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ABSTRACT
Sucrose is the primary form of photosynthetically produced carbohydrates transported
long distance inmany plant species and substantially affects plant growth, development
and physiology. Sucrose transporters (SUTs or SUCs) are a group ofmembrane proteins
that play vital roles in mediating sucrose allocation within cells and at the whole-plant
level. In this study, we investigated the relationships among SUTs in 24 representative
plant species and performed an analysis of SUT genes in three sequenced Orchidaceae
species:Dendrobium officinale,Phalaenopsis equestris, andApostasia shenzhenica. All the
SUTs from the 24 plant species were classified into three groups and five subgroups,
subgroups A, B1, B2.1, B2.2, and C, based on their evolutionary relationships. A
total of 22 SUT genes were identified among Orchidaceae species, among which D.
officinale had 8 genes (DoSUT01-08), P. equestris had eight genes (PeqSUT01-08) and
A. shenzhenica had 6 genes (AsSUT01-06). For the 22 OrchidaceaeSUTs, subgroups
A, B2.2 and C contained three genes, whereas the SUT genes were found to have
significantly expanded in the monocot-specific subgroup B2.1, which contained 12
genes. To understand sucrose partitioning and the functions of sucrose transporters in
Orchidaceae species, we analyzed the water-soluble sugar content and performed RNA
sequencing of different tissues ofD. officinale, including leaves, stems, flowers and roots.
The results showed that although the total content of water-soluble polysaccharides
was highest in the stems of D. officinale, the sucrose content was highest in the flowers.
Moreover, gene expression analysis showed that most of the DoSUTs were expressed
in the flowers, among which DoSUT01,DoSUT07 and DoSUT06 had significantly
increased expression levels. These results indicated that stems are used as the main
storage sinks for photosynthetically produced sugar in D. officinale and that DoSUTs
mainly function in the cellular machinery and development of floral organs. Our
findings provide valuable information on sucrose partitioning and the evolution and
functions of SUT genes in Orchidaceae and other species.
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INTRODUCTION
Photoassimilated carbohydrates are produced by autotrophic source tissues such as leaves
and are translocated to heterotrophic sink tissues such as roots, stems, flowers and seeds.
Sucrose is the major transported form of photosynthetically produced sugar in many plant
species due to its nonreducing nature and insensitivity to degradation (Lemoine, 2000).
Long-distance sucrose transport in the phloem requires transmembrane transport. Sucrose
transporters (SUTs or SUCs) play vital roles in transmembrane transport during phloem
loading and unloading as well as in sucrose allocation within plants and between pathogens
and beneficial symbionts (Kühn & Grof, 2010).

Plant sucrose transporters are members of the major facilitator superfamily (MFS),
which typically have 12 transmembrane (TM) domains divided into two regions by a
hydrophilic cytoplasmic loop (Lalonde, Wipf & Frommer, 2004; Bush, 1993). All of the
transporters in the SUT/SUC family studied to date are sucrose/H+ symporters, including
vacuolar SUTs. The first plant SUT gene, SoSUT1, was isolated from spinach using a yeast
complementation system (Riesmeier, Willmitzer & Frommer, 1992). With the increasing
availability of plant genomes and molecular information, a growing number of SUT s
have been identified in many plant species, including both monocot and dicot species,
such as Arabidopsis (Weise et al., 2000), rice (Aoki et al., 2003), Populus (Hackel et al., 2006;
Payyavula et al., 2011), wheat (Deol et al., 2013), maize (Usha, 2015), pear (Zhang et al.,
2013), cacao (Li et al., 2014), tomato (Reuscher et al., 2014), cotton (Li et al., 2018) and
various species considered weeds (Misra et al., 2019). However, these genes are absent in
the unicellular chlorophyte algaChlamydomonas reinhardtii and inVolvox carteri (Reinders,
Sivitz & Ward, 2012).

