ¢ Dev. 11 (23), 3194-3205. doi: 10.1101/
gad.11.23.3194

Pysh, L. D., Wysocka-Diller, J. W., Camilleri, C., Bouchez, D., and Benfey, P. N.
(1999). The GRAS gene family in Arabidopsis: sequence characterization and basic
expression analysis of the SCARECROW-LIKE genes. Plant J. 18 (1), 111-119.
doi: 10.1046/j.1365-313x.1999.00431

Ramirez, S. R., Eltz, T., Fujiwara, M. K., Gerlach, G., Goldman-Huertas, B.,
Tsutsui, N. D,, et al. (2011). Asynchronous diversification in a specialized plant-
pollinator mutualism. Science 333 (6050), 1742-1746. doi: 10.1126/science.1209175

Sang, Y., Liu, Q,, Lee, J., Ma, W., McVey, D. S, and Blecha, F. (2016). Expansion
of amphibian intronless interferons revises the paradigm for interferon evolution
and functional. Sci. Rep. 6, 29072. doi: 10.1038/srep29072

Schumacher, K., Schmitt, T., Rossberg, M., Schmitz, G., and Theres, K. (1999).
The lateral suppressor (Ls) gene of tomato encodes a new member of the VHIID
protein family. Proc. Natl. Acad. Sci. United States America. 5, 96(1):290-5.
doi: 10.1073/pnas.96.1.290

Shan, Z., Luo, X., Wu, M., Wei, L., Fan, Z., and Zhu, Y. (2020). Genome-wide
identification and expression of GRAS gene family members in cassava. BMC Plant
Biol. 20 (1), 46. doi: 10.1186/s12870-020-2242-8

Silverstone, A. L., Ciampaglio, C. N., and Sun, T. P. (1998). The Arabidopsis
RGA gene encodes a transcriptional regulator repressing the gibberellin signal
transduction pathway. Plant Cell. 10 (2), 155-169. doi: 10.1105/tpc.10.2.155

Smit, P., Raedsts, J., Portyanko, V., Debelle, F., Gough, C., Bisseling, T., et al.
(2005). NSP1 of the GRAS protein family is essential for Rhizobial nod factor-
induced transcription. Science 308 (5729), 1789-1791. doi: 10.1126/
science.1111025

Sun, X,, Jones, W. T., and Rikkerink, E. H. A. (2012). GRAS proteins: the
versatile roles of intrinsically disordered proteins in plant signaling. Biochem. J. 442
(1), 1-12. doi: 10.1042/BJ20111766

Sun, X., Xue, B., Jones, W. T., Rikkerink, E., Dunker, A. K., and Uversky, V. N.
(2011). A functionally required unfoldome from the plant kingdom: intrinsically
disordered n-terminal domains of GRAS proteins are involved in molecular
recognition during plant development. Plant Mol. Biol. 77, 205-223.
doi: 10.1007/s11103-011-9803-z

Tian, C., Wan, P., Sun, S,, Li, J., and Chen, M. (2004). Genome-wide analysis of
the GRAS gene family in rice and Arabidopsis. Plant Mol. Biol. 54, 519-532.
doi: 10.1023/B:PLAN.0000038256.89809.57

Torres-Galea, P., Huang, L., Chua, N, and Bolle, C. (2006). The GRAS protein
SCL13 is a positive regulator of phytochrome-dependent red light signaling, but
can also modulate phytochrome response. Mol. Genet. Genomics 276, 13-30.
doi: 10.1007/s00438-006-0123-y

Wang, L., Ding, X., Gao, Y., and Yang, S. (2020). Genome-wide identification
and characterization of GRAS genes in soybean (Glycine max). BMC Plant Biol. 20,
415. doi: 10.1186/s12870-020-02636-5

Wang, S., Duan, Z., Yan, Q., Wu, F,, Zhou, P., and Zhang, J. (2022). Genome-
wide identification of the GRAS family genes in Melilotus albus and expression
analysis under various tissues and abiotic stresses. Int. J. Mol. Sci. 23 (13), 7403.
doi: 10.3390/ijms23137403

