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Abstract: Dendrobium catenatum, a valuable Chinese herb, frequently experiences abiotic stresses, such
as cold and drought, under natural conditions. Nonphosphorus glycerolipid synthase (NGLS) genes
are closely linked to the homeostasis of membrane lipids under abiotic stress in plants. However,
there is limited information on NGLS genes in D. catenatum. In this study, a total of eight DcaNGLS
genes were identified from the D. catenatum genome; these included three monogalactosyldiacylglycerol
synthase (DcaMGD1, 2, 3) genes, two digalactosyldiacylglycerol synthase (DcaDGD1, 2) genes, and three
sulfoquinovosyldiacylglycerol synthase (DcaSQD1, 2.1, 2.2) genes. The gene structures and conserved
motifs in the DcaNGLSs showed a high conservation during their evolution. Gene expression
profiling showed that the DcaNGLSs were highly expressed in specific tissues and during rapid
growth stages. Furthermore, most DcaNGLSs were strongly induced by freezing and post-freezing
recovery. DcaMGD1 and DcaSQDs were greatly induced by salt stress in leaves, while DcaDGDs
were primarily induced by salt stress in roots. Under drought stress, most DcaNGLSs were regulated
by circadian rhythms, and DcaSQD2 was closely associated with drought recovery. Transcriptome
analysis also revealed that MYB might be regulated by circadian rhythm and co-expressed with
DcaNGLSs under drought stress. These results provide insight for the further functional investigation
of NGLS and the regulation of nonphosphorus glycerolipid biosynthesis in Dendrobium.
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1. Introduction

Plant cell membranes have specific, nonrandom glycerolipid compositions [1]. Chloro-
plasts mainly contain four glycerolipids, including high levels of the galactolipids mono-
galactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG) and low levels of
sulfoquinovosyldiacylglycerol (SQDG) and phosphatidylglycerol (PG) [2]. The thylakoids
represent the largest membrane system in leaf mesophyll cells and contain approximately
52% MGDG, 26% DGDG, 6.5% SQDG, and 9.5% PG [2]. In plants, phosphate (Pi) depri-
vation has been reported to decrease the phospholipid content. Thus, nonphosphorus
glycerolipids (NGLs) MGDG, DGDG, and SQDG play important roles in membrane lipid
remodeling during the replacement of phospholipids [3]. Under Pi starvation, phospho-
lipids are degraded and NGLs biosynthesis is usually activated in chloroplast membranes,
but DGDG biosynthesis is also found in extraplastidic membranes and depends on DGDG
synthase (DGD1) [4,5]. The disruption of DGD1 results in dwarfed growth and reduced
photosynthetic activity with an altered chloroplast ultrastructure because DGD1 is re-
sponsible for 90% of DGDG biosynthesis [4]. The dgd2 mutant experiences no further
consequences for DGDG content or photosynthesis under normal conditions [6]. As with
DGDG biosynthesis, MGD1 is involved in the bulk of MGDG biosynthesis in chloroplasts,
while MGD2 and MGD3 are strongly induced by Pi starvation and are responsible for
an alternative galactolipid pathway in nongreen tissues such as roots and flowers [7].
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In addition, MGD1 is upregulated by light and cytokinins, while MGD2 and MGD3 are
suppressed by cytokinins and induced through auxin signaling pathways [7,8]. These data
describe the regulatory mechanisms of galactolipids that are involved in phytohormone
signaling pathways and Pi-limitation responses.

SQDG is a unique anionic glycolipid in photosynthetic membranes that was first
found to be involved in Pi starvation [5]. UDP-sulfoquinovose synthase (SQD1) uses
sulfite and UDP-glucose to produce UDP-sulfoquinovose, and sulfoquinovosyltransferase
(SQD2) transfers sulfoquinovose to diacylglycerol to generate SQDG [9,10]. SQD2 is also
responsible for the synthesis of glucuronosyldiacylglycerol (GlcADG) in Arabidopsis [3].
Recently, one SQD1 and three putative genes for SQD2 were reported in rice [11]. In
addition to SQDG synthase activity, SQD2.1 overexpression can enhance plant tolerance to
salinity and drought stress [11]. In addition, another SQD2.2 showed detectable activity
for SQDG synthesis but exhibited flavonoid glycosylation activity [12]. Although there are
few reports about NGLs being involved in salinity and drought stress, some studies have
revealed that NGL hydrolysis represents a unique response to freezing stress. More drastic
lipid compositional changes occur during post-freezing phases, which involve a decrease
in the plastidic galactolipids MGDG and DGDG [13]. SENSITIVE TO FREEZING 2 (SFR2)
progressively transfers galactosyl residues from MGDG to different galactolipid acceptors,
finally forming the nonpolar lipid triacylglycerol to accommodate organelle shrinkage after
freezing [14].

Dendrobium catenatum (also known as D. officinale), which belongs to the family Or-
chidaceae, is a perennial herb. D. catenatum contains many medicinal components, such
as polysaccharides, alkaloids, and flavonoids [15]. In the last 20 years, D. catenatum has
been successfully cultivated and become an important economic crop in China [16]. As an
epiphytic plant, the growth of D. catenatum usually requires a warm and humid environ-
ment. However, drought, cold, salinity, and other environmental stresses greatly restrict its
growth, resulting in serious yield loss. Studies on the functional NGL response to abiotic
stress are rare. Therefore, we screened and identified the candidate genes of NGLs and
analyzed NGL gene responses to environmental stresses. These results provide insight into
the molecular breeding of resistance into D. catenatum.