According to the genomes of grasses, SUT genes were originally classified into five
groups: SUT1-SUT5 (Kühn & Grof, 2010; Braun & Barker, 2009; Lalonde & Frommer,
2012). The SUT1 clade is dicot specific, with members expressed in the plasma membrane
of sieve elements or companion cells (Weise et al., 2000; Stadler et al., 1995; Baker et al.,
2016). SUT2 and SUT4 encompass members from both dicot and monocot plants, whereas
both SUT3 and SUT5 groups are monocot specific. SUT2 transporters are mainly expressed
in the plasma membrane of SEs and are found in vegetative sink organs (Barth, Meyer &
Sauer, 2003;Meyer et al., 2004). All members of the SUT4 clade are proposed to be vacuolar
SUTs (Endler et al., 2006; Chincinska et al., 2008). Recently, researchers have divided SUT
s into two subfamilies (Ancient Group 1 and Ancient Group 2) and three types (type I,
type II and type III) (Reinders, Sivitz & Ward, 2012; Peng et al., 2014). SUT family genes
play essential roles in phloem loading and unloading, pollen development, fruit ripening,
ethylene biosynthesis and seed development and germination in many plant species
(Payyavula et al., 2011; Usha, 2015; Chincinska et al., 2008; Sivitz, Reinders & Ward, 2008;
Srivastava et al., 2009a). In addition, SUT genes are involved in various physiological
processes and sucrose exchange between plants and symbionts, pathogens and fungi (Kühn
& Grof, 2010; Doidy et al., 2012; Wittek et al., 2017). For example, in Arabidopsis, AtSUC5
is predominantly expressed in the seeds. AtSUC1 is expressed in seedlings, where it is
necessary for normal anthocyanin accumulation. AtSUC1 is also expressed in pollen and
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required for normal pollen function. AtSUC9 appears to be required for normal floral
transition (Sivitz et al., 2007; Sivitz, Reinders & Ward, 2008), and OsSUT2 is expressed in
the seeds and is involved in the germination of embryos (Siao et al., 2011; Eom et al., 2016).
The activity and expression of sucrose transporters are regulated by genetic, molecular and
physiological factors.

Orchidaceae is one of the largest families in angiosperms, with more than 25,000 species
and 880 genera, representing ∼10% of flowering plants (Sharma & Mukai, 2015). Many
of them are economically important due to their unique ornamental and medicinal value.
Moreover, orchids are model systems for elucidating floral evolution in angiosperms
and symbiotic activities between plants and fungi (Hsiao et al., 2011; Zhang et al., 2017).
To date, the genomes of three Orchidaceae species, Dendrobium officinale, Phalaenopsis
equestris, and Apostasia shenzhenica, have been sequenced and published, which has greatly
promoted the understanding of the genetics and genomics of orchids (Zhang et al., 2016;
Zhang et al., 2017; Yan et al., 2015). However, the roles of sucrose transporters in orchids
are still unknown. In the present study, we performed genome-wide identification and
characterization of the members of the SUT gene families in three sequenced Orchidaceae
species. Transcriptome sequencing and water-soluble sugar content analysis were also
conducted in D. officinale. Our findings provide insight into the evolution, expression, and
functions of SUT genes in Orchidaceae.

MATERIAL AND METHODS
Identification and characterization of SUT proteins in Orchidaceae
The genome, gene and corresponding protein sequences of three sequenced Orchidaceae
species, D. officinale (Zhang et al., 2016; Yan et al., 2015), P. equestris (Cai et al., 2014),
and A. shenzhenica (Zhang et al., 2017), were downloaded from NCBI (https://www.ncbi.
nlm.nih.gov/assembly/GCF_001605985.2/) and OrchidBase (http://orchidbase.itps.ncku.
edu.tw/est/home2012.aspx). All members of the SUT family contain the GPH_sucrose
(TIGR01301) domain, the seed sequence of which was downloaded from the TIGRFAMS
database (http://tigrfams.jcvi.org/cgi-bin/index.cgi). ClustalW (Thompson, Gibson &
Higgins, 2003) was used for sequence alignment, and a hidden Markov model (HMM)
(Eddy, 1998) was constructed for SUT proteins. The HMMER program was used to
search for SUT proteins among all D. officinale, P. equestris, and A. shenzhenica proteins,
with a cutoff E-value of 1e −4, using the HMM as a query. If the location of two SUT
genes in the genome was less than 10 kb part, they were considered homologous genes
generated by fragment duplication; if not, they were considered homologous genes
generated by genome-wide duplication. After a comprehensive check, the candidate
proteins that contained only fragmented SUT domains were eliminated. The ProtParam
(http://web.expasy.org/protparam/) website was used to determine the molecular weight
of each gene, and the theoretical isoelectric point (pI) of each protein was also predicted.

