| agriculture

Article

Genome-Wide Characterization of Glutamine Synthetase
Family Genes in Cucurbitaceae and Their Potential Roles in
Cold Response and Rootstock-Scion Signaling Communication

Xiaojun Li !, Xiaohong Lu !, Mengshuang Liu !, Chenggang Xiang 2, Wenqian Liu !, Cuicui Wang !,
Xiaojing Zhang 1, Tao Wang !, Zixi Liu !, Lihong Gao ! and Wenna Zhang 1*

check for

updates
Citation: Li, X.; Lu, X.; Liu, M.;
Xiang, C.; Liu, W.; Wang, C.; Zhang,
X.; Wang, T.; Liu, Z.; Gao, L.; et al.
Genome-Wide Characterization of
Glutamine Synthetase Family Genes
in Cucurbitaceae and Their Potential
Roles in Cold Response and
Rootstock-Scion Signaling
Communication. Agriculture 2021, 11,
1156. https://doi.org/10.3390/
agriculture11111156

Academic Editor: Yuan Huang

Received: 19 October 2021
Accepted: 16 November 2021
Published: 18 November 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Beijing Key Laboratory of Growth and Developmental Regulation for Protected Vegetable Crops,
China Agricultural University, Beijing 100193, China; S20183172263@cau.edu.cn (X.L.);
520193172466@cau.edu.cn (X.L.); SY20203172736@cau.edu.cn (M.L.); lwq08@cau.edu.cn (W.L.);
520213172776@cau.edu.cn (C.W.); xiaojing.zhang@cau.edu.cn (X.Z.); B20183170825@cau.edu.cn (T.W.);
2016317010308@cau.edu.cn (Z.L.); gaolh@cau.edu.cn (L.G.)

College of Life Science and Technology, Honghe University, Mengzi 661100, China;
ChenggangXiang0527@outlook.com

*  Correspondence: zhangwenna@cau.edu.cn

Abstract: Glutamine synthetase (GS; EC 6.3.1.2, L-glutamate: ammonia ligase ADP-forming) is
the key enzyme responsible for the primary assimilation and reassimilation of nitrogen (N) in
higher plants. There are two main isoforms of GS in higher plants, classified as cytosolic GS (GS1)
and chloroplastic GS (GS2) by their size and subcellular localization. In order to improve the
stress tolerance, quality, and yield of cucurbit crops such as cucumbers (Csa, Cucumis sativus L.),
pumpkins (Cmo, Cucurbita moschata var. Rifu) are often used as rootstocks. Here, the GS family
of the two species were comprehensively analyzed using bioinformatics in terms of aspects of the
phylogenic tree, gene structure, chromosome location, subcellular localization, and evolutionary
and expression patterns. Seven and four GS gene family members were screened in pumpkin and
cucumber, respectively. GS family genes were divided into three groups (one for GS2 and two for
GS1) according to their homology and phylogenetic relationships with other species. The analysis
of gene ontology annotation of GS family genes, promoter regulatory elements, and tissue-specific
expression patterns indicates the potential different biological roles of GS isoforms in Cucurbitaceae.
In particular, we have identified a potentially available gene (GS1: CmoCh08G004920) from pumpkin
that is relatively highly expressed and tissue-specifically expressed. RT-PCR analysis showed that
most CmoGSs are induced by low temperature, and long-term (day 2 to day 9) cold stress has a more
obvious effect on the RNA abundance of CmoGS. Our work presents the structure and expression
patterns of all candidate members of the pumpkin and cucumber GS gene family, and to the best
of our knowledge, this is the first time such work has been presented. It is worth focusing on the
candidate genes with strong capacity for improving pumpkin rootstock breeding in order to increase
nitrogen-use efficiency in cold conditions, as well as rootstock-scion communication.