Wang, Y., Liu, Z., Wu, Z., Li, H., Wang, W., Cui, X,, et al. (2018). Genome-
wide identification and expression analysis of GRAS family transcription
factors in tea plant (Camellia sinensis). Sci. Rep. 8 (1), 3949. doi: 10.1038/
s41598-018-22275-z

Wang, W., Zhang, J., Qin, Q., Yue, J., Huang, B., Xu, X,, et al. (2014). The six
conserved serine/threonine sites of REPRESSOR of gal-3 protein are important for
its functionality and stability in gibberellin signaling in Arabidopsis. Planta. 240,
763-779. doi: 10.1007/s00425-014-2113-3

Wang, Q., Zhu, M., Yu, X,, Bi, Y., Zhou, Z., Chen, M.-K,, et al. (2021). Genome-
wide identification and expression analysis of terpene synthase genes in
Cymbidium faberi. Front. Plant Science. 12. doi: 10.3389/fpls.2021.751853

Xiao, C, Huang, F,, and Yang, B. (2014). Study progress in Dendrobium
chrysotoxum lindl. J. Shanxi Agric. Sci. 42 (6), 647-649. doi: 10.3969/j.issn.1002—
2481.2014.06.29

Yadav, S., Yadava, Y., Kohli, D., Meena, S., Paul, V., and Jain, P. K. (2022).
Genome-wide identification and expression analysis of the GRAS gene family in
response to drought stress in chickpea (Cicer arietinum L.). 3 Biotech. 12 (3), 64.
doi: 10.1007/s13205-021-03104-z

Yuan, Y., Fang, L, Karungo, S. K., Zhang, L, Gao, Y., and Li, S. (2016).
Overexpression of VaPATI, a GRAS transcription factor from Vitis amurensis,
confers abiotic stress tolerance in Arabidopsis. Plant Cell Rep. 35, 655-666.
doi: 10.1007/s00299-015-1910-x

frontiersin.org


https://doi.org/10.1105/tpc.108.064501
https://doi.org/10.16420/j.issn.0513&ndash;353x.2021&ndash;0763
https://doi.org/10.1007/s10142&ndash;007&ndash;0052&ndash;9
https://doi.org/10.1016/j.isci.2022.105026
https://doi.org/10.1126/science.1110951
https://doi.org/10.1126/science.1110951
https://doi.org/10.1104/pp.110.156851
https://doi.org/10.1111/plb.13364
https://doi.org/10.1007/s00344&ndash;022&ndash;10635&ndash;z
https://doi.org/10.1007/s00425&ndash;021&ndash;03725&ndash;x
https://doi.org/10.1016/s0092&ndash;8674(00)80115&ndash;4
https://doi.org/10.1007/s11103&ndash;008&ndash;9345&ndash;1
https://doi.org/10.1093/nar/30.1.325
https://doi.org/10.1016/j.gene.2013.11.058
https://doi.org/10.1038/s41477&ndash;022&ndash;01127&ndash;9
https://doi.org/10.1038/nature01518
https://doi.org/10.1007/s11105&ndash;014&ndash;0721&ndash;5
https://doi.org/10.1038/s42003&ndash;020&ndash;0821&ndash;8
https://doi.org/10.1093/plphys/kiab422
https://doi.org/10.13323/j.cnki.j.fafu(nat.sci.).2019.06.002
https://doi.org/10.1007/s00438&ndash;014&ndash;0918&ndash;1
https://doi.org/10.1126/science.aad1171
https://doi.org/10.1074/jbc.M301712200
https://doi.org/10.1074/jbc.M301712200
https://doi.org/10.13417/j.gab.035.002519
https://doi.org/10.7717/peerj.3955
https://doi.org/10.1101/gad.11.23.3194
https://doi.org/10.1101/gad.11.23.3194
https://doi.org/10.1046/j.1365-313x.1999.00431
https://doi.org/10.1126/science.1209175
https://doi.org/10.1038/srep29072
https://doi.org/10.1073/pnas.96.1.290
https://doi.org/10.1186/s12870&ndash;020&ndash;2242&ndash;8
https://doi.org/10.1105/tpc.10.2.155
https://doi.org/10.1126/science.1111025
https://doi.org/10.1126/science.1111025
https://doi.org/10.1042/BJ20111766
https://doi.org/10.1007/s11103&ndash;011&ndash;9803&ndash;z
https://doi.org/10.1023/B:PLAN.0000038256.89809.57
https://doi.org/10.1007/s00438&ndash;006&ndash;0123&ndash;y
https://doi.org/10.1186/s12870&ndash;020&ndash;02636&ndash;5
https://doi.org/10.3390/ijms23137403
https://doi.org/10.1038/s41598&ndash;018&ndash;22275&ndash;z
https://doi.org/10.1038/s41598&ndash;018&ndash;22275&ndash;z
https://doi.org/10.1007/s00425&ndash;014&ndash;2113&ndash;3
https://doi.org/10.3389/fpls.2021.751853
https://doi.org/10.3969/j.issn.1002&ndash;2481.2014.06.29
https://doi.org/10.3969/j.issn.1002&ndash;2481.2014.06.29
https://doi.org/10.1007/s13205&ndash;021&ndash;03104&ndash;z
https://doi.org/10.1007/s00299&ndash;015&ndash;1910&ndash;x
https://doi.org/10.3389/fpls.2022.1058287
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Zhao et al.