Phylogenetic analysis of SUT proteins
The amino acid sequences of SUT proteins identified in three Orchidaceae species
(A. shenzhenica, D. officinale, P. equestris) and 21 other species were used in a phylogenetic
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analysis that included algae, moss, lycophytes, and angiosperms: Chlamydomonas
reinhardtii (Cre),Volvox carteri (Vca),Physcomitrella patens (Ppa), Selaginella moellendorffii
(Smo), Aquilegia coerulea (Aco), Picea abies (Pab), Brachypodium distachyon (Bdi), Oryza
sativa (Osa), Zea mays (Zma), Vitis vinifera (Vvi), Eucalyptus grandis (Egr), Malus
domestica (Mdo),Carica papaya (Cpa),Cucumis sativa (Csa),Daucus carota (Dca), Solanum
lycopersicum (Sly), Asparagus officinalis (Aof ), Populus trichocarpa (Ptr), Arabidopsis
thaliana (AT ), Glycine max (Gma), and Theobroma cacao (Tca). The protein sequences
were downloaded from the Pfamdatabase (https://phytozome.jgi.doe.gov/) and Phytozome
database (https://phytozome.jgi. doe.gov/). MEGA 6 (V6.0, Tokyo Metropolitan
University, Tokyo, Japan) was used to systematically analyze the protein sequences of
the SUTs. First, CLUSX2 in MEGA 6 was used for multiple sequence alignment, and then
the maximum likelihood (ML) method with the Jones-Taylor-Thornton (JTT) model was
used to construct a phylogenetic tree. Moreover, 1,000 bootstrap replicates and a partial
deletion with a site coverage cutoff of 70% were used for gap treatment. The phylogenetic
trees were visualized using FigTree v1.4.2 (http://tree.bio.ed. ac.uk/software/figtree/).

Gene structure and motif analyses
The Gene Structure Display Server tool (http://gsds.cbi.pku.edu.cn/; v2.0) was used to
analyze the gene structure of all the SUTs identified in D. officinale, P. equestris, and
A. shenzhenica. MEME software (http://meme.nbcr.net/meme; v4.11.0) was then used to
search for motifs in SUT proteins, with motif window lengths from 10 to 100 bp; the
maximum number of motifs was set at 20, and motifs present in at least three SUT proteins
were identified as true motifs.

Analysis of SUT gene expression in different tissues of D. officinale
First, we performed RNA-seq on different tissues of D. officinale. Three-year-old
D. officinale plants were grown in glasshouses at the Mulberry Field Station of Zhejiang
Academy of Agriculture Science (Hangzhou, China). Four different tissues—roots, stems,
leaves and flowers—were collected, frozen in liquid nitrogen, and then stored at −80 ◦C
until use. Each tissue was sampled three independent times. Total RNA was extracted
using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions. The library preparations were sequenced on an Illumina HiSeq 2000 platform
(Illumina, Inc; San Diego, CA, U.S.), and 150 bp paired-end reads were generated for
the 12 samples. Then, the expression profiles of all the Dendrobium genes were obtained
via fragments per kilobase of exon per million fragments mapped (FPKM) values using
Cufflinks software (http://cole-trapnell-lab.github.io/cufflink; v2.2.1) under the guidance
of annotated gene models with a GFF file. The SUT gene expression profile from each
sample was analyzed using the HemI program (http://hemi.biocuckoo.org/) with the
average hierarchical clustering method.

Determination of the total water-soluble polysaccharide content
Three-year-old D. officinale plants were grown in glasshouses at the Mulberry Field
Station of Zhejiang Academy of Agriculture Science (Hangzhou, China). Four D. officinale
tissues—roots, stems, leaves and flowers (three replicates for each tissue)—were collected
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and dried in an oven at 105 ◦C until a constant weight was achieved. The 12 samples
were independently ground into fine powders by a mixing mill (MM 400, Retsch). Total
polysaccharides were extracted using the water extraction and alcohol precipitation
methods, and the content of total polysaccharides was measured using the phenol-sulfuric
acid method.

Total polysaccharide extraction: Approximately 0.05 g of each sample was weighed,
added to one mL of water, and fully homogenized. Each sample was then extracted in
a water bath at 100 ◦C for 2 h and subsequently centrifuged at 10000× g for 10 min
after cooling, and the supernatant was removed. Then, 0.2 mL of the supernatant was
collected, and 0.8 mL of anhydrous ethanol was slowly added. After mixing, the mixture
was stored overnight at 4 ◦C. After centrifugation at 10,000 g for 10 min, the supernatant
was discarded, and one mL of water was added to the precipitate, after which the mixture
was thoroughly mixed and dissolved.

To calculate the total polysaccharide content, the microplate reader was preheated for
more than 30 min, and the wavelength was adjusted to 490 nm. Two hundred microliters
of the supernatant was extracted, and 100 µL of the reagent and 0.5 mL of concentrated
sulfuric acid were added. After the contents of the wells were mixed together, the mixtures
were incubated in a 90 ◦C water for 20 min. A 200 µL mixture was extracted and added
to an enzyme-labeled plate, and the absorbance value (A) was determined at 490 nm.
Glucose was used as a reference. The regression equation under standard conditions was
y = 7.981x−0.0037, R2 = 0.9973; were, x represents the glucose content (mg/mL), and y
represents the absorbance value. The total polysaccharide content (µg/g dry weight) was
calculated as (A+0.0037)÷7. 981×V1÷V 2×V3÷W×1000= 626.49×(A + 0.0037)÷W.
Here, V1 is the redissolved volume after alcohol precipitation (one mL); V2 is the volume
of alcohol precipitation (0.2 mL); V3 is the volume of water added during extraction (one
mL); W is the sample weight (g); and 1000 is the conversion coefficient for milligrams to
micrograms.