2. Results
2.1. Identification of DcaNGLSs in the D. catenatum Genome

According to the NGLS homologs in the model plants Arabidopsis and Oryza sativa, a
total of 18 candidate DcaNGLS proteins were originally obtained using a BLASTP search.
Phylogenetic analysis showed the candidate proteins were classified into five clusters
(Figure 1). Four sucrose synthases (SS) and five UDP-glucose epimerases (UGE) were
identified from the SQD1 and SQD2 clusters. Finally, eight DcaNGLSs were confirmed and
named after their Arabidopsis homologs. The basic information about the DcaNGLSs is
shown in Table 1. The DcaNGLS proteins contain 303–794 AAs, with molecular weights of
34.6–90.6 kDa and isoelectric points of 5.91–9.01.

2.2. Gene Structures and Conserved Motifs of DcaNGLSs

To further understand the structure of DcaNGLS proteins, we searched for 10 con-
served motifs in the DcaNGLSs with the MEME software. DcaMGD, DcaDGD, and
DcaSQD2 displayed the same motif construct, and all contained motif 4 (Figure 2a,b). The
exon-intron structures of DcaNGLSs shared a similar number of exons in the same clades
(Figure 2c). Four long genes (>10 kb), DcaMGD1, DcaDGD1, DcaDGD2, and DcaSQD2.1,
had much longer introns than their homologs, which could be related to the extension of
the introns.
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Figure 1. Phylogenetic analysis of NGLSs in D. catenatum, rice, and Arabidopsis. A total of eight 
NGLSs domain-containing proteins from D. catenatum, nine from rice, and six from Arabidopsis 
were used to construct the unrooted neighbor-joining (NJ) tree with a bootstrap of 1000 replicates. 
Four sucrose synthases (SS) and five UDP-glucose epimerases (UGE) were divided from the SQD1 
and SQD2 clusters. 

Table 1. The list of 8 DcaNGLSs in D. catenatum. 

Gene Name #ID length MW(Da) pI Homology #ID 
DcaDGD1 Dca007046 794 90,572.2 7.78 AtDGD1  At3G11670  
DcaDGD2 Dca012378 463 52,703.9 8.27 AtDGD2  At4G00550  
DcaMGD1 Dca012806 455 50,087.8 9.07 AtMGD1  At4G31780  
DcaMGD2 Dca023571 468 52,534.1 6.89 AtMGD2  At5G20410  
DcaMGD3 Dca004841 504 55,877.5 5.91 AtMGD3  At2G11810 
DcaSQD1 Dca007982 482 53,741.8 8.6 AtSQD1  At4G33030 

DcaSQD2.1 Dca010090 303 34,626.8 7.66 AtSQD2 At5G01220 
DcaSQD2.2 Dca010626 435 49,009.4 8.34 AtSQD2 At5G01220 
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Figure 1. Phylogenetic analysis of NGLSs in D. catenatum, rice, and Arabidopsis. A total of eight
NGLSs domain-containing proteins from D. catenatum, nine from rice, and six from Arabidopsis were
used to construct the unrooted neighbor-joining (NJ) tree with a bootstrap of 1000 replicates. Four
sucrose synthases (SS) and five UDP-glucose epimerases (UGE) were divided from the SQD1 and
SQD2 clusters.

Table 1. The list of 8 DcaNGLSs in D. catenatum.

Gene Name #ID Length MW(Da) pI Homology #ID

DcaDGD1 Dca007046 794 90,572.2 7.78 AtDGD1 At3G11670
DcaDGD2 Dca012378 463 52,703.9 8.27 AtDGD2 At4G00550
DcaMGD1 Dca012806 455 50,087.8 9.07 AtMGD1 At4G31780
DcaMGD2 Dca023571 468 52,534.1 6.89 AtMGD2 At5G20410
DcaMGD3 Dca004841 504 55,877.5 5.91 AtMGD3 At2G11810
DcaSQD1 Dca007982 482 53,741.8 8.6 AtSQD1 At4G33030

DcaSQD2.1 Dca010090 303 34,626.8 7.66 AtSQD2 At5G01220
DcaSQD2.2 Dca010626 435 49,009.4 8.34 AtSQD2 At5G01220

2.3. Cis-Elements in the Promoter Regions of DcaNGLSs

Studies have shown that NGLS genes have diverse biological functions in plants,
particularly in defense against drought stress, salt stress, and phosphate starvation [4,11,17].
To predict the putative functions of DcaNGLSs in response to biotic and abiotic stresses, we
analyzed 2 kb upstream of the DcaNGLSs (Figure 3). Potential cis-elements in the promoter
regions of DcaNGLSs were identified by the PlantCARE website. Twenty cis-elements were
found in the promoter sequence of DcaNGLSs, such as abiotic stress-responsive cis-elements
(e.g., drought inducibility and low temperature response) and phytohormone-related
cis-elements (e.g., gibberellin, auxin, salicylic acid, abscisic acid, and MeJA). DcaSQD1
and DcaSQS2.2 contained circadian regulation-related cis-elements, and most DcaNGLSs
contained light-responsive elements. These results suggest that DcaNGLSs may play
important roles in abiotic stress responses and photoperiod regulation.
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8 DcaNGLSs are analyzed by PlantCARE. The upstream length to the translation start site can be
inferred according to the scale at the bottom.

2.4. Tissue and Organ Expression Profiles of DcaNGLSs

To investigate the expression profiles of DcaNGLSs during growth and development
in D. catenatum, RNA-seq data from different plant organs were detected [18]. Hierarchical
clustering showed that most of the DcaNGLSs were specifically expressed in different
tissues (Figure 4a). DcaSQD1 displayed high expression levels in leaves, while DcaSQD2.1
and DcaSQD2.2 displayed high expression levels in columns and white roots, respectively.
DcaMGD1 and DcaDGD1 displayed high expression levels in leaves, while DcaDGD2,
DcaMGD2, and DcaMGD3 were mainly expressed in nongreen tissues, such as roots and
flowers. Secondary metabolism-related and phytohormone-related pathways were signifi-
cantly enriched in green root tips vs. white roots and leaf vs. flower buds (Figure 4b,c). We
further analyzed the correlation of transcription factors and DcaNGLSs in leaves vs. flower
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buds, finding that most transcription factors were positively related to the expression of
DcaNGLSs (Figure 4d).

Plants 2021, 10, x FOR PEER REVIEW 6 of 13 
 

 

 

Figure 4. Expression patterns of DcaNGLSs in different tissues. (a) DcaNGLSs are highly expressed 
in the specific tissues. (b) KEGG enrichment analysis in green root tip vs. white root comparison. 
(c) KEGG enrichment analysis in leaf vs. flower buds comparison. (d) The Sankey diagram shows 
the regulatory relationships between transcription factors and DcaNGLSs leaf vs. flower buds. The 
color scale represents the color code for the log2 fold-change of gene expression in a. 

The expression patterns of DcaNGLSs were analyzed during four developmental pe-
riods of D. catenatum [19]. All DcaNGLSs displayed high expression levels in the rapid 
polysaccharide accumulation stage (S2, 10 months after sprouting) (Figure 5a). Further-
more, eight pathways were significantly enriched (p < 0.05) in the S2 vs. S3 (12 months 
after sprouting) comparison, such as “transcription factors” (p = 2.35 × 10-3), “flavonoid 
biosynthesis” (p = 9.00 × 10-4), and “cytochrome P450” (p = 3.85 × 10-8) (Figure 5b). Among 
them, seventeen glycerolipid metabolism pathway-related genes were investigated (Fig-
ure 5c), and most of the genes showed the highest expression in S2. Similarly, most tran-
scription factors were predominantly expressed in S2, including AP2, bHLH, ERF, and 
MYB (Figure 5d). ERF is part of the large AP2/ERF multigene family and mediates physi-
ological, developmental, and stress responses in plants [20,21]. Six ERF genes were signif-
icantly upregulated and two ERF genes were downregulated in S2 vs. S3 (Figure 5e). 
These results suggest that DcaNGLSs are associated with rapid polysaccharide accumula-
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Figure 4. Expression patterns of DcaNGLSs in different tissues. (a) DcaNGLSs are highly expressed
in the specific tissues. (b) KEGG enrichment analysis in green root tip vs. white root comparison.
(c) KEGG enrichment analysis in leaf vs. flower buds comparison. (d) The Sankey diagram shows
the regulatory relationships between transcription factors and DcaNGLSs leaf vs. flower buds. The
color scale represents the color code for the log2 fold-change of gene expression in a.

The expression patterns of DcaNGLSs were analyzed during four developmental pe-
riods of D. catenatum [19]. All DcaNGLSs displayed high expression levels in the rapid
polysaccharide accumulation stage (S2, 10 months after sprouting) (Figure 5a). Further-
more, eight pathways were significantly enriched (p < 0.05) in the S2 vs. S3 (12 months after
sprouting) comparison, such as “transcription factors” (p = 2.35 × 10–3), “flavonoid biosyn-
thesis” (p = 9.00 × 10–4), and “cytochrome P450” (p = 3.85 × 10–8) (Figure 5b). Among them,
seventeen glycerolipid metabolism pathway-related genes were investigated (Figure 5c),
and most of the genes showed the highest expression in S2. Similarly, most transcrip-
tion factors were predominantly expressed in S2, including AP2, bHLH, ERF, and MYB
(Figure 5d). ERF is part of the large AP2/ERF multigene family and mediates physiological,
developmental, and stress responses in plants [20,21]. Six ERF genes were significantly
upregulated and two ERF genes were downregulated in S2 vs. S3 (Figure 5e). These results
suggest that DcaNGLSs are associated with rapid polysaccharide accumulation regulated
by phytohormone-dependent pathways.
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showed that DcaMGD1, DcaSQD1, DcaSQD2.1, and DcaSQD2.2 were primarily induced 
in leaves and that DcaDGD2 was primarily induced in roots under salt stress (Figure 6a). 

Figure 5. Expression patterns of DcaNGLSs in four stages. (a) DcaNGLSs are highly expressed in the S2. (b) KEGG
enrichment analysis in S2 vs. S3 comparison. (c) Expression patterns of glycerolipid metabolism-related genes. (d) The
expression levels of transcription factors in S2 vs. S3 comparison. (e). The expression distribution of ERF in S2 vs. S3
comparison. S1: plant experiences vegetative growth with few polysaccharides (4 months after sprouting); S2: plant
accumulates polysaccharides rapidly (10 months after sprouting); S3: plant develops into a mature stage with the highest
polysaccharide content (12 months after sprouting); S4: plant begins to die and the polysaccharide content decreases rapidly
(16 months after sprouting). The color scale represents the color code for the log2 fold-change in gene expression in (a,c,d).

2.5. Expression Levels of DcaNGLSs in Response to Abiotic Stresses

Cis-element analyses revealed the putative functions of DcaNGLSs in response to
abiotic stresses. We further studied the RNA-Seq data for the DcaNGLSs in response to salt,
cold, and drought stresses (data sources described in methods). Hierarchical clustering
showed that DcaMGD1, DcaSQD1, DcaSQD2.1, and DcaSQD2.2 were primarily induced
in leaves and that DcaDGD2 was primarily induced in roots under salt stress (Figure 6a).
Under cold stress, DcaMGD1, DcaMGD3, DcaDGD2, DcaSQD2.1, and DcaSQD2.2 were
upregulated in FT (freezing) vs. CA (cold acclimation), while DcaSQD1 and DcaMGD2
were upregulated in FR (post-freezing recovery) vs. FT (Figure 6b). For drought stress,
the expression of most DcaNGLSs was not always the same under drought stress at dawn
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and dusk (Figure 6C). For instance, DcaDGD2, DcaMGD3, and DcaSQD2.2 were induced
on DR5 (sampling at 06:30 on the 2nd days), while DcaDGD1 and DcaSQD2.1 were in-
duced on DR6 (sampling at 06:30 on the 7th days) and DR8 (sampling at 18:30 on the 2nd
days), respectively. In addition, rewatering restored the expression levels of DcaSQD2.1,
DcaSQD2.2, and DcaDGD1. Furthermore, we conducted a RT-PCR validation of the ex-
pression of four genes (DcaMGD3, DcaDGD1, DcaSQD1, and DcaSQD2.1) under drought
conditions (Figure 6d). Four DcaNGLSs displayed obvious differences in expression at
different times of day under control conditions. DcaMGD3 was significantly elevated at
night, while DcaDGD1, DcaSQD1, and DcaSQD2.1 were active during the day. Interestingly,
four DcaNGLSs displayed similar expression patterns and peaked at 16:00 and 20:00 under
drought stress. Moreover, MYB genes played roles in response to abiotic stresses [22].
Co-expression analysis showed that 29 pairs had a positive correlation and 23 pairs were
negatively correlated (Figure 7a). Two clusters of MYB genes were significantly upreg-
ulated in DR5 and DR11 (sampling at 18:30 on the 8th day) (Figure 7b). These results
indicated MYB might be regulated by circadian rhythm and co-expressed with DcaNGLSs
under drought stress.
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Figure 6. Expression of DcaNGLSs in response to abiotic stresses. (a) Expression of DcaNGLSs in
response to salinity treatment. The seedlings were supplied with 250 mM NaCl, and the leaf and root
sample were harvested at 0, 4, and 12 h. (b) Expression of DcaNGLSs in response to cold treatment.
The 2-year-old plants were treated with cold acclimation (CA), freezing (FT), and post-freezing
recovery (FR). (c) Expression of DcaNGLSs in response to drought. The seedlings were watered on
the 1st day, dried from the 2nd to the 7th day, and re-watered on the 8th day. Leaves were collected
at different times; DR5/DR8, DR6/DR10, and DR7/DR15 indicate sampling at 06:30 and 18:30 on the
2nd, 7th, and 9th days, respectively, and DR11 indicates sampling at 18:30 on the 8th day. (d). Effect
of the time of day on DcaNGLSs expression induced by drought stress. The experiment was repeated
three times with similar results. Color scale represents the color code for the log2 fold-change in gene
expression. CK, control group.
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3. Discussion

In higher plants, the thylakoid membrane is the site of the photochemical and elec-
tron transport reactions of oxygenic photosynthesis [23]. The biogenesis of thylakoid
membranes is closely linked to the development of chloroplasts from other plastids such
as proplastids. The thylakoid membranes are composed mainly of four glycerolipids,
MGDG, DGDG, SQDG, and PG [2]. The disruption of thylakoid membrane lipids is fatal
to photosynthetic growth. For instance, the final step in MGDG biosynthesis occurs in
the plastid envelope, and mgd1 lacks galactolipids and disrupts chloroplast structures,
leading to the complete impairment of photosynthetic growth and embryogenesis [24].
In contrast to phospholipids, MDGD, DGDG, and SQDG are special NGLs that make up
approximately 83% of chloroplast lipids [2]. However, unlike other families, the NGLS
family does not have a strictly conserved domain. Except for SQD1, NGLSs all belong
to the glycosyltransferase family, as shown in the CAZy database (http://www.cazy.org,
(accessed on 31 May 2021)), and contain motif 4 (Figure 2). MGDG synthases are members
of glycosyltransferase family 28 (GT28) and produce β-anomeric linkages. DGDG syn-
thases and SQDG synthases belong to family GT4 and produce α-glycosidic linkages [2].
In Arabidopsis, MGDG synthases are classified into two types, A (MGD1) and B (MGD2
and MGD3) [7]. In our results, MGD1 in Arabidopsis, rice, and D. catenatum was grouped
into one cluster. MGD2 and MGD3 in Arabidopsis were separated in rice and D. catenatum
(Figure 1). This suggests that the relationship between rice and D. catenatum is closer than
their relationship with Arabidopsis; the former two are both monocotyledons.

Unlike other NGLSs, SQD1 contains an epimerase domain and produces sole glycosyl
donors for SQDG synthesis [9]. Previous studies showed that SQD1 expression increased
under Pi starvation [25], but the loss of SQD1 had no effect on GlcADG biosynthesis and
growth phenotypes under Pi starvation [3]. In rice, the disruption of SQD1 also had no
effect on growth under salt stress [11]. However, the replacement of phospholipids with
SQDG is a typical adaptive mechanism under Pi starvation [5]. Transcriptome analysis
showed that DcaSQD1 expression increased under salt and drought stresses and was
upregulated in FR vs. FT (Figure 5). These results suggest that, as a limiting reaction in
SQDG biosynthesis, SQD1 expression may be necessary to maintain the balance of anionic
thylakoid lipids under abiotic stresses.

http://www.cazy.org
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Our research found that most DcaNGLS promoters contain MYB-binding cis-elements
(Figure 3). MYB regulators participate in multiple biological processes and mediate phenyl-
propanoid metabolism under abiotic stress [26,27]. MYB is also a tool for metabolic en-
gineering to control the transcriptional regulation of anthocyanin structural genes [28].
Transcriptome analysis showed that the expression of most DcaNGLSs was positively corre-
lated with MYB expression in leaf vs. flower buds (Figure 4d). Similar to other orchids, D.
catenatum displays unique flower morphologies and a variety of flower colors [29]. Under
drought stress, the expression of 29 MYB genes was positively correlated with DcaNGLS
expression and regulated by circadian rhythms (Figure 7). In addition, most MYB and
DcaNGLSs displayed high expression levels in S2 (Figure 5a,d). D. catenatum accumulated
polysaccharides rapidly in S2 [19]. These results suggest that MYB regulates DcaNGLSs
during flower development, carbohydrate metabolism, and drought responses.

Although many studies have focused mainly on the regulation of NGLSs under
Pi starvation and during photosynthetic activity, NGLSs are also related to salinity and
drought stresses [11]. Similar to phosphate starvation, a lack of water enhanced MGDG
and DGDG biosynthesis [30]. As drought stress continued, the two predominant molecular
species, MGDG (36:6) and DGDG (36:6), began to decline [31]. Rice SQD2.1 mediates
the glycosylation of flavonoids that are required for osmotic stress tolerance [11]. In our
results, DcaNGLSs were strongly induced by salinity, cold, and drought stresses (Figure 6).
Specifically, the expression levels of DcaNGLSs were significantly regulated by circadian
rhythms under drought stress (Figure 6c). Our results also showed that the expression
levels of DcaMGD3, DcaDGD1, DcaSQD1, and DcaSQD2.1 all peaked at 16:00 and 20:00
under drought stress (Figure 6d). These results suggest that DcaNGLSs are involved in
responses to abiotic stresses and are strongly influenced by the biological clock under
drought stress.

4. Materials and Methods
4.1. Identification of DcaNGLS Family in D. catenatum, Arabidopsis, and Oryza Sativa

The NGLS sequences, including genomic DNAs, CDS, and proteins in Oryza sativa,
and Arabidopsis were retrieved from Phytozome v12 (https://phytozome.jgi.doe.gov/pz/
portal.html, (accessed on 1 May 2021)). The genome of DcaNGLS was downloaded from
NCBI (https://www.ncbi.nlm.nih.gov/genome, (accessed on 1 May 2021)). The DcaNGLS
proteins were originally obtained using BLASTP search in NCBI. All of the hits were further
confirmed in SMART (http://smart.embl-heidelberg.de/, (accessed on 1 May 2021)).

4.2. Analysis of Phylogenetic Relationship, Motif Architecture, Gene Structure, and cis-Elements
of Promoters

The sequences of NGLS proteins from these species were aligned with ClustalW
software, and then an un-rooted tree was obtained with MEGA 7.0 software using a
neighbor-joining method with a bootstrap of 1000 replicates [32,33]. The motif analysis was
performed in MEME (https://meme-suite.org/meme/, (accessed on 12 January 2021)).
The intron-exon distribution pattern of NGLS genes were reconstructed by GSDS 2.0 (
http://gsds.cbi.pku.edu.cn/, (accessed on 12 January 2021)). The cis-elements of DcaNGLS
promoters were analysed in PlantCARE (http://bioinformatics.psb.ugent.be/webtools/
plantcare/html/, (accessed on 12 January 2021)).

4.3. In Silico Expression Profiling of DcaNGLSs

For the tissues and stages expression profiling of DcaNGLSs, the raw RNA-seq data
(PRJNA348403 and PRJNA277909) were downloaded from the NCBI [18,19]. The raw
RNA-seq data of drought stress were described and obtained from Sci Data [34]. The raw
RNA-seq data of salt stress were obtained from the NCBI (PRJNA715099). The RNA-seq
data of cold stress were obtained from our lab (unpublished, the raw data have been
submitted to the BIG Data Center (http://bigd.big.ac.cn, (accessed on 18 September 2020))
with accession number CRA003229). The quality control of raw data and mapping to

https://phytozome.jgi.doe.gov/pz/portal.html
https://phytozome.jgi.doe.gov/pz/portal.html
https://www.ncbi.nlm.nih.gov/genome
http://smart.embl-heidelberg.de/
https://meme-suite.org/meme/
http://gsds.cbi.pku.edu.cn/
http://gsds.cbi.pku.edu.cn/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bigd.big.ac.cn
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reference genomes were performed according to previous work [15]. In brief, the raw data
were filtered using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/,
(accessed on 2 July 2020)) to obtain clean reads. Clean reads were mapped to the reference
genome of Dendrobium catenatum using the HISAT program [18,35]. The gene expression
levels were calculated as FPKM (fragments per kilo bases of exons for per million mapped
reads) using the software package StringTie [36]. The differential expression gene analyses
with FDRs ≤ 0.05, log2 fold-change (FC) > 1 or log2 FC < −1, and with statistical significance
(p value < 0.05) were using the edgeR package [37]. The differential expression genes were
further subjected to a KEGG pathway enrichment analysis by KOBAS 2.0 [38].

4.4. Plant Materials, Drought Treatment, and Real-Time Quantitative PCR

Two-year-old cultivated D. catenatum were grown at 20 ± 2 ◦C with a light/dark cycle
of 12/12 h and a 65–75% relative humidity as a control treatment. For drought treatment,
the plants were not watered until the soil water content was approximately 10% under the
condition of 25 ± 2 ◦C with a light/dark cycle of 12/12 h and a 40% relative humidity. After
one day, the leaves were harvested with a four-hour interval in a day and immediately
frozen in liquid nitrogen.

Total RNA was isolated from leaf samples using a TransZol reagent (TransGen Biotech,
Beijing, China). First-strand cDNA was reverse transcribed using the TIANscript RT Kit ac-
cording to the manufacturer’s instructions (TransGen Biotech, Beijing, China). Quantitative
real-time PCR analyses were performed using a SYBRGreen qPCR kit (TransGenBiotech)
with a MyiQ system (Bio-Rad, Hercules, CA, USA), as described previously [12]. The
primers for amplification are listed in Table S1.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/plants10061204/s1: Table S1: qRT-PCR primer list.

Author Contributions: Conceptualization, X.Z.; methodology, X.Z.; investigation, Y.Q.; resources,
B.M.; writing—original draft preparation, X.Z.; writing—review and editing, X.Z. and B.M.; visual-
ization, X.Z.; project administration, X.Z. and B.M. All authors have read and agreed to the published
version of the manuscript.

Funding: The APC was funded by the Natural Science Foundation of Zhejiang Province LQ20C010002
(to X.Z.) and the Key Research and Development Projects of Zhejiang Province No. 2018C02034
(to B.M.).

Data Availability Statement: The data presented in this study are openly available in NCBI Bio-
Project, accession number (PRJNA348403, PRJNA277909, PRJNA715099, PRJNA432825); BIG Data
Center, accession number (CRA003229).

Acknowledgments: I thank Lihong Xiong for their consultation in the study and for reading
the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Jouhet, J.; Maréchal, E.; Block, M.A. Glycerolipid transfer for the building of membranes in plant cells. Prog. Lipid Res. 2007, 46,

37–55. [CrossRef] [PubMed]
2. Hölzl, G.; Dörmann, P. Chloroplast Lipids and Their Biosynthesis. Annu. Rev. Plant Biol 2019, 70, 51–81. [CrossRef]
3. Okazaki, Y.; Otsuki, H.; Narisawa, T.; Kobayashi, M.; Sawai, S.; Kamide, Y.; Kusano, M.; Aoki, T.; Hirai, M.Y.; Saito, K. A new

class of plant lipid is essential for protection against phosphorus depletion. Nat. Commun. 2013, 4, 1510. [CrossRef]
4. Härtel, H.; Dormann, P.; Benning, C. DGD1-independent biosynthesis of extraplastidic galactolipids after phosphate deprivation

in Arabidopsis. Proc. Natl. Acad. Sci. USA 2000, 97, 10649–10654. [CrossRef] [PubMed]
5. Yu, B.; Xu, C.; Benning, C. Arabidopsis disrupted in SQD2 encoding sulfolipid synthase is impaired in phosphate-limited growth.

Proc. Natl. Acad. Sci. USA 2002, 99, 5732–5737. [CrossRef]
6. Kelly, A.A.; Froehlich, J.E.; Dörmann, P. Disruption of the two digalactosyldiacylglycerol synthase genes DGD1 and DGD2 in

Arabidopsis reveals the existence of an additional enzyme of galactolipid synthesis. Plant Cell 2003, 15, 2694–2706. [CrossRef]
7. Kobayashi, K.; Nakamura, Y.; Ohta, H. Type A and type B monogalactosyldiacylglycerol synthases are spatially and functionally

separated in the plastids of higher plants. Plant Physiol. Biochem. 2009, 47, 518–525. [CrossRef] [PubMed]

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.mdpi.com/article/10.3390/plants10061204/s1
https://www.mdpi.com/article/10.3390/plants10061204/s1
http://doi.org/10.1016/j.plipres.2006.06.002
http://www.ncbi.nlm.nih.gov/pubmed/16970991
http://doi.org/10.1146/annurev-arplant-050718-100202
http://doi.org/10.1038/ncomms2512
http://doi.org/10.1073/pnas.180320497
http://www.ncbi.nlm.nih.gov/pubmed/10973486
http://doi.org/10.1073/pnas.082696499
http://doi.org/10.1105/tpc.016675
http://doi.org/10.1016/j.plaphy.2008.12.012
http://www.ncbi.nlm.nih.gov/pubmed/19179086


Plants 2021, 10, 1204 11 of 12

8. Narise, T.; Kobayashi, K.; Baba, S.; Shimojima, M.; Masuda, S.; Fukaki, H.; Ohta, H. Involvement of auxin signaling mediated by
IAA14 and ARF7/19 in membrane lipid remodeling during phosphate starvation. Plant Mol. Biol. 2010, 72, 533–544. [CrossRef]
[PubMed]

9. Sanda, S.; Leustek, T.; Theisen, M.J.; Garavito, R.M.; Benning, C. Recombinant Arabidopsis SQD1 converts udp-glucose and
sulfite to the sulfolipid head group precursor UDP-sulfoquinovose in vitro. J. Biol. Chem. 2001, 276, 3941–3946. [CrossRef]

10. Yu, B.; Benning, C. Anionic lipids are required for chloroplast structure and function in Arabidopsis. Plant J. 2003, 36, 762–770.
[CrossRef]

11. Zhan, X.; Shen, Q.; Chen, J.; Yang, P.; Wang, X.; Hong, Y. Rice sulfoquinovosyltransferase SQD2.1 mediates flavonoid glycosylation
and enhances tolerance to osmotic stress. Plant Cell Environ. 2019, 42, 2215–2230. [CrossRef] [PubMed]

12. Zhan, X.; Shen, Q.; Wang, X.; Hong, Y. The sulfoquinovosyltransferase-like enzyme SQD2.2 is involved in flavonoid glycosylation,
regulating sugar metabolism and seed setting in rice. Sci. Rep. 2017, 7, 4685. [CrossRef] [PubMed]

13. Li, W.; Wang, R.; Li, M.; Li, L.; Wang, C.; Welti, R.; Wang, X. Differential degradation of extraplastidic and plastidic lipids during
freezing and post-freezing recovery in Arabidopsis thaliana. J. Biol. Chem. 2008, 283, 461–468. [CrossRef]

14. Moellering, E.R.; Muthan, B.; Benning, C. Freezing tolerance in plants requires lipid remodeling at the outer chloroplast membrane.
Science 2010, 330, 226–228. [CrossRef]

15. Zhan, X.; Qi, J.; Zhou, B.; Mao, B. Metabolomic and transcriptomic analyses reveal the regulation of pigmentation in the purple
variety of Dendrobium officinale. Sci. Rep. 2020, 10, 17700. [CrossRef]

16. Chen, D.H.; Qiu, H.L.; Huang, Y.; Zhang, L.; Si, J.P. Genome-wide identification and expression profiling of SET DOMAIN
GROUP family in Dendrobium catenatum. BMC Plant Biol. 2020, 20, 40. [CrossRef]

17. Kobayashi, K.; Awai, K.; Nakamura, M.; Nagatani, A.; Masuda, T.; Ohta, H. Type-B monogalactosyldiacylglycerol synthases
are involved in phosphate starvation-induced lipid remodeling, and are crucial for low-phosphate adaptation. Plant J. 2009, 57,
322–331. [CrossRef] [PubMed]

18. Zhang, G.Q.; Liu, K.W.; Li, Z.; Lohaus, R.; Hsiao, Y.; Niu, S.; Wang, J.; Lin, Y.; Xu, Q.; Chen, L.; et al. The Apostasia genome and
the evolution of orchids. Nature 2017, 549, 379–383. [CrossRef]

19. He, C.; Zhang, J.; Liu, X.; Zeng, S.; Wu, K.; Yu, Z.; Wang, X.; Teixeira da Silva, J.A.; Lin, Z.; Duan, J. Identification of genes involved
in biosynthesis of mannan polysaccharides in Dendrobium officinale by RNA-seq analysis. Plant Mol. Biol. 2015, 88, 219–231.
[CrossRef]

20. Klay, I.; Gouia, S.; Liu, M.; Mila, I.; Khoudi, H.; Bernadac, A.; Bouzayen, M.; Pirrello, J. Ethylene Response Factors (ERF) are
differentially regulated by different abiotic stress types in tomato plants. Plant Sci. 2018, 274, 137–145. [CrossRef]

21. Chen, L.; Han, J.; Deng, X.; Tan, S.; Li, L.; Li, L.; Zhou, J.; Peng, H.; Yang, G.; He, G.; et al. Expansion and stress responses of
AP2/EREBP superfamily in Brachypodium distachyon. Sci. Rep. 2016, 6, 21623. [CrossRef]

22. Dubos, C.; Stracke, R.; Grotewold, E.; Weisshaar, B.; Martin, C.; Lepiniec, L. MYB transcription factors in Arabidopsis. Trends
Plant Sci. 2010, 15, 573–581. [CrossRef] [PubMed]

23. Mizusawa, N.; Wada, H. The role of lipids in photosystem II. Biochim. Biophys. Acta 2012, 1817, 194–208. [CrossRef] [PubMed]
24. Kobayashi, K.; Kondo, M.; Fukuda, H.; Nishimura, M.; Ohta, H. Galactolipid synthesis in chloroplast inner envelope is essential

for proper thylakoid biogenesis, photosynthesis, and embryogenesis. Proc. Natl. Acad. Sci. USA 2007, 104, 17216–17221.
[CrossRef] [PubMed]

25. Essigmann, B.; Güler, S.; Narang, R.A.; Linke, D.; Benning, C. Phosphate availability affects the thylakoid lipid composition and
the expression of SQD1, a gene required for sulfolipid biosynthesis in Arabidopsis thaliana. Proc. Natl. Acad. Sci. USA 1998, 95,
1950–1955. [CrossRef]

26. Liu, J.; Osbourn, A.; Ma, P. MYB Transcription Factors as Regulators of Phenylpropanoid Metabolism in Plants. Mol. Plant 2015, 8,
689–708. [CrossRef] [PubMed]

27. Guo, H.; Wang, Y.; Wang, L.; Hu, P.; Wang, Y.; Jia, Y.; Zhang, C.; Zhang, Y.; Zhang, Y.; Wang, C.; et al. Expression of the MYB
transcription factor gene BplMYB46 affects abiotic stress tolerance and secondary cell wall deposition in Betula platyphylla. Plant
Biotechnol. J. 2016, 15, 107. [CrossRef]

28. Naing, A.H.; Kim, C.K. Roles of R2R3-MYB transcription factors in transcriptional regulation of anthocyanin biosynthesis in
horticultural plants. Plant Mol. Biol. 2018, 98, 1–18. [CrossRef]

29. Zhang, G.Q.; Xu, Q.; Bian, C.; Tsai, W.C.; Yeh, C.; Liu, K.; Yoshida, K.; Zhang, L.; Chang, S.; Chen, F.; et al. The Dendrobium
catenatum Lindl. genome sequence provides insights into polysaccharide synthase, floral development and adaptive evolution.
Sci. Rep. 2016, 6, 19029. [CrossRef]

30. Torres-Franklin, M.L.; Gigon, A.; de Melo, D.F.; Zuily-Fodil, Y.; Pham-Thi, A.T. Drought stress and rehydration affect the balance
between MGDG and DGDG synthesis in cowpea leaves. Physiol. Plant 2007, 131, 201–210. [CrossRef]

31. Wang, Y.; Zhang, X.; Huang, G.; Feng, F.; Liu, X.; Guo, R.; Gu, F.; Zhong, X.; Mei, X. Dynamic changes in membrane lipid
composition of leaves of winter wheat seedlings in response to PEG-induced water stress. BMC Plant Biol. 2020, 20, 84. [CrossRef]

32. Kumar, S.; Stecher, G.; Tamura, K. MEGA7: Molecular Evolutionary Genetics Analysis Version 7.0 for Bigger Datasets. Mol. Biol.
Evol. 2016, 33, 1870–1874. [CrossRef] [PubMed]

33. McWilliam, H.; Li, W.; Uludag, M.; Squizzato, S.; Park, Y.M.; Buso, N.; Cowley, A.P.; Lopez, R. Analysis Tool Web Services from
the EMBL-EBI. Nucleic Acids Res. 2013, 41, W597–W600. [CrossRef] [PubMed]

http://doi.org/10.1007/s11103-009-9589-4
http://www.ncbi.nlm.nih.gov/pubmed/20043234
http://doi.org/10.1074/jbc.M008200200
http://doi.org/10.1046/j.1365-313X.2003.01918.x
http://doi.org/10.1111/pce.13554
http://www.ncbi.nlm.nih.gov/pubmed/30942482
http://doi.org/10.1038/s41598-017-04002-2
http://www.ncbi.nlm.nih.gov/pubmed/28680100
http://doi.org/10.1074/jbc.M706692200
http://doi.org/10.1126/science.1191803
http://doi.org/10.1038/s41598-020-74789-0
http://doi.org/10.1186/s12870-020-2244-6
http://doi.org/10.1111/j.1365-313X.2008.03692.x
http://www.ncbi.nlm.nih.gov/pubmed/18808455
http://doi.org/10.1038/nature23897
http://doi.org/10.1007/s11103-015-0316-z
http://doi.org/10.1016/j.plantsci.2018.05.023
http://doi.org/10.1038/srep21623
http://doi.org/10.1016/j.tplants.2010.06.005
http://www.ncbi.nlm.nih.gov/pubmed/20674465
http://doi.org/10.1016/j.bbabio.2011.04.008
http://www.ncbi.nlm.nih.gov/pubmed/21569758
http://doi.org/10.1073/pnas.0704680104
http://www.ncbi.nlm.nih.gov/pubmed/17940034
http://doi.org/10.1073/pnas.95.4.1950
http://doi.org/10.1016/j.molp.2015.03.012
http://www.ncbi.nlm.nih.gov/pubmed/25840349
http://doi.org/10.1111/pbi.12595
http://doi.org/10.1007/s11103-018-0771-4
http://doi.org/10.1038/srep19029
http://doi.org/10.1111/j.1399-3054.2007.00943.x
http://doi.org/10.1186/s12870-020-2257-1
http://doi.org/10.1093/molbev/msw054
http://www.ncbi.nlm.nih.gov/pubmed/27004904
http://doi.org/10.1093/nar/gkt376
http://www.ncbi.nlm.nih.gov/pubmed/23671338


Plants 2021, 10, 1204 12 of 12

34. Zou, L.H.; Wan, X.; Deng, H.; Zheng, B.-Q.; Li, B.-J.; Wang, Y. RNA-seq transcriptomic profiling of crassulacean acid metabolism
pathway in Dendrobium catenatum. Sci. Data 2018, 5, 180252. [CrossRef]

35. Kim, D.; Langmead, B.; Salzberg, S.L. HISAT: A fast spliced aligner with low memory requirements. Nat. Methods 2015, 12,
357–360. [CrossRef]

36. Pertea, M.; Pertea, G.M.; Antonescu, C.M.; Chang, T.-C.; Mendell, J.T.; Salzberg, S.L. StringTie enables improved reconstruction of
a transcriptome from RNA-seq reads. Nat. Biotechnol. 2015, 33, 290–295. [CrossRef] [PubMed]

37. Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. edgeR: A Bioconductor package for differential expression analysis of digital gene
expression data. Bioinformatics 2010, 26, 139–140. [CrossRef]

38. Xie, C.; Mao, X.; Huang, J.; Ding, Y.; Wu, J.; Dong, S.; Kong, L.; Gao, G.; Li, C.-Y.; Wei, L. KOBAS 2.0: A web server for annotation
and identification of enriched pathways and diseases. Nucleic Acids Res. 2011, 39, W316–W322. [CrossRef]

http://doi.org/10.1038/sdata.2018.252
http://doi.org/10.1038/nmeth.3317
http://doi.org/10.1038/nbt.3122
http://www.ncbi.nlm.nih.gov/pubmed/25690850
http://doi.org/10.1093/bioinformatics/btp616
http://doi.org/10.1093/nar/gkr483

	Introduction 
	Results 
	Identification of DcaNGLSs in the D. catenatum Genome 
	Gene Structures and Conserved Motifs of DcaNGLSs 
	Cis-Elements in the Promoter Regions of DcaNGLSs 
	Tissue and Organ Expression Profiles of DcaNGLSs 
	Expression Levels of DcaNGLSs in Response to Abiotic Stresses 

	Discussion 
	Materials and Methods 
	Identification of DcaNGLS Family in D. catenatum, Arabidopsis, and Oryza Sativa 
	Analysis of Phylogenetic Relationship, Motif Architecture, Gene Structure, and cis-Elements of Promoters 
	In Silico Expression Profiling of DcaNGLSs 
	Plant Materials, Drought Treatment, and Real-Time Quantitative PCR 

	References