Keywords: genome-wide; glutamine synthetase; Cucurbita moschata; expression profile; phylogeny;
rootstock breeding

1. Introduction

Glutamine synthetase (GS; EC 6.3.1.2, L-glutamate: ammonia ligase ADP-forming) is
the key enzyme responsible for primary nitrogen (N) assimilation in higher plants [1,2].
Glutamine synthetase catalyzes the ATP-dependent addition of ammonium (NHy4*) to the
y-carboxyl group of glutamate to produce glutamine and takes part in the GS-GOGAT
cycle, which serves as the cornerstone of N metabolism [3]. The GS gene family has been
studied in certain plants, including Arabidopsis [4], maize (Zea mays) [5,6], and Populus
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(Populus trichocarpa) [7]. However, the entire GS gene family has not been identified
in any of the species of Cucurbitaceae. The sources of ammonium assimilated by GS
include the fixation of atmospheric N, direct nitrate or ammonia uptake from the soil,
photorespiration, phenylalanine-ammonia lyase-catalyzed phenylalanine deamination,
and the release of ammonium during storage via protein mobilization and plant senescence.
Hence, in the context of nitrogen assimilation, GS is considered a candidate gene for
transgenic approaches to increasing nitrogen-use efficiency (NUE). GS also responds to
various abiotic stresses, including salt, cold, and drought, which have adverse effects on
crop production [3].

Oligomorphic isozymes composed of GS polypeptides encoded by multiple nuclear
genes are located in the cytoplasm or chloroplasts and are expressed in the nonphoto-
synthetic and photosynthetic tissues of higher plants [8]. Researchers have reported that
the decametric structure of the plant GS holoenzyme consists of two face-to-face cyclic
pentamer subunits [9,10]. In vascular plants, there are two main isoforms of GS, classified
as cytosolic GS (GS1) and chloroplastic GS (GS2) according to their size and subcellular
localization [11]. The genomic analysis of multiple angiosperm species showed that GS1
genes belonged to a small, multigene family [1], whereas GS2 was encoded by one to two
genes. The cytosolic GS1 isoform assimilates ammonium from the soil, and the remobi-
lization of ammonia is released via protein degradation in senescing leaves, whereas the
larger chloroplast-localized GS2 isoform is responsible for the reassimilation of ammonium
released during photorespiration and nitrate reduction in plastids [12,13]. The different
expression patterns of these genes regulate glutamine production both spatially and tem-
porally. For example, in rice (Oryza sativa), there are three genes coding for cytosolic
GS1 (0sGS1.1, OsGS1.2, and OsGS1.3) and one gene coding for the plastidic G52 (OsGS2).
OsGS1.1 exists globally but is expressed more in the shoots, while OsGS1.2 is expressed
mostly in the root. OsGS1.3 is almost undetectable except for the spikelets, and OsGS?2 is
abundant in the leaves [14].

The differences between GS isoforms are increasingly being studied. The main cause
of ammonium toxicity in Arabidopsis was found to be ammonium assimilation of GS2 rather
than ammonium accumulation [15]. Isotopic-tracing experiments and genetic evidence
indicated that three of the five GS1s work together to remobilize nitrogen and fill seeds in
Arabidopsis [16]. The different location, gene expression and function of each isoform of GS
is well proven in wheat grain (Triticum aestivum L.) [17]. In Cucurbitaceae crops, it has been
reported that GS responded to root-zone low temperature [18], low nitrogen stress [19],
and intercropping allelopathy [20]. However, the detailed type, number and mechanism of
functional global GS isoforms of Cucurbitaceae are still unclear.

There are several economically important species in the Cucurbitaceae family [21],
such as cucumber, melon, and watermelon. Pumpkins are often used as rootstocks or
as scions to afford these Cucurbitaceae plants higher stress tolerance, better quality, and
higher yield [22-24]. Except for nitrogen sources, NH*" is cytotoxic [25]. Cucumber, as
a species of the Cucurbitaceae family, is highly influenced by NH** compared with other
plants belonging to the family. Previous studies showed that grafting cucumber (Cucumis
sativus L./Cucurbita moschata), compared with the control (Cucumis sativus L./Cucumis
sativus L.), was less toxic alone, with a decrease in GS. In this study, we identified seven
CmoGS and four CsaGS (Cucumber Glutamine Synthetase) genes through a genome-wide
analysis of pumpkin and cucumber with reference to studies of other five species. We
predicted the structure, subcellular localization, phylogeny, and function of GS family
genes using bioinformatics methods to provide new insights into glutamine metabolism in
pumpkin.

2. Materials and Methods
2.1. Screening of GS Family Genes in Pumpkin and Cucumber

By setting up a local database, the genome of Cucurbita moschata var. Rifu and Cucumis
sativus L. including all information (cds, pep, DNA, and gff3) was obtained from CuGenDB
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(http:/ /cucurbitgenomics.org/) (accessed on 20 May 2021). Gln-synt_N.hmm (PF03951)
and Gln-synt_C.hmm (PF00120) were downloaded from Pfam (http:/ /pfam.xfam.org/)
(accessed on 20 May 2021) [26]. The pep file was screened for GS proteins on the basis of
Gln-synt_N.hmm and GIn-synt_C.hmm using HMMER3.1 software (National Institutes
of Health, Bethesda, Maryland, USA, grant number ROIHG009116) (E-value <1 X 1079).
Proteins lacking a complete GLn-synt_N domain or Gln-synt_C domain can be identified
by manually checking all GS protein sequences with annotations from the SMART (http:
//smart.embl.de/) (accessed on 5 May 2021) and Pfam databases [27]. We identified the
GS proteins with the program of ExPASy (http://web.expasy.org/protparam/) (accessed
on 5 May 2021).

2.2. Phylogenetic Analysis of GS Proteins in Pumpkin and Cucumber

First, to perform multiple-sequence alignment analysis, the full-length GS protein
sequences from some representative species, including Populus trichocarpa, Oryza sativa,
Vitis vinifera, Arabidopsis thaliana, and Zea mays were analyzed using MEGA-X software
(Center of Evolutionary Functional Genomics Biodesign Institute, Arizona State University,
Tempe, AZ, USA) [28]. The sequences of GS family genes of Arabidopsis and poplar were
obtained through TAIR (http://www.arabidopsis.org/) (accessed on 5 May 2021) and
based on previous reports [29], respectively. The sequences of GS family genes from other
species were achieved from NCBI (https://www.ncbi.nlm.nih.gov/) (accessed on 5 May
2021). Then, the reconstructed phylogenetic evolutionary tree was divided into three
groups according to the phylogenetic relationships.

2.3. Structure and 5'-Upstream Regions Regulatory-Elements Analysis of GS Family Genes in
Pumpkin and Cucumber

The distributions of different regions of GS family genes on pumpkin and cucumber
chromosomes were drawn from the gff3 file. The potential regulatory elements in the
2000 bp 5'-upstream regions of GS genes were identified by TBtools [30] with the default
parameters. The information extraction and preliminary drawing of the regulatory-element
analysis were also completed using TBtools.

2.4. Evolution Analysis of GS Family Genes in Pumpkin and Cucumber

MCScanX software (Plant Genome Mapping Laboratory, University of Georgia, Athens,
GA, USA) [28] was used to analyze the segmental duplications so as to replenish BLAST
results. The collinearity of CrmoGS and CsaGS family genes were also visualized using
TBtools.

2.5. Gene Ontology Enrichment

GO enrichment analysis was performed using OmicShare tools (Gene Denovo,
Guangzhou, China).

2.6. Relative Gene Expression with mRNA Abundance of GS Family Genes

To identify the relative gene expression levels of GS family genes, the published
transcriptomic data (PRJNA385310 of pumpkin, PRINA312872 of cucumber, and RNA-seq
data in CuGenDB) [31] was downloaded. The data of four tissues, including roots, stems,
leaves, and fruits harvested 46 days after pollination in Cucurbita moschata var. Rifu, and
four tissues, including roots, stems, young leaves, and flesh-3weak-fruits in 12-week-old
cucumber (Cucumis sativus), were utilized in our study. The parameter of log, ®"*M) was
used to represent the expression level of each gene.

2.7. Semi-Quantitative RT-PCR Assays with Cold-Treated Pumpkin Seedlings

Pumpkin (Cucurbita moschata var. Rifu ‘Qianglishi’) was used in this study. About
100 seeds were put into sterile water at 55 °C for 10 min and 25 °C for 4 h, then germinated
in a dark room at 28 °C for 24 h. The germinated seeds were sown in 50-hole seedling
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trays with a substrate (peat: vermiculite: perlite, volume ratio 2:1:1) in a light chamber
(relative humidity: 70%, 28 °C/18 °C day/night; 16 h/8 h light/dark; light intensity
190-600 pumol m~2 s~!). Pumpkin seedlings with second true leaf were placed at 4 °C in
the previous chamber (relative humidity: 70%; 4° C/4 °C day/night; 16 h/8 h light/dark;
light intensity: 190-600 pmol m~2 s~1). Samples were taken from roots and leaves at 0 h,
6h,12h,24h,2d,3d, 6d, and 9 d after the cold treatment. Each replicate includes
3—4 independent plants, and three independent biological replicates were performed.

Total RNA was isolated from different pumpkin tissues using RNA plant Plus Reagent
(Huayueyang Biotech, Co., Beijing, China) following manufacturer’s instructions. A total of
2 pL of each RNA sample was quantified using a NanoDrop 2000 (Thermo Fisher Scientific,
Waltham, MA, USA). cDNA was synthesized by using PrimeScriptTM RT reagent kit
(Perfect Real Time, Takara Biomedical Technology Co., Ltd., Beijing, China). The internal
control PCR was performed with 30 cycles by amplifying ACT7. Semi RT-PCR was
conducted with the reaction system (2 x T5 Super PCR Mix (TSE005, TSING KE Co.,
Beijing, China), 1.5 pM Primer and 2 ng cDNA) in 35 cycles using the primers listed in
Supplementary Table S1.

3. Results
3.1. Genome-Wide Characterization of GS Family Genes in Pumpkins and Cucumbers

Seven and four genes encoding GS protein domains were identified by screening the
pumpkin and cucumber genome databases, respectively. We analyzed amino-acid length,
protein molecular weight, theoretical isoelectric point (PI), grand average of hydropathicity
(GRAVY), instability index, predicted subcellular localization, and amino-acid composition
of each gene. The predicted GS family genes of pumpkin and cucumber were distributed
on different chromosomes. Additionally, the GRAVY values of the GS proteins were
uniformly negative, indicating that these proteins may be hydrophilic. The difference
between pumpkin and cucumber was that there was only one chloroplast-localized G52 in
cucumber but two in pumpkin. Furthermore, there were three and five cytosol-localized
GS1s in cucumber and pumpkin, respectively. The longest (CrnoCh06G014450, 479aa) and
shortest (CrnoCh01G003900, 340aa) of GS can be found in pumpkin, while the estimated
length of all three GS1s of cucumber was 356 amino acids (Supplementary Table S2).

3.2. Evolutionary Relationships of GS Family Genes

To find the phylogenetics and taxonomy of CmoGS and CsaGS members, a phyloge-
netic tree was reconstructed based on the alignments of 39 amino-acid sequences, including
seven from pumpkins (Cucurbita moschata var. Rifu), four from cucumbers (Cucumis sativus
L.), five from grapes (Vitis vinifera), four from rice (Oryza sativa), seven from poplar (Populus
trichocarpa), six from maize (Zea mays), and six from Arabidopsis thaliana (Supplementary
Table S3). According to the phylogenetic relationships, Cucurbitaceae GSs were distributed
in three groups, called Groups 1-3. Cucurbitaceae GS1s were distributed in Group 1 and
Group 3, while Group 2 contained only GS2s. According to the homology of pumpkin and
cucumber GS, the Cucurbitaceae GSs can be divided into four subfamilies (Groups 1-4). Each
subfamily contains one CsaGS and one or two CmoGSs (Figure 1). The six CmoGSs, in addi-
tion to CrmoCh15G007570, occurred in pairs, which may be due to chromosome-doubling
events in pumpkin’s evolutionary history and a subsequent period of allotetraploidy [15].
It can be understood that Cucurbitaceae GS1s have a closer phylogenetic relationship with
the GS1s of Arabidopsis, poplar, and grape than the other two monocotyledonous plants
(Figure 1). Interestingly, Group 1 and Group 3 contained only GSs of dicotyledonous plants,
and GSs of dicotyledonous plants were more closely related in other clades (e.g., yellow
boxes).
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Figure 1. Phylogenetic tree of glutamine synthetase (GS) family genes in pumpkin, cucumber, grape,
rice, poplar, maize, and Arabidopsis. The phylogenetic tree was constructed by the neighbor-joining
method, with 1000 bootstrap repeats. The three classifications and four subfamilies are represented

by different colors. Pt: Populus trichocarpa. Os: Oryza sativa. Vv: Vitis vinifera. At: Arabidopsis thaliana.
Zm: Zea mays.

3.3. Structural Analysis of Cucurbitacea GS Family Genes

Based on structural analysis, we found that there are 11-13 introns in these pumpkin
and cucumber GS family genes. Considering their short protein length (340-479 amino
acids), the exons of these genes are fully divided by introns (Figure 2). For the GS subfamily
with two CmoGSs, the structure of CsaGS in this subfamily is more similar to that of the
CmoGS, which may imply the evolution sequence of CrmoGS replications in one subfamily.
In particular, the intron length of CrmoCh08G004920 is the longest. Compared to genes
on other branches, CroCh14G008450 and CmoCh15G007570 have a similar intron—-exon
structure, indicating that these sequences may have experienced a replication event.
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Figure 2. Structural analysis of CmoGS and CsaGS members. GSs in different subfamilies are indicated by different colors.
The lower number axis shows the number of deoxynucleotides.

3.4. Regulatory Elements in Cucurbitacea GS Family Genes

We investigated the regulatory elements in the 5'-upstream regions for the purpose of
gaining insight into the function of GS family genes in pumpkins and cucumbers. In the
5'-upstream regions of GS family genes, the putative regulatory elements are abundant
and not conserved among these genes. Even if the genes are of the same branch, their
putative regulatory elements differ markedly in number and type (Figure 3, Supplementary
Table S4). For example, 15, 33, and 13 regulatory elements were identified in the two puta-
tive CmoGS2s and one CsaGS2, of which the auxin-responsiveness element is only present
in CmoCh06G014450. Phytohormone regulatory elements (abscisicacid responsiveness,
auxin responsiveness, gibberellin responsiveness, MeJA responsiveness, and salicylicacid
responsiveness) are located unevenly in the upstream regions of all of Cucurbitacea GS fam-
ily genes. There seem to be fewer phytohormone regulatory elements in the 5'-upstream
regions of cucumber (20, with an average of 5.00 for every CsaGS) than in the 5’-upstream
regions of pumpkin (55, with an average of 7.86 for every CmoGS). Certain regulatory
elements (e.g., low-temperature responsiveness) only exist in the regulatory regions of
one to two GS genes, indicating that some genes are stimulated by specific signals but not
others. Putative regulatory elements involved in light responsiveness and abscisic acid
responsiveness were identified in all GS family genes. None of the regulatory elements in
our study are unique to a subfamily.

group 1

Auxin responsiveness
Defenseand stress responsiveness

Salicylicacid responsiveness
Abscisicacid responsiveness
Anaerobic induction

L O e e Circadian control

CmoCh06G014450
Light responsiveness
Csa3G150160 L= _— —. = MeJA responsiveness

Meristem expression

Gibberellin responsiveness

MYB binding site
Low-temperature responsiveness

CmoCh14G017140 s

CmoCh01G003900

Csa3G304140 - — —mm — Endosperm expression

CmoCh14G008450 e — ]

Csa5G410730 . H

CmoCh15G007570 —_— TR .

Figure 3. The regulatory regions of CnoGS and CsaGS gene members. This shows an area of 2000 bp upstream of ATG. ATG
is at the position of “0” in the figure. GS gene members in different subfamilies are indicated by different colors on the left.
The different color blocks on the right represent different regulatory elements and correspond to the color blocks on the line.
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3.5. Distribution and Duplication of GS Family Genes in Pumpkin and Cucumber

Cucurbitaceae GS genes are not located on scaffolds or unanchored contigs and ex-
hibit uneven distribution on the chromosomes (Figure 4). Two CmoGS genes are lo-
cated on Cmo_Chr14, while the others are located on Cmo_Chrl, Cmo_Chr6, Cmo_ChrsS,
Cmo_Chr15, and Cmo_Chrl7. Furthermore, two CsaGS genes are located on Csa_Chr3,
while the others are located on Csa_Chr5 and Csa_Chr7. Each CmoGS contains one collinear
gene in cucumber, with the same as CsaGS in pumpkin. All CsaGS genes, except for
Csa5G410730, contain a pair of collinear CmoGS genes, which are located in two chromo-
somes with high homology.

AD A2 3 Al A0 AN N AR S AD A AL A>
g\\"‘ o 0\\‘3 o Q\\“J o g\\‘s o g“‘g o o Q‘(\"L g‘(\‘s o o o o o 0‘(\‘1 o
G«\O/ c«\O/ o«\O/ G‘(‘O/ G“\O/ G«\O/ o«\O/ 0‘(\0/ O«\O/ G‘(\O/ 0“\0/ G‘(‘O/ 0“\0/ 0«\0/ G“\O/ 0‘(\0/ G‘(‘O/ 0‘(\0/ o‘(\O/ Q«\O/
(::(\:(:(:(:(;:::(:f:: : D ¢ ) D § ) GEED GEED D

NS / / / 7

D @ > - D € : D @ X )
Csa_Chr1 Csa_Chr2 Csa_Chr3 Csa_Chr4 Csa_Chr5 Csa_Chr6 Csa_Chr7

Figure 4. Chromosome localization of duplicated CmoGS and CsaGS gene members in pumpkin and cucumber. The red
lines represent the colinear genes.

3.6. Functional Annotations of GS Gene Members in Pumpkin and Cucumber

To explore the relevant functions of GS, the enrichment of the GO (gene ontology)
terms was analyzed. According to the GO enrichment analysis, the seven CrmoGSs and
four CsaGSs were classified into three ontological categories: biological process, cellular
component, and molecular function, with 14 functional terms (Figure 5, Supplementary
Table S5). We predicted that the GS family genes of pumpkin and cucumber were involved
in many plant, biological, and physiological processes, particularly that all genes were
involved in the process of glutamine biosynthesis, cell-wall macromolecule biosynthesis,
organonitrogen-compound biosynthesis, glutamate—-ammonia ligase activity, and ATP

binding.

- glutamine biosynthetic process . Biological Process
- cell wall macromolecule biosynthetic process Cellular Component
- org itrog d biosynthetic process -

Molecular Function
- nitrogen fixation B

- response to cytokinin B
- cell B
L cytoplasm 1
- chloroplast part B
- macromolecular complex g
o membrane 4
L glutamate-ammonia ligase activity B
L ATP binding 4
L anion binding 4

b purine nucleotide binding -

Figure 5. Gene ontology (GO) enrichment of CoGS and CsaGS family genes.

3.7. Analysis of the Expression Patterns of CmoGS Family Genes

To further explore the function of the GS family genes, a heat map (Figure 6, Sup-
plementary Table S6) was constructed based on the published BioProject RNA-seq data
(accession: CmoGSs: PRINA385310 and CsaGSs: PRJNA312872) in the cucurbit genome
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database: CuGenDB. As expected, the three members of the GS2 subfamily (Group 2) are
highly expressed in green tissues and barely expressed in the roots. Compared with GS2s,
GS1s have more diverse expression patterns in a variety of tissues. Unlike other CrmoGS1
replications, CrmoCh08G004920 is highly expressed in all tissues, especially in the stem,
suggesting its crucial role in intercellular nitrogen transport. The expression of all CsaGSs
can be detected in the fruit, and the highest expression of Csa7G420690 indicates that it may
play an important role in the development of the fruit. CrnoCh08G004920, which belongs to
Group 1 with Csa7G420690, also shows higher expression in the fruit. In conclusion, the
expression pattern of the GS2 subfamily (Group 2) (CmoCh06G014450, CmoCh14G017140,
and Csa3G150160) was similar, but that of the GS1 subfamily was different. In addition,
different from all GS1 genes with high expression levels in cucumber, only one of the two
GS1 genes in Group 1 and Group 3 was more active in pumpkin.

12.00
Csa3G150160 .- I

10.00
—y

Csa5G410730

Csa7G420690 ...- 2.00
S

Log2(RPKM)
»
8

CmoCh14G008450
CmoCh15G007570 .
CmoCh01G003900
CmoCh17G009640

CmoCh08G004920 .l-
CmoCh06G014450 .

CmoCh14G017140

&

& &
N

S o Q&‘s\\
Figure 6. The expression profile of CmoGS and CsaGS family genes. The RNA-seq data are from
BioProject (pumpkin: accession: PRINA385310 and cucumber: accession: PRINA312872).

It was previously reported that the expression of GS was induced by cold in tea
plants [32]. In order to test the potential function of CmoGS in pumpkin rootstock in
glutamine regulation under cold stress, we conducted RT-PCR experiments on CrmoGS
genes. Semi RT-PCR assays of the first true leaves and roots of pumpkin treated at 4 °C were
used to detect the expression level of CrmoGSs under cold stress. The first true leaves and
roots of pumpkin seedlings at 6 h, 12 h, 24 h, 2 days, 3 days, 6 days, and 9 days after cold
treatment and before treatment were selected as samples. The result indicate that except
for CmoCh08G004920, the expression trend of CmoGSs was changed to varying degrees by
cold induction, although some changes only occurred in the root or leaf, such as those in
CmoCh01G003900, CmoCh06G014450, CmoCh14G008450, and CmoCh14G017140 (Figure 7).
The RNA abundance of CrmoGSs remained unchanged or increased slightly under short-
term cold stress within 12 h. Under the long-term cold stress of 2-9 days, the RNA
abundance of only CnoCh01G003900 and CmoCh14G008450 in the first true leaf increased.
Two genes with low-temperature-response regulatory elements, CrnoCh06G014450 and
CmoCh14G008450, were assumed to respond to cold stress. In general, most CmoGSs
showed changes in the RNA content at low temperatures, and the trend of changes was
different for different sites and genes. Compared with short-term cold stress, CrnoGSs
showed more significant changes in RNA abundance under long-term cold stress.
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Figure 7. Semi RT-PCR identification of CrmoGS expression in responding to cold stress. The time for
cold treatment is shown at the top of the figure (h: hour, d: day). Actin: CmoACT7. S: first true leaf of
pumpkin. R: root of pumpkin.

4. Discussion

GS isoforms have been analyzed in many plants, such as soybeans (Glycine max) [33],
potatoes (Solanum tuberosum L) [34], and tomatoes (Solanum lycopersicum cv. Micro-Tom) [35],
laying an important foundation for analyzing functional GS isoforms. Nevertheless, GS
family members have not been identified in Cucurbitaceae, and few functional studies have
been conducted. Thus, the structure and function of GS family members were analyzed
herein through bioinformatics. According to homology comparison with the GS family of
Arabidopsis thaliana and a domain search, seven and four members of the pumpkin and
cucumber GS family genes were identified, respectively. Phylogenetic trees were then
constructed with GS amino-acid sequences from seven plants, including pumpkins and
cucumbers, with the aim of exploring the evolutionary relationships of Cucurbitaceae GSs.
Promoter region analysis showed that the number and arrangement of regulatory elements
in GSs differed between family members. The comparison of the number and types in
the regulatory elements of GS family genes suggests that each GS gene may be subject
to complex regulation, indicating that the functions of these genes are nonredundant.
Chromosome 14 of pumpkins has high homology with Chromosome 1 and Chromosome
6, and CmoGSs are distributed pairwise on these chromosomes. Similar situations also
occur on Chromosome 8 and Chromosome 17 [15]. This may be related to a doubling of
the whole genome of pumpkin, and the duplication was considered to be the main cause
of gene-family expansion [36,37]. Therefore, to a certain extent, the uneven distribution of
family genes on chromosomes is caused by duplication of fragments. [38].

GS was considered one of the oldest functional genes [39,40]. There are two GS
isoforms (GS1 and GS2) in plants, which are considered to have diverged by duplication
from a common ancestor [41]. This separation may have occurred later than the appearance
of vascular plants but earlier than the divergence of gymnosperms/angiosperms [9]. The
majority of plants reported to date have only one GS2. By comparing the number of amino
acids in the candidate GS proteins of pumpkins and the phylogenetic analysis, we proved
that there are two GS2 duplicates in pumpkins, as in grapes and Medicago truncatula [9,42].
In this study, GS proteins from seven plants, including pumpkins and cucumbers, were
used to reconstruct a phylogenetic tree (Figure 1). These proteins were divided into
three groups based on their homology. Interestingly, GS1 proteins have a tendency to
be separated according to whether they belonged to monocotyledons or dicotyledons.
This suggests that the evolution of GS did not stop after the appearance of angiosperms.
Thus, our findings facilitate the study of differentiation between monocotyledons and
dicotyledons.

In other plants, members of GS family show spatially and temporally specific and
nonoverlapping functions [5,43]. A heat map constructed based on the reported RNA-seq
data also confirmed the tissue-specific expression patterns of GS genes in pumpkin and
cucumber (Figure 6). Combined with the similar tissue-specific expression pattern and



Agriculture 2021, 11, 1156

10 of 12

collinearity, the close homology between the two replicates of CrmoGS2 was demonstrated.
Differential expression between two CmoGS2 genes may depend on developmental pro-
cesses or the presence of specific signals, based on their differential promoters. This also
explains the differences in CmoGS1 gene expression; even members of a sister group with
close homology have significantly different transcript abundance in tissues. The heat map
shows the differential contribution of the CrmoGS1 gene members. The high expression
of CmoCh08G004920 in the roots and stem suggests that it may be endowed with power-
ful primary nitrogen assimilation and nitrogen-transport capacity, suggesting pumpkin
has evolved a spare glutamine-synthesis-regulation mechanism. In other plants, these
functions involve several major GS1s [32,44], so we should focus on CrmoCh08G004920 in
future research. Transcripts of the CmoGS2s are clustered in the leaves, where ammonia is
produced by photorespiration release and nitrate reduction. While we are making unremit-
ting efforts to improve NUE, we also facing new challenges. Studies have shown that the
increase in CO, reduces the nitrate reduction of C3 plants, but the ammonium utilization
rate does not decrease [2,8,14]. Therefore, the means of cooperation between GS isoforms
may change.

5. Conclusions

Our present work, to the best of our knowledge, is the first time the structure and
expression patterns of all candidate members of the pumpkin and cucumber GS family
genes has been studied. The Cucurbitaceae GS family genes exhibit complex regulatory
and functional possibilities. We found that seven duplicates of CrmoGSs and four duplicates
of CsaGSs can be organized into three groups based on their homology and multispecies
phylogenetic relationships, with two groups for cytosolic GS1 and one for chloroplast GS2.
Based on the published RNA-seq data, we performed an expression analysis of the GS
family, indicating that the gene expression is spatially specific. In particular, we found
tissue-specific expression of pumpkin GS1 (CrmoCh08G004920) with relatively high expres-
sion of other GS1s, indicating a candidate gene to improve nitrogen-utilization efficiency
(NUE) in pumpkins. In general, this study paves the way to deepen our understanding of
the GS family genes for future research on the regulation and function of GS family genes
in cucurbits crops. It provides confidence in dealing with food safety issues of cucurbits
vegetables that may be caused by climate change.
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