Determination of the sucrose content
After drying, the 12 samples were ground into a fine powder independently with a
mixing mill (MM 400; Retsch). Twenty milligrams of powder was diluted in 500 µL of a
methanol:isopropanol:water (3:3:2 v/v/v) solution. The extract was centrifuged at 14,000
rpm at 4 ◦C for 3 min. Fifty microliters of the supernatant and an internal standard
(Shanghai ZZBIO Co., Ltd.) were subsequently mixed together, evaporated under a stream
of nitrogen gas, and then transferred to a lyophilizer for freeze drying. The residue was
subjected to further derivatization. A sample of small-molecule carbohydrates and a 100 µL
solution ofmethoxyamine hydrochloride in pyridine (15mg/mL)were thenmixed together.
The mixture was incubated at 37 ◦C for 2 h. Then, 100 µL of BSTFA was added to the
mixture and incubated at 37 ◦ C for 30 min after vortexing. The mixture was subsequently
diluted and analyzed via GC-MS/MS according to the methods of Gómez-González et al.
(2010) and Sun et al. (2016), with modifications. An Agilent 7890B gas chromatograph
coupled to a 7000D mass spectrometer equipped with a DB-5 MS column (30 m length
×0.25 mm i.d. ×0.25 µm film thickness, J&W Scientific, USA) was used for GC-MS/MS
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analysis of the sugars. Helium was used as the carrier gas at a flow rate of one mL/min.
The injections were made in split mode at a ratio of 3:1, and the injection volume was 3
µL. The oven temperature was set at 170 ◦C for 2 min, raised to 240 ◦C at 10 ◦ C/min,
raised to 280 ◦C at 5 ◦C/min, raised to 310 ◦C at 25 ◦C/min and then held for 4 min. All the
samples were analyzed in selective ion monitoring mode. The injector inlet and transfer
line temperatures were 250 ◦C and 240 ◦C, respectively.

RNA extraction and qRT-PCR analyses
Total RNA was extracted from three D. officinale tissues, flowers, stems and leaves,
using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions. DNase I was used to purify potential contaminated genomic DNA. The
quality of total RNA was checked with 1% denaturing agarose gels and a NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific, Beijing, China). First-strand cDNA
synthesis was performed with PrimeScript reverse transcriptase (TaKaRa Biotechnology,
Dalian, China), with RNA used as the template. Gene-specific primers were designed with
the Primer Premier 5.0 program (Table S3). The DnActin (comp205612_c0) gene was used
as an internal standard for normalizing the gene expression data (Chen et al., 2017). The
expression levels of DoSUTs were analyzed via a qRT-PCR assay, which was completed
with a SYBR Green qPCR kit (TaKaRa Biotechnology, Dalian, China) and a Stratagene
Mx3000P thermocycler (Agilent, Santa Clara, CA, USA). The PCR program was as follows:
95 ◦C for 10 min, followed by 40 cycles of 95 ◦C for 15 s and 60 ◦C for 60 s. The relative
SUT gene expression levels were calculated with the 2−11Ct method (Livak & Schmittgen,
2001). The analysis included three biological replicates, each with three technical replicates
(Table S4). The expression levels in the different tissues were visualized with a histogram
using the average values.

Statistical analysis
Statistical analysis was performed to calculate the average values and standard errors of
three replicates. SPSS software (v. 16.0) was used to determine the significant differences
in sugar content among the different tissues using one-way ANOVA and post hoc analysis.
P value = 0.05 indicates a significant difference and is represented by an asterisk (*) in
the figures; p value = 0.01 indicates a very significant difference and is represented by two
asterisks (**).

RESULTS
Genome-wide identification of SUT genes in Orchidaceae species
To understand the potential roles of SUTs in orchids, three sequenced Orchidaceae species,
D. officinale, P. equestris, and A. shenzhenica, were used for genome-wide identification
and characterization of SUT genes. The HHM profile of the SUT proteins was used as a
query to perform an HMMER search against the genome assemblies of the three species.
Bioinformatics analysis identified a total of 22 SUT s with different serial numbers from the
three species, which were designated ‘DoSUT ’ for D. officinale, ‘PeqSUT ’ for P. equestris,
and ‘AsSUT ’ for A. shenzhenica (Table 1, Table S1). Among them, D. officinale had eight
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Table 1 Physical andmolecular characteristics of SUT genes in A. shenzhenica,D. officinale, and P. equestris.

Gene name Scaffold location (bp) Subgroup Length
(bp)

Size
(aa)

MW
(kDa)

pI Exon Intron

AsSUT01 1215667 1232090 A 16423 458 49879.49 7.5 12 11
AsSUT02 644564 658003 C 13439 532 56556.26 9.6 5 4
AsSUT03 1021836 1041725 B2.2 19889 589 64293.55 5.39 13 12
AsSUT04 328657 335790 B2.1 7133 488 51878.16 8.85 13 12
AsSUT05 534128 538346 B2.1 4218 477 51224.4 9.05 14 13
AsSUT06 314008 320943 B2.1 6935 499 52812.97 8.36 14 13
DoSUT01 1939695 1953824 A 14147 716 78785.55 8.55 13 12
DoSUT02 11559848 11579293 B2.2 19445 571 62989.08 4.95 14 13
DoSUT03 83114 90826 C 7712 216 22730.49 10.12 5 4
DoSUT04 74903 90826 C 7712 216 22730.49 10.12 5 4
DoSUT05 10800848 10810268 B2.1 9420 984 106898.82 8.93 14 13
DoSUT06 3505256 3512511 B2.1 7255 177 18812.02 8.79 4 3
DoSUT07 29089 32887 B2.1 3798 492 52983.52 9.06 14 13
DoSUT08 397815 406603 B2.1 8788 470 50102.76 8.38 14 13
PeqSUT01 247532 268499 A 20967 461 50349.07 7.51 13 12
PeqSUT02 14129 22513 B2.1 8384 240 26208.15 9.3 8 7
PeqSUT03 3166955 3194083 B2.2 27128 611 65924.14 6.19 14 13
PeqSUT04 2062452 2066080 B2.1 3628 499 53546.81 8.32 14 13
PeqSUT05 58510 76466 B2.1 17956 500 53040.17 8.24 14 13
PeqSUT06 523303 531370 B2.1 8067 492 52933.39 9.11 14 13
PeqSUT07 659976 662642 B2.1 2666 489 52440.8 9.17 12 11
PeqSUT08 10082423 10107132 C 24709 413 43952.87 9.02 7 6

genes (DoSUT01-08), P. equestris had eight genes (PeqSUT01-08) and A. shenzhenica had
six genes (AsSUT01-06). These results agree with those of previous reports that plant
sucrose transporters are encoded by relatively small gene families.

According to the phylogenetic tree, the 22 SUT genes from the three orchids could
be classified into four subgroups: subgroups A, B2.1, B2.2 and C (Fig. 1, Table 1).
Subgroup A included three genes: DoSUT01, PeqSUT01 and AsSUT01. There were four
genes in subgroup C (DoSUT03, DoSUT04, PeqSUT08 and AsSUT02) and three genes
in subgroup B2.2 (DoSUT02, PeqSUT03 and AsSUT03). However, the SUT genes had
significantly expanded in the monocot-specific subgroup B2.1, which comprised 12 genes.
Phylogenetically, the sucrose transporters inD. officinale were more closely related to those
in P. equestris than to those in A. shenzhenica.

The molecular weights of the SUTs ranged from 18.81 to 106.90 kDa, with pI values
ranging from 4.95 to 10.12.Most of these genes were∼500 aa or∼600 aa in length, with 11–
13 introns and 12–14 exons, whereas there were several genes with only 4–5 introns/exons.
These findings are consistent with the findings of the present study. Detailed information
on the SUT genes, including their name, encoded protein, CDS length, molecular weight
and PI value, is shown in Table 1.
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Figure 1 Phylogenetic analysis of SUT gene families from 24 representative plant species. The phy-
logenetic tree was constructed using MEGA 6.0 with the maximum likelihood (ML) method and 1,000
bootstrap replicates. All SUT sequences were grouped into three groups and five subgroups (A, B1, B2.1,
B2.2, and C). Green, blue, and yellow green shades indicate groups A, B, and C, respectively. The gene
code prefixes are as follows: Chlamydomonas reinhardtii (Cre), Volvox carteri (Vca), Physcomitrella patens
(Ppa), Selaginella moellendorffii (Smo), Aquilegia coerulea (Aco), Picea abies (Pab), A. shenzhennica (Apo),
D. officinale (Den), P. equestris (Peq), Brachypodium distachyon (Bdi), Oryza sativa (Osa), Zea mays (Zma),
Vitis vinifera (Vvi), Eucalyptus grandis (Egr),Malus domestica (Mdo), Carica papaya (Cpa), Cucumis sativa
(Csa), Daucus carota (Dca), Solanum lycopersicum (Sly), Asparagus officinalis (Aof ), Populus trichocarpa
(Ptr), Arabiqopsis thaliana (AT ), Glycine max (Gma), and Theobroma cacao (Tca). Individual species are
distinguished by circle, triangle, square, or rhombus in different colors.

Full-size DOI: 10.7717/peerj.11961/fig-1

Phylogenetic relationships of SUT proteins in major plant species
In the present study, the evolution of SUT gene families among the representative plant
species was systematically investigated. A phylogenetic tree comprising 24 plant species
was constructed, including green algae, mosses, lycophytes, gymnosperms, monocots and
dicots. The SUT domain sequence and neighbor-joining method were used to construct
the phylogenetic tree, with 1,000 bootstrap replicates. In this study, the SUT genes of
several eukaryotic chlorophytes clustered on a unique branch, which was defined as an
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outgroup. All SUTs were classified into three groups and five subgroups—A, B1, B2.1,
B2.2, and C (Fig. 1). Group A contained at least one member from mosses, lycophytes
and angiosperms, including both monocots and dicots. Group B was the largest group
and was divided into three subgroups; subgroup B1 comprised SUTs exclusively from
dicot species, corresponding to the SUT1 clade (Lalonde & Frommer, 2012). Subgroup
B2.2 contained SUTs from both monocot and dicot species that were also present in the
SUT2 group (Lalonde & Frommer, 2012). Subgroup B2.1 was amonocot-specific expansion
clade containing SUT3 and SUT5, as reported by Kühn & Grof (2010). Group C contained
SUTs from mosses, lycophytes and angiosperms, including both monocots and dicots,
corresponding to the SUT4 clade (Lalonde & Frommer, 2012). Type I SUTs have typically
been proposed to be specific to eudicots. Notably, no orchid SUTs were found in clade B1;
however, they were found in both clades B2.1 and B2.2.

Sucrose transporters have been identified in lower terrestrial plants, including
both lycophytes and mosses, with six SUTs in Selaginella lepidophylla and 7 SUTs in
Physcomitrella patens. There were 6-10 SUT genes in monocot species such as rice (six
genes), maize (10 genes) and sorghum (eight genes). In contrast, in another monocot
species, Ananas comosus, only three SUTs were identified. For most dicot species, 4-9 SUTs
were identified. These results revealed that the number of sucrose transporters remained
largely stable during the evolution from lower plants to terrestrial plants. However, the
SUTs expanded in several species, such as Triticum aestivum (18 genes) and Glycine max
(14 genes), which may be the result of whole-genome polyploidization. The SUT s of
some monocot species expanded in subgroup B2.1; for example, there were five ZmaSUT
s in subgroup B2.1, whereas 3 ZmaSUT s were identified in subgroup A, and only one
was identified in subgroups B2.2 and C. Likewise, the SUTs from dicot species, such
as GmaSUT s, AtSUT s and DcaSUT s, expanded in subgroup B1. The characean alga
Chlorokybus atmosphyticus contains one SUT homolog that is basal to all streptophyte
SUTs (Reinders, Sivitz & Ward, 2012). We also identified one SUT (VcaSUT01) in the
chlorophyte Volvox carteri. Therefore, the origin of sucrose transporters predates the
divergence between green algae and the ancestors of terrestrial plants.

Conserved motif analyses of SUT genes
The diversity of motif compositions among sucrose transporters of Orchidaceae species
was assessed using the MEME program; a total of 10 conserved motifs were identified. The
distribution of these 10 motifs in the SUT proteins is shown in Fig. 2. Motif 2 was the most
conserved SUT domain and was identified in all of the SUT proteins except PeqSUT08 and
DoSUT06.

In addition, motif 10 was observed in 17 SUT proteins but was absent in PeqSUT08,
AsSUT05, DoSUT06, DoSUT08, and PeqSUT02. All three members in group A contained
the same fourmotifs:motif 10,motif 2,motif 5 andmotif 9.Moreover, except forDoSUT07,
all group B members shared the same motif, motif 5; likewise, motif 4 was also common to
all group B SUTs except for AsSUT04 (Fig. 2). Among the 12 SUTs in subgroup B2.1, three
motifs were commonly present: motif 2, motif 3, and motif 5. There were eight sucrose
transporters that had all 10 motifs, including five in P. equestris (PeqSUT03, PeqSUT04,
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Figure 2 Phylogenetic and conserved motif analyses of the SUT proteins from A. shenzhennica (Apo),
D. officinale (Den), and P. equestris (Peq). (A) Phylogenetic tree of the SUT proteins using AT4G16480
as outgroup; (B) schematic presentation of the conserved motifs in Orchidaceae SUTs; (C) sequence logos
of all the 10 motifs.

Full-size DOI: 10.7717/peerj.11961/fig-2

PeqSUT05, PeqSUT06 andPeqSUT07) and two inA. shenzhenica (AsSUT02 andAsSUT06),
whereas D. officinale had only one motif (DoSUT05). The sucrose transporters in each
subgroup shared several unique motifs, indicating that the SUT proteins within the same
subgroups may have certain functional similarities. In addition, the motif distribution of
the SUTs suggested that these genes were largely conserved during evolution.

Water-soluble sugar content in D. officinale
To understand sucrose partitioning and the functions of sucrose transporters in
Orchidaceae species, we measured the water-soluble sugar content in different tissues of
D. officinale, including leaves, stems, flowers and roots, using the GC-MS/MS method. The
results showed that the content of water-soluble polysaccharides varied significantly among
the different tissues (Table 2, Fig. 3). The amount of total water-soluble polysaccharides was
highest in the stems ofD. officinale, at approximately 116.17mg/g, followed by the leaves, at
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Table 2 Soluble sugar content (mg/g) in different tissues inD. officinale, including flower, root, and
stem.

Sample name Sucrose
content
(mg/g)

Meana Total sugar
content (mg/g)

Meanb

22.9 86.24303856
29.7 87.90367473Flowers

31.7

28.1

90.10451784

88.08374

8.37 26.90351577
7.55 28.10009941Roots

7.53

7.816667

24.97167158

26.65843

18.5 110.6223197
17.7 114.3868356Leaves

18.2

18.13333

114.6672478

113.2255

14.2 115.7851793
13.2 117.0447804Stems

13.9

13.76667

115.6886072

116.1729

Notes.
aMean value for sucrose content in different tissues.
bMean values for total sugar content in different tissues.

approximately 113.23 mg/g. The flowers had approximately 88.08 mg/g, whereas the roots
had a significantly lower level of water-soluble polysaccharides, at ∼26.66 mg/g (Fig. 3A).
These results indicated that the water-soluble polysaccharides were mainly deposited in the
stems of D. officinale. The sucrose content also varied greatly among the different tissues.
Nonetheless, the sucrose content was highest in the flowers, at approximately 28.1 mg/g,
followed by leaves (∼18.13mg/g), which are themajor source tissues for photosynthetically
assimilated sucrose. The amount of sucrose in the stems was∼13.77 mg/g, and that in roots
was the lowest, at only ∼7.82 mg/g (Fig. 3B). Taken together, these results showed that
although the total sugar content was highest in the stems, sucrose was mainly transported
to the floral organs of D. officinale.

Expression patterns of SUT genes in different tissues of D. officinale
To further understand the roles of SUT genes in orchids, the expression profiles of DoSUT
genes in D. officinale were investigated. RNA sequencing (RNA-seq) was performed on
different tissues, including the leaves, stems, flowers and roots, of D. officinale. The FPKM
expression levels of the DoSUT genes in the four different tissues are provided in Table S2.
Moreover, in Fig. 4, the expression levels of different DoSUT genes in the four D. officinale
tissues are represented as different colors.

In the present study, RNA-seq showed that most of the DoSUTs were expressed in the
flowers, among which three genes, DoSUT01, DoSUT08, and DoSUT06, had significantly
high expression levels. Phylogenetically,DoSUT01,DoSUT08, andDoSUT06 were classified
as members of subgroup A and of the monocot-specific expansion subgroup B2.1. Only
one gene, DoSUT02, was significantly expressed in the leaves and was also expressed in
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Figure 3 Histogram of water-soluble sugar content (mg/g) in different tissues ofD. officinale includ-
ing flower, stem, leaf and root. (A) Sucrose content. (B) Total polysaccharide content.

Full-size DOI: 10.7717/peerj.11961/fig-3

Figure 4 Expression of DoSUTs in different tissues. (A) An image of D. officinale used in this study. Red
circles represent flowers, stems, leaves, and roots, respectively, which are used in transcriptome sequencing
and qRT-PCR analysis. (B) Hierarchical clustering of gene expression profiles of D. officnale SUTs in dif-
ferent tissues including flowers, stems, leaves and roots. The FPKM values were visualized in the heat map.

Full-size DOI: 10.7717/peerj.11961/fig-4

the flowers and roots. We deduce that DoSUT02 may play a role in phloem loading in D.
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Figure 5 Expression levels ofDenSUT genes in different tissues ofD. officinale determined by qRT-
PCR analysis. The results are shown as means± SDs of three independent experiments. The presented
gene expression levels are relative to the expression of the reference gene. An asterisk (*) indicates P value
>0.05; two asterisks (**) indicate 0.01< P < 0.05; *** indicates P < 0.01.

Full-size DOI: 10.7717/peerj.11961/fig-5

officinale. Nonetheless, other sugar transporters, such as SWEETs and MSTs, are also likely
involved in sucrose transport.

Three genes, DoSUT03, DoSUT05 and DoSUT07, were expressed in the Dendrobium
stems. Both DoSUT05 and DoSUT07 were moderately expressed in the stems and flowers,
whereas DoSUT03 was slightly expressed in the stems and significantly expressed in the
roots. In addition, DoSUT01 and DoSUT08 were expressed at low levels in the roots.
The expression of DoSUTs was also measured in the flowers, stems and leaves of D.
officinale using qRT-PCR (Table S4, Fig. 5). The results were largely consistent with those
from RNA-seq analysis. Specifically, DoSUT01, DoSUT06, DoSUT07 and DoSUT08 were
significantly expressed in flowers. Nonetheless,DoSUT02was also expressed at significantly
high levels in the stems. Three genes, DoSUT03, DoSUT05 and DoSUT07, were expressed
in Dendrobium stems. DoSUT05 was expressed at significantly higher levels in the leaves
than in the flowers, whereas DoSUT03 was expressed at lower levels in the stems and at
significantly higher levels in the roots.

DISCUSSION
Sucrose transporters are prevalent in plants and play fundamental roles in plant growth,
development and stress tolerance (Braun & Barker, 2009; Yadav, Ayre & Bush, 2015;
Lemoine et al., 2013). To date, a series of SUTs have been identified and characterized in
plants; nonetheless, information on SUTs is still lacking for the Orchidaceae family, which

Wang et al. (2021), PeerJ, DOI 10.7717/peerj.11961 13/24

https://peerj.com
https://doi.org/10.7717/peerj.11961/fig-5
http://dx.doi.org/10.7717/peerj.11961#supp-4
http://dx.doi.org/10.7717/peerj.11961


is among the largest families of angiosperms. Orchids have vastly diverse morphotypes
and lifestyles and exhibit extraordinary environmental adaptability; most are epiphytic,
terrestrial or lithophytic, colonizing almost every habitat on Earth. Thus, they are excellent
systems for elucidating the evolutionary history of angiosperms, especially floral organ
evolution. In the present study, we performed a comprehensive analysis of the SUT gene
families in three sequencedOrchidaceae species, which provided insights into the evolution,
phylogenetics, and functions of SUT s in orchids and other plant species. In total, 22 SUT
s were identified from D. officinale, P. equestris, and A. shenzhenica. Previous studies have
indicated that plant sucrose transporters usually comprise 500–600 aa, with molecular
weights of 55–60 kD (Reuscher et al., 2014; Getz et al., 1993). In this study, the molecular
weights of the Orchidaceae SUTs varied between 51.22 and 106.90 kD, with lengths of
∼500 aa or ∼600 aa (Table 1).

To provide insights into the evolutionary patterns of SUT genes, we performed a
phylogenetic analysis of 24 representative plant species. In recent studies, SUTs were
classified into two subfamilies (Ancient Group 1 and Ancient Group 2) and three types
(type I, type II and type III) (Reinders, Sivitz & Ward, 2012; Peng et al., 2014). The type I
clade is dicot specific and corresponds to the SUT1 group (Kühn & Grof, 2010), and the
type III clade contains SUTs of both monocots and dicots, which correspond to the SUT4
group (Lalonde & Frommer, 2012). Type II (A) is composed of SUTs from monocot and
dicot species that were also reported in the SUT2 group by Lalonde & Frommer (2012),
whereas monocot-specific Type IIB contains SUT3 and SUT5, as reported by Kühn &
Grof (2010). We constructed a phylogenetic tree using the neighbor-joining method with
1,000 bootstraps. The SUTs from 24 representative plant species were classified into five
subgroups: subgroups A, B1, B2.1, B2.2, and C (Fig. 1). Subgroups A and C contained
members from mosses, lycophytes and both monocots and dicots. Subgroup B1 was dicot
specific and corresponded to the SUT1 clade by Lalonde & Frommer (2012). Subgroup
B2.2 was made up of members from both monocots and dicots, some of which could
also be found in the SUT2 group, as reported by Lalonde & Frommer (2012). We found
specific SUT gene expansion in some monocots in the monocot-specific subgroup B2.1,
which also contained SUT3 and SUT5 (Kühn & Grof, 2010). We identified SUTs in primary
terrestrial plants, including both lycophytes and mosses; however, none were identified
in the green alga Chlamydomonas reinhardtii (Reinders, Sivitz & Ward, 2012). Moreover,
SUTs were found to have expanded in monocot seed-bearing crop species such as maize
(10 SUTs) and sorghum (8 SUTs) compared to A. comosus (3 SUTs). A total of 4-9 SUTs
were identified in most dicot species. This conclusion is consistent with those of previous
studies on SUT gene identification and evolution (Reinders, Sivitