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Abstract Dendrobium officinale is a traditional Chinese
medicinal plant. The stems of D. officinale contain mannan
polysaccharides, which are promising bioactive polysac-
charides for use as drugs. However, the genes involved in
the biosynthesis of mannan polysaccharides in D. officinale
have not yet been identified. In this study, four digital gene
expression profiling analyses were performed on develop-
ing stems of greenhouse-grown D. officinale to identify
such genes. Based on the accumulation of mannose and on
gene expression levels, eight CELLULOSE SYNTHASE-
LIKE A genes (CSLA), which are highly likely to be related
to the biosynthesis of bioactive mannan polysaccharides,
were identified from the differentially expressed genes
database. In order to further analyze these DoCSLA genes,
a full-length cDNA of each was obtained by RACE. The
eight genes, belonging to the CSLA family of the CesA
superfamily, contain conserved domains of the CesA super-
family. Most of the genes, which were highly expressed
in the stems of D. officinale, were related to abiotic stress.
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Our results suggest that the CSLA family genes from D.
officinale are involved in the biosynthesis of bioactive man-
nan polysaccharides.
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Introduction

The Dendrobium genus is one of the largest in the Orchi-
daceae with an estimated 800-1400 species around the
world (Jin et al. 2009). D. officinale, most likely the most
prized Dendrobium species, is a perennial epiphytic herb
that is widely distributed in Southeastern and South Asian
countries (Wu et al. 2009). D. officinale stems are rich in
active compounds, especially polysaccharides (Chen and
Guo 2001).

Among higher plant polysaccharides, mannans are
promising bioactive polysaccharides for use in drugs
(Alonso-Sande et al. 2009). The family of mannans is the
most widespread group of polysaccharides in higher plants
(Buckeridge 2010; Hua et al. 2004; Moreira and Filho
2008; Petkowicz et al. 2001). Molecular, genetic and func-
tional genomic studies have identified the involvement of
the cellulose synthase (CESA) superfamily genes in the
biosynthesis of mannan polysaccharides (Goubet et al.
2009; Lerouxel et al. 2006; Liepman et al. 2005). In higher
plants, the family of CESA superfamily genes includes the
authentic cellulose synthase (CESA) genes and nine addi-
tional cellulose synthase-like (CSL) genes, CSLA to CSLJ
(Fincher 2009; Hazen et al. 2002; Richmond and Somer-
ville 2000). The CESA genes encode an enzyme responsi-
ble for cellulose synthesis in monocots and dicots (Arioli
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et al. 1998; Tanaka et al. 2003; Taylor et al. 2003) while
the CSL genes have been proposed to encode the enzyme
that participates in the synthesis of the backbones of non-
cellulosic polysaccharides (Richmond and Somerville
2000). Several studies have demonstrated that the CSLA
family is involved in the biosynthesis of mannan polysac-
charides in many plant species. For example, a B-mannan
synthase (ManS) gene from guar (Cyamopsis tetragonolo-
bus), belonging to the CSLA family, creates the f-1, 4-man-
nan backbone of galactomannan (Dhugga et al. 2004).
The CSLA proteins from Arabidopsis and poplar (Populus
trichocarpa) are capable of producing f-mannan polysac-
charides (Goubet et al. 2009; Suzuki et al. 2006).

However, the genes involved in the biosynthesis of man-
nan polysaccharides in D. officinale have not yet been
identified even though mannose is the major component
of polysaccharides from Dendrobium species such as D.
officinale, D. huoshanense, D. nobile, D. fimbriatum and D.
chrysotoxum (Meng et al. 2013). This indicates that CSLA
genes play an important role in the synthesis of bioactive
polysaccharides in D. officinale and other Dendrobium spe-
cies. In the present study, given the medicinal importance
of mannan polysaccharides and of D. officinale, next-gen-
eration sequencing was initially used to explore whether
genes coding for the biosynthesis of mannan polysaccha-
rides existed in D. officinale. This work will be impor-
tant for understanding the molecular mechanisms of the
biosynthesis of bioactive polysaccharides in D. officinale,
and even in other Dendrobium species. This work also has
implications for the use of genetic engineering to obtain
abundant bioactive mannan polysaccharides from exist-
ing crops, which would greatly benefit an understanding of
their nutritional and health status.

Materials and methods
Plant materials and growth conditions

D. officinale plants used in this study for gene expression
profiling analyses, and which sprouted in April, were grown
and maintained in pots cultivated in a greenhouse (Guang-
zhou, China) under natural conditions. Four developmen-
tal stages of D. officinale stems: S1 (about 4 months after
sprouting), S2 (about 10 months after sprouting), S3 (about
12 months after sprouting) and S4 (about 16 months after
sprouting) were sequentially harvested. Details of the four
stages are described in the results. Six stems from plants
in different pots were sliced (about 1 cm of each), frozen
rapidly in liquid nitrogen and kept at —80 °C until RNA
extraction each time. The adult plants, about 8 months
after sprouting, were harvested and used to determine the
expression of DoCSLA genes in the roots, stems and leaves.
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Water-soluble polysaccharides might be related to stress
resistance (Li et al. 2012), including to drought (Clif-
ford et al. 2002) and salt (de Lima et al. 2014). Thus, to
explore the relationship between the expression of CSLA
genes and stress resistance, D. officinale seedlings were
subject to stress treatments to detect gene expression. D.
officinale seedlings, which were cultured on half-strength
Murashige and Skoog (MS) (Murashige and Skoog 1962)
medium containing 0.1 % activated carbon, 2 % sucrose
and 0.6 % agar (pH 5.4), were grown in a growth chamber
(26 £ 1 °C, 40 umol m~2 s~!, 12-h light/12-h dark, 60 %
relative humidity). Seedlings (8-9 cm in height, about
10 months after germination, and with consistent growth)
were selected to conduct stress treatments, applied as 15 %
polyethylene glycol (PEG) 6000 (Sigma-Aldrich, Shang-
hai, China) or 250 mM NaCl (Guangzhou Chemical Rea-
gent Factory, Guangzhou, China). After 6 h, roots were
harvested, weighed and frozen in liquid nitrogen and stored
immediately at —80 °C until RNA isolation. The same
seedlings were also used to determine the expression of
DoCSLA genes in the roots, stems and leaves of greenhouse
plantlets.

Analysis of water-soluble polysaccharide content

The roots, stems and leaves from seedlings (the same
seedlings used in treatments) and from adult plants, also
about 8 months after sprouting, as well as the stems from
S1 to S4 were used to determine water-soluble polysac-
charide content. Samples were crushed into a powder by
a DFT-50 pulverizer (Xinno Instrument Equipment Inc.,
Shanghai, China) after drying in an oven at 105 °C for
10 h. The water-soluble polysaccharides were determined
by the phenol-sulfuric acid method described by the
Pharmacopoeia Committee of the People’s Republic of
China (2010) and Dubois et al. (1956), with glucose solu-
tions (10, 20, 40, 60, 80 and 100 pg/mL) as standards.
Briefly, the powder (0.3 g) was pre-extracted in 80 % eth-
anol and kept in a static water bath for 2 h at 80 °C and
filtered through Whatman filter paper No. 1. The residue
was further extracted with 100 mL of distilled water for
2.5 h at 100 °C. After the residue was filtered out, dis-
tilled water was added to the supernatant and made up to
250 mL. From this stock, 200 uL was added to 1800 uL
of distilled water. This dilute solution or 2000 pL of dis-
tilled water was rapidly vortexed, after adding 1 mL of
5 % phenol, then mixed with 5 mL of concentrated sul-
furic acid. The absorbance of the sample solution was
measured at 488 nm with a UV-6000 spectrophotometer
(Shanghai Metash, Shanghai, China). The reaction solu-
tion which was added to 2000 pL of distilled water was
used as the calibration standard. Each sample was assayed
as three replicates.
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Monosaccharide analysis

Powdered samples of the roots, stems and leaves from
seedlings and stems (S1-S4) used for the analysis of water-
soluble polysaccharide content were also used for the anal-
ysis of monosaccharides. High performance liquid chroma-
tography (HPLC) was used to detect monosaccharides from
among all polysaccharides according to the Pharmacopoeia
Committee of the People’s Republic of China (2010) and
Sun et al. (2013). Briefly, 0.12 g of powder was used to
fractionate water-soluble polysaccharides. Ethanol-soluble
materials were removed by pre-extracting twice with 80 %
ethanol at 80 °C for 4 h. The water-soluble polysaccha-
rides were extracted with 100 mL of double-distilled water
at 100 °C for 2 h after adding 1 mL of internal standard
(12 mg/mL, p-glucosamine hydrochloride, chromatograph-
ically pure, Sigma-Aldrich). One mL of polysaccharide
solution generated by the previous step was loaded into a
centrifuge tube, and then 3.0 M HCI (0.5 mL) was added
for hydrolysis at 110 °C for 70 min. After hydrolysis, deri-
vatization with 1-phenyl-3-methyl-5-pyrazolone (PMP)
was conducted. For the PMP labeling reaction, 0.4 mL of
the solution was used mixed with 0.3 M NaOH solution
(0.4 mL) and 0.5 M PMP methanol solution (0.4 mL). The
mixture was incubated at 70 °C for 110 min, then 0.3 M
of HCI1 (0.5 mL) was added after the solution had cooled
to room temperature. To remove proteins, the sample was
extracted three times by 2 mL chloroform, mixing thor-
oughly for 2 min and centrifuging by universal 32R (Het-
tich, Tuttlingen, Germany) at 12,000 rpm for 5 min. The
aqueous phase was collected and analyzed by HPLC under
the following conditions: ZORBAX SB-Aq C (18) column
(4.6 mm x 250 mm, 5 wm); acetonitrile—0.5 % ammo-
nium acetate solution (20:80) as the mobile phase; flow
rate = 1.0 mL min~'; detection wave length = 250 nm.

Digital gene expression library preparation,
sequencing, and analysis

Four stages of D. officinale stems (S1, S2, S3 and S4;
details described in the results) were chosen to establish
four digital gene expression libraries named S1, S2, S3
and S4 for global analysis of polysaccharide metabolism
(Fig. 1). Fifteen pg of total RNA was extracted from the
four stages to prepare digital gene expression libraries
using Column Plant RNAout2.0 (Tiandz, Inc., Beijing,
China) according to the manufacturer’s protocol. Prepara-
tion of the cDNA library was described in detail in a previ-
ous study employed for another orchid, Cymbidium sinense
(Zhang et al. 2013). The libraries were subjected to RNA-
seq using an Illumina HiSeq™ 2000 platform at the Bei-
jing Genomics Institute (Shenzhen, China). The raw data
was cleaned by filtering out low quality reads (reads with
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Fig. 1 Detection of water-soluble polysaccharides contents in dif-
ferent organs of D. officinale in two stages (seedlings and adult
plants) by phenol-sulfuric acid method. The seedlings were cul-
tured on half-strength MS about 10 months after germination. Adult
plants, about 8 months after sprouting, were maintained in pots cul-
tivated in a greenhouse. DW dry weight. Each data bar represents the
mean = standard error (SE) (n = 3)

an unknown nucleotide “N” or a quality value <5, which
implies more than 50 % in a read) and reads in which more
than 10 % had unknown bases as described previously by
Blanca et al. (2011). Clean reads were mapped to in-house
transcriptome reference database sequences using SOAP
aligner/soap2 (Li et al. 2009), allowing no more than two
nucleotide mismatches per read. The raw data of two tran-
scriptomes sequencing using to establish the in-house tran-
scriptome reference database have been submitted to the
National Center for Biotechnology Information (NCBI)
Sequence Read Archive (SRA) and are available under the
accession numbers SRR1909493 and SRR1909494.

For gene expression analysis, the number of expressed
sequence tags was calculated and then normalized to
reads per Kb per million (RPKM) reads (Mortazavi et al.
2008). In this study, FDR < 0.001, P < 0.05 and an abso-
lute value of the log, ratio >1 were used as the threshold
values to determine significant differences in gene expres-
sion between the four stages. The union of the differentially
expressed genes (DEGs), generated by the four digital gene
expression libraries, were assigned to a metabolic path-
way using the Kyoto Encyclopedia of Genes and Genomes
(KEGG, http://www.genome.jp/kegg/) annotation.

Screening the CELLULOSE SYNTHASE-LIKE A
(CSLA) genes from the DEG databases and cloning

According to the annotation of unigenes and the RPKMs
of the four digital gene expression databases, unigenes that
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were associated with the biosynthesis of mannan polysac-
charides were obtained. The SMARTer™ RACE cDNA
Amplification Kit (Clontech Laboratories) was used to gen-
erate both 5" and 3’ cDNA ends. The 5’ and 3’ RACE PCR
products were purified by a Gel Extraction Kit (Dongsheng
Biotech, Guangzhou, China), cloned into the pMDI18-T
vector (Takara Bio Inc., Dalian, China) and sequenced at
the Beijing Genomics Institute. The full-length cDNA were
amplified with primers designed from 5’ and 3’ untrans-
lated regions (UTR) by PCR using the LA PCR Amplifica-
tion Kit (Takara Bio Inc.). The primers, designed by Primer
5.0 and produced at the Beijing Genomics Institute, were
used for amplification of 3’ and 5’ UTR regions listed in
Supplementary Table 1 and Supplementary Table 2, respec-
tively. The primer pairs for full-length cDNAs listed in
Supplementary Table 3.

RNA extraction, cDNA synthesis and quantitative
real-time PCR (qRT-PCR) analysis

Total RNA was extracted as indicated above. Two g of
total RNA isolated from samples (S1-S4), as well as from
roots, stems and leaves of seedlings and adult plants (about
8 months after sprouting) were reverse transcribed for the
first-strand cDNA, using M-MLV reverse transcriptase
(Promega, Madison, USA) according to the manufacturer’s
instructions. The gene-specific primer pairs were designed
by online Primerquest software (listed in Supplementary
Table 4). qRT-PCR was performed using the SYBR Premix
Ex Tag™ Kit (TaKaRa Bio Inc.) according to the manu-
facturer’s protocol in an ABI 7500 Real-time system (ABI,
California, USA). Amplification conditions were: 95 °C for
2 min, followed by 40 cycles of amplification (95 °C for
15 s, 60 °C for 1 min) and plate reading after each cycle.
The constitutive expressed gene, D. officinale actin (cloned
by our laboratory; NCBI accession number: JX294908),
was used as the internal control.

Results

Changes to water-soluble polysaccharides and mannose
content during four stem developmental stages

To compare the content of water-soluble polysaccharides,
the roots, stems and leaves of D. officinale from seedlings
and adult plants were used to detect the content of poly-
saccharides. Both seedlings and adult plants had the low-
est content of water-soluble polysaccharides in roots
(about 104.56 mg/g in seedlings and 92.88 mg/g in adult
plants), but had the highest content in stems (about 198.69
and 255.25 mg/g, respectively; Fig. 1). To understand the
global changes in water-soluble polysaccharides in D.
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officinale stems, the content of water-soluble polysaccha-
rides was assessed every month for 24 months. Stems in
the four stages of development showed significant changes
in polysaccharide content (Fig. 2a): lowest in S1, higher in
S2, peaking in S3, and low (equivalent to degradation) in
S4 (Fig. 2b).

In order to determine the monosaccharide composition
of the stems at the four stages, neutral monosaccharide
composition was analyzed by HLPC. Mannose was the
most abundant neutral monosaccharide in the stems of D.
officinale (Fig. 2c). Its content increased gradually during
D. officinale development, corresponding with the changes
in soluble polysaccharides from S1 to S3. However, unlike
soluble polysaccharides, which decreased in S4, mannose
content stayed level at this developmental stage. As is clear
from Fig. 2c, the content of glucose decreased in S4 caus-
ing a decrease in the total content of polysaccharides.

General features of gene expression profiles and KEGG
analysis of DEGs

To identify the genes involved in the biosynthesis of bio-
active polysaccharides, next-generation sequencing-based
digital gene expression tag profiling was conducted to
reveal the molecular events underlying the changes in poly-
saccharides (including mannose) during the four devel-
opmental stages of D. officinale stems (S1-S4). Illumina
sequencing generated 24589704, 34136798, 21003674
and 19779982 raw reads with about 200 bp for S1, S2, S3
and S4, respectively. The sequenced raw reads have been
submitted to the SRA at NCBI with the following acces-
sion numbers: S1, SRR1917040; S2, SRR1917041; S3,
SRR1917042; S4, SRR1917043. The clean reads of the
four digital gene expression libraries, which accounted for
more than 97 % of total reads, were mapped to the D. offic-
inale reference transcriptome sequence database. By using
a stringent value of FDR <0.001, a P value <0.05 and an
absolute value of the log, ratio >1 as the threshold, a total
of 21426 DEGs were identified. Preliminary screening
was used to compare the results between any two digital
gene expression libraries shown in Fig. 3a. The compara-
tive analysis between S1 and S2 libraries showed that 5254
genes were highly expressed in S2 whereas the expression
of 4409 genes was down-regulated. The relatively smaller
changes in gene expression between S2 and S3 revealed
that most genes exhibited a similar expression level in S3
and in S2. The expression pattern of these genes could be
classified into eight groups (Fig. 3b). The genes in cluster
6 were up-regulated at S2 and S3 but decreased at S4, con-
sistent with the changes in polysaccharides.

To gain insight into the metabolic pathways of the
DEGs, the annotated sequences were mapped to the KEGG
database to define the cellular pathways containing these



Plant Mol Biol (2015) 88:219-231

223

Fig. 2 Four stages of D.
officinale stems with different
contents of polysaccharides and
mannose were used to prepare
digital gene expression libraries
for Illumina sequencing. a The
four stages: plant in vegetative
growth with few polysaccha-
rides (stage 1, S1); plant accu-
mulates polysaccharides rapidly
(stage 2, S2); plant develops
into a mature stage with the
highest polysaccharide content
(stage 3, S3); plant begins to die
and the polysaccharide content
decreases rapidly (stage 4, S4).
b Polysaccharide content in the
stems of four stages. Each data
bar represents the mean + SE
(n = 3). ¢ The content of

mannose increased gradually (B)
over the four stages. Each data —_
bar represents the mean + SE ; 500
(n = 3). DW dry weight (@)
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DEGs. In total, 4257 unigenes were assigned to 123 KEGG
pathways, including ‘metabolism’, ‘environmental infor-
mation processing’, ‘genetic information processing’ and
‘cellular processes’. Figure 3c shows the differential genes
in carbohydrate metabolism pathways. Notably, 107 dif-
ferential genes were predicted to be involved in ‘glyco-
lysis/gluconeogenesis’ and 99 genes in ‘starch and sucrose
metabolism’. It was predicted that 66 genes were involved
in ‘amino sugar and nucleotide sugar metabolism’ and 44
genes in ‘fructose and mannose metabolism’, both path-
ways related to nucleotide sugar biosynthesis.

Identifying DoCSLA genes

As indicated above, mannose was the major monosac-
charide in D. officinale stems. Thus, genes involved in the
biosynthetic pathway of mannan polysaccharides are of
interest. Based on the changes in mannose content through-
out the four developmental stages, eight genes encoding
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proteins that catalyze the biosynthesis of mannan polysac-
charides were identified from the DEG database. These
genes were named DoCSLAI-8. Most of these genes
showed significantly different expression patterns among
the four developmental phases, but were consistent with the
changes in mannose content. To further validate transcript
abundance, the genes were used to design gene-specific
primers for qPCR analysis, in triplicate. The expression
of these genes showed that they were up-regulated at S2
or S3 and down-regulated at S4 (Fig. 4), corresponding to
the increase, then lack of change, in mannose content in the
same developmental stages (Fig. 2c). The eight candidate
genes could be divided into two groups based on the highest
relative expression level at S2 (DoCSLA1, DoCSLA2, DoC-
SLA3, DoCSLA4, DoCSLA6 and DoCSLAS) or S3 (DoC-
SLAS and DoCSLA7). A total of eight cDNAs correspond-
ing to these eight DoCSLA genes were obtained and have
been submitted to GenBank with the following accession
numbers: DoCSLAI, KM980199; DoCSLA2, KM980200;
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Fig.3 Analysis of changes in gene expression among different
developmental stages. a The number of differentially expressed genes
(DEGs) was obtained from comparisons of S1 versus S2, S1 versus
S3, S1 versus S4, S2 versus S3, S2 versus S4 and S3 versus S4. b All
DEGs were classified into eight clusters by short time-series expres-
sion miner (STEM, P value < 0.05). ¢ KEGG analysis of the DEGs
related to carbohydrate metabolism pathways

DoCSLA3, KP003920; DoCSLA4, KM980201; DoCSLAS,
KM980202; DoCSLA6, KF195561, DoCSLA7, KP205040;
DoCSLAS, KP205041.

Cloning eight DoCSLA genes and analysis

To further analyze the identified DoCSLA genes, the full
length of the eight genes was obtained by RACE. Homol-
ogy searches indicated that the encoded proteins were
members of the glycosyltransferase superfamily (GT2).
Based on sequence similarities, the plant GT2 superfam-
ily, namely the CesA superfamily, is classified into nine
subfamilies: CesA, CSLA, CSLB, CSLC, CSLD, CSLE,
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Fig.4 qRT-PCR validated the selected genes relative to the bio-
synthesis of mannan polysaccharides. Transcripts were normalized
to actin gene expression. Each data bar represents the mean + SE
(n=3)

CSLF, CSLG, and CSLH (Hazen et al. 2002; Rich-
mond and Somerville 2000). To examine the relationship
between the eight proteins and CesA superfamily num-
bers, the amino acid sequence of Arabidopsis were down-
loaded from NCBI (http://www.ncbi.nlm.nih.gov/) to con-
struct a phylogenetic tree. The eight proteins belonged to
the CSLA family (Fig. 5) and contained the DxD motif
and the D,D,D,QXXRW motif (Figure S1), which is a
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Fig.5 Molecular phylogenetic tree of the amino acid sequences
of the GT2 family of Arabidopsis and eight DoCSLA proteins
from D. officinale. The tree was constructed using MEGA 4 by the
neighbor-joining method. Enzymes used for alignment are as fol-
lows: AtCesAl, AAC39334.1; AtCesA10, AAD20713.1; AtCesA2,
AAC39335.1; AtCesA3, AAC39336.1; AtCesA4, AAO15532.1;
AtCesA5, BAB09408.1; AtCesA6, BAB10307.1; AtCesA7,
AAD32031.1; AtCesA8, AAM20487.1; AtCesA9, AAD20396.1;
AtCSLA1, AA042230.1; AtCSLA10, NP_173818.1; AtCSLAIll,
NP_197123.2; AtCSLA14, NP_191159.2; AtCSLA15, NP_193077.2;

AtCSLA2, BAB11680.1; AtCSLA3, AANI15522.1; AtCSLA7,
AAL24081.1; AtCSLA9, CABS82941.1; AtCSLB2, AAC25944.1;
AtCSLB3, AAL90907.1; AtCSLB4, AAC25936.1; AtCSLBS,
NP_193264.3; AtCSLB6, CAB78574.1; AtCSLC12, AAD15482.1;
AtCSLC4, BABO01433.1; AtCSLC5, CAB79877.1; AtCSLC6,
AAF02144.1; AtCSLC8, AAD23884.1; AtCSLDI1, AAC04910.1;

AtCSLD2, CACO01704.1; AtCSLD3, AAF26119.1; AtCSLDA4,
CAB37559.1; AtCSLDS, AAF02892.1; AtCSLEl, AAF79313.1;
AtCSLG1, AAB63622.1; AtCSLG2, AAMZ20086.1; AtCSLG3,
NP_194130.2
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Fig. 6 gRT-PCR analyzed the expression of DoCSLA genes in differ-
ent organs of D. officinale. a Roots, stems and leaves from seedlings,
which were cultured on half-strength MS about 10 months after ger-
mination. b Roots, stems, leaves from adult plants, about 8 months

characteristic motif of the CesA superfamily (Goubet et al.
2003; Lerouxel et al. 2006).

Expression pattern of the DoCSLA genes in different
organs

Based on the understanding that D. officinale stems are
the principal vessel for the storage of polysaccharides, the
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after sprouting, were maintained in pots cultivated in a greenhouse.
R roots, S stems, L leaves. Each data bar represents the mean £+ SE
(n=3)

roots, stems and leaves from D. officinale seedlings and
adult plants were used to determine the relative expression
level of the eight DoCSLA genes by qRT-PCR. All eight
DoCSLA genes were expressed in all three organs. How-
ever, the transcripts of many DoCSLA genes displayed tis-
sue-specific abundance patterns. For example, DoCSLA3,
DoCSLA4, DoCSLA6, DoCSLA7 and DoCSLAS showed
high expression in the stems of both stages. The transcripts
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of the DoCSLA2 gene were most abundant in leaves while
those of DoCSLAI were most abundant in roots in both
stages (Fig. 6). To determine the relationship between gene
expression and mannose content, the D. officinale seed-
lings with a low content of water-soluble polysaccharides
in stems were used to determine the contents of mannose
and glucose. Mannose was the main monosaccharide in
the stems of D. officinale seedlings and showed the highest
content in stems (Fig. 7).

Response of DoCSLA genes to PEG and salt stress

Previous studies demonstrated that polysaccharides from
higher plants have antioxidant activities (Tsai et al. 2007,
Zhao et al. 2012). To check the expression pattern of DoC-
SLA genes in an abiotic stress environment, qRT-PCR
was used to detect the expression level in PEG and salin-
ity (NaCl) stress treatments (Fig. 8). Most of the DoC-
SLA genes were inducible by PEG and salt stress, which
indicates that DoCSLA genes may play an important role
in stress tolerance in D. officinale. More specifically, six
genes (DoCSLA1, DoCSLA2, DoCSLAS, DoCSLA6, DoC-
SLA7 and DoCSLAS8) were induced by salinity and strongly
induced by PEG. Conversely, DoCSLA3 was strongly
induced by salinity, but down-regulated by PEG. In con-
trast to these observations, DoCSLA4 was down-regulated
in both PEG and salt stress.

Discussion

Mannan polysaccharides are abundant in D. officinale
stems

D. officinale, an important traditional Chinese herb, has an
abundance of polysaccharides that are useful for human
health. Among them, mannan polysaccharides are promis-
ing polysaccharides for biopharmaceutical purposes. The
family of mannan polysaccharides is the most widespread
among higher plants, for example, present in Arabidopsis
inflorescence stems and leaves (Handford et al. 2003), in
the seed endosperms of fenugreek (Wang et al. 2012b),
even in poplar (Populus trichocarpa) stem tissues (Wang
et al. 2012a). Mannan polysaccharides isolated from many
higher plants are classified into four subfamilies: pure
mannan, glucomannan, galactomannan, and galactoglu-
comanan (Buckeridge 2010; Moreira and Filho 2008, Pet-
kowicz et al. 2001). A glucomannan polysaccharide from
the stems of Dendrobium huoshanense could activate
murine splenocytes to produce several cytokines (Hsieh
et al. 2008). A glucomannan (DOP-1-A1) has a backbone
of (I — 4)-linked B-p-mannopyranosyl residues and p-p-
glucopyranosyl residues was isolated from D. officinale

(Hua et al. 2004). In recent years, the other O-acetyl-glu-
comannan from D. officinale was described by Xing et al.
(2014, 2015). In the present study, polysaccharides accu-
mulated in D. officinale stems at both the juvenile and adult
stages. These polysaccharides were mainly composed of a
monosaccharide, mannose. Our results suggest that mannan
polysaccharides are abundant in the stems of D. officinale.
Polysaccharides in the stems of D. officinale may serve as
a form of energy storage for providing energy for flower-
ing and sprouting. Several monocotyledonous species pro-
duced storage mannan polysaccharides that are located in
non-reproductive organs. Three examples include Lilium
testaceum, which produces large quantities of storage
B-1,4-glucomannan in bulbs (Wozniewski et al. 1992), aloe
vera (Aloe barbadensis Miller), which stores a mannan pol-
ysaccharide within the protoplast of parenchymatous cells
(Femenia et al. 1999), or a member of another Orchidaceae
genus, Oncidium (cv. Gower Ramsey), in which pure man-
nan—that is stored in the pseudobulbs—is considered to
be a reserve polysaccharide for florescence development
(Wang et al. 2008).

All these studies provide biochemical insight into under-
standing the genes related to the synthesis of polysaccha-
rides in D. officinale. Together with data of the four devel-
opmental stages, eight candidate genes involved in the
biosynthesis of mannan polysaccharides were identified in
this study.

DoCSLA genes are members of the CSLA family

The CSL genes, which belong to the CesA superfamily,
encode enzymes that polymerize the backbones of p-linked
non-cellulosic polysaccharides (Sandhu et al. 2009). The
CSLA family members are located in the Golgi membrane
(Davis et al. 2010; Goubet et al. 2003) and are involved
in the synthesis of mannan polysaccharides. Not all of
nine CSLA genes in Arabidopsis have been demonstrated
to encode mannan synthases, only ArCSLA2, AtrCSLA3,
AtCSLA7 and AtCSLA9 have been demonstrated to make
(gluco)mannan polysaccharides (Dhugga 2012; Sandhu
et al. 2009). AtCSLA2 incorporated GDP-mannose into
a B-mannan or glucomannan and also incorporated GDP-
glucose into a glucomannan (De Caroli et al. 2014; Liep-
man et al. 2005). AtCSLA2 was found to synthesize glu-
comannan in stems and was involved in the biosynthesis of
mucilage glucomannan in the seed coat, which is related to
maintenance of the normal structure of the adherent muci-
lage layer (Goubet et al. 2009; Yu et al. 2014). AtCSLA3
was responsible for the synthesis of glucomannan in Arabi-
dopsis stems (Goubet et al. 2009). AtCSLA7 used GDP-
mannose as a substrate for the biosynthesis of f-mannan
or glucomannan but not GDP-glucose and the product
was located in embryos, influencing the progression of
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embryogenesis (Goubet et al. 2003, 2009; Liepman et al.
2005). AtCSLA9 exhibited properties similar to AtCSLA2
and catalyzed the biosynthesis of B-mannan or glucoman-
nan (Goubet et al. 2009; Liepman et al. 2005). CSLA genes
in other species have been identified and all exhibit the
function of P-mannan synthase. For example, the CSLA
gene from guar (Cyamopsis tetragonolobus) and AkKCSLA3
from corm (Amorphophallus konjac) encode a f-mannan
synthase in vitro (Dhugga et al. 2004; Gille et al. 2011).
The eight DoCSLA genes are members of the CSLA fam-
ily of the CesA superfamily belonging to the glycosyltrans-
ferases 2 (GT2) family (Cantarel et al. 2009). Glycosyl-
transferases are enzymes that catalyze the formation of the
glycosidic linkage to form a glycoside by utilizing ‘acti-
vated’ sugar (nucleotide sugar) as glycosyl donors (Lairson
et al. 2008). The eight CSLA proteins were likely to have
the same catalytic function as the other members of the
CSLA family.

Each of the eight DoCSLA members contained DAD
motifs and the D,D,D,QXXRW motif, both of which are
conserved in all CSLA members (Lerouxel et al. 20006).
The DAD residues among the D,D,D,QXXRW motif are
thought to be important in the coordination of a divalent
metal ion that is required for binding of the nucleotide sugar
(Breton and Imberty 1999; Breton et al. 2006). Nucleotide
sugars, the activated forms of monosaccharides, serve as
a sugar donor by providing sugar for glycosyltransferases
involved in polysaccharide biosynthetic pathways (Reyes
and Orellana 2008). A D,D,D,QXXRW motif has been pro-
posed to define the nucleotide sugar-binding domain and
the catalytic site of the CesA superfamily enzymes (Rich-
mond and Somerville 2000). The D,D,D,QXXRW motif,
which is conserved in B-glycosyltransferases, has been
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Fig. 8 Analysis of the expression pattern of DoCSLA genes by qRT-
PCR after D. officinale seedlings were subjected to PEG and salt
treatments. The control was seedlings treated with distilled water.
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proposed to be involved in their catalytic activity and pro-
cessivity (Saxena and Brown 1995).

Expression patterns of DoCSLA genes and responses
to abiotic stresses

Based on the accumulation of polysaccharides and man-
nose in stems, eight genes predicted to encode mannan syn-
thases were identified. These genes showed high expression
at S2 or S3, which corresponded to the rapid accumulation
or the peak of polysaccharides, respectively. Mannose was
the most abundant neutral monosaccharide in the stems
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and leaves of D. officinale, but was the highest in stems
(Figs. 2c, 7). Interestingly, DoCSLA3, DoCSLA4, DoC-
SLA6, DoCSLA7 and DoCSLAS8 genes showed high expres-
sion in the stems of D. officinale seedlings and adult plants
with a perfect correlation with mannose content. DoCSLA6
showed high homology to the AtCSLA9 gene and was
highly expressed in stems. These results suggest that these
genes are related to the biosynthesis of mannan polysac-
charides in D. officinale.

Most of the D. officinale DoCSLA genes were up-regu-
lated in the PEG and salt stress treatments, suggesting that
they play important roles in the regulation associated with
abiotic stress responses. Abiotic stresses induce the over-
production of reactive oxygen species (ROS) in plants, and
ROS cause wide-scale damage to proteins, lipids, DNA and
carbohydrates (Gill and Tuteja 2010). Evidence exists that
polysaccharides act as a reducing agent and scavenge ROS
(Duan and Kasper 2011; Fry et al. 2001). By scavenging
ROS induced by abiotic stresses, Dendrobium polysaccha-
rides, which have antioxidant activity (Fan et al. 2009; Luo
et al. 2010), may be able to enhance resistance. Moreover,
mannan polysaccharides located in the cell wall may help
to maintain cell wall integrity and thus minimize cellular
damage during abiotic stress.

Both salt and water stress reduce the ability of plants to
take up water from soil (Munns 2002; Munns and Tester
2008). Plants accumulate compatible solutes, included pro-
line, glycine betaine, polyols and sugars to reduce the cell
water potential and absorb water (Parida and Das 2005).
Some carbohydrates serve as solutes and are involved in
osmotic adjustment in plants. Kerepesi and Galiba (2000)
found that tolerant wheat (Triticum aestivum L.) geno-
types accumulated more soluble carbohydrate than sen-
sitive ones and suggested soluble carbohydrates as mark-
ers for selecting drought- or salt-tolerant plants. Water or
salinity stress induces the accumulation of soluble sugars
in many plant species, such as in Oryza sativa L. (Dubey
and Singh 2006; Aquino et al. 2011), Lupinus angustifolius
(Comino et al. 1997) and even a halophytic seagrass, Rup-
pia maritima L. (Aquino et al. 2011). Water deficit caused
by PEG and salt stress may also be a signal that can trigger
responsive gene expression to modulate plants to adapt to
such adverse environments. The DoCSLA genes, induced
by such factors, synthesized polysaccharides involved in
osmotic adjustment. Moreover, the soluble carbohydrates
that accumulated during osmotic adjustment may be spe-
cies-specific. The concentration of sulfated polysaccharides
was positively correlated with salinity in R. maritima: salt
stress did not induce the biosynthesis of sulfated polysac-
charides but increased the concentration of carboxylated
polysaccharides in O. sativa (Aquino et al. 2011). D. offici-
nale is a plant that accumulates mannan polysaccharides to
deal with water deficit.

In conclusion, D. officinale is an important traditional
Chinese herb whose stems are abundant in polysaccha-
rides. These polysaccharides are composed of mannose
and glucose. This study paves the way for the search for
genes involved in the biosynthesis of bioactive polysaccha-
rides. Digital gene expression analysis provided compre-
hensive information on gene expression and is an effective
approach to identify candidate DoCSLA genes and other
genes involved in the biosynthesis of bioactive polysaccha-
rides. DoCSLA genes could also be used to investigate the
relationship with mannan polysaccharides.
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