Zeng, X., Ling, H., Chen, X., and Guo, S. (2019). Genome-wide identification,
phylogeny and function analysis of GRAS gene family in Dendrobium catenatum
(Orchidaceae). Gene 705, 5-15. doi: 10.1016/j.gene.2019.04.038

Zhang, X, Hu, L, Xu, S, Ye, C,, and Chen, A. (2021b). Erianin: A direct NLRP3
inhibitor with remarkable anti-inflammatory activity. Front. Immunol. 12.
doi: 10.3389/fimmu.2021.739953

Zhang, H., Liu, X., Wang, X., Sun, M., Song, R., Mao, P., et al. (2021c).
Genome-wide identification of GRAS gene family and their responses to abiotic
stress in Medicago sativa. Int. ]. Mol. Sci. 22 (14), 7729. doi: 10.3390/
ijms22147729

Frontiers in Plant Science

15

10.3389/fpls.2022.1058287

Zhang, G. Q., Xu, Q,, Bian, C,, Tsai, W. C,, Yeh, C. M,, Liu, K. W,, et al. (2016).
The Dendrobium catenatum lindl. genome sequence provides insights into
polysaccharide synthase, floral development and adaptive evolution. Sci. Rep. 6,
1-10. doi: 10.1038/srep19029

Zhang, Y., Zhang, G., Zhang, D., Liu, X, and Xu, X. (2021a). Chromosome-scale
assembly of the dendrobium chrysotoxum genome enhances the understanding of
orchid evolution. Horticulture Res. 8 (1), 183. doi: 10.1038/s41438-021-00621-z

Zhang, D., Zhao, X., Li, Y., Ke, S., Yin, W,, Lan, S,, et al. (2022). Advances and
prospects of orchid research and industrialization. Hort. Res. 9, uhac220.
doi: 10.1093/hr/uhac220

frontiersin.org


https://doi.org/10.1016/j.gene.2019.04.038
https://doi.org/10.3389/fimmu.2021.739953
https://doi.org/10.3390/ijms22147729
https://doi.org/10.3390/ijms22147729
https://doi.org/10.1038/srep19029
https://doi.org/10.1038/s41438&ndash;021&ndash;00621&ndash;z
https://doi.org/10.1093/hr/uhac220
https://doi.org/10.3389/fpls.2022.1058287
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Genome-wide identification and expression analysis of the GRAS gene family in Dendrobium chrysotoxum
	Introduction
	Materials and methods
	Data sources
	Identification and physicochemical properties of the GRAS gene family
	Phylogenetic analysis of GRAS genes
	Gene structure analysis and gene distribution on chromosomes
	Calculation of Ka and Ks ratios
	Promoter element analysis of DchGRAS genes
	Treatment of plant materials
	RT&minus;qPCR analysis

	Results
	Identification and physicochemical properties of the GRAS gene family
	Phylogenetic analysis of GRAS genes
	Gene structure analysis and gene distribution on chromosomes
	Calculation of Ka and Ks ratios
	Promoter analysis of DchGRAS genes
	RT&minus;qPCR analysis

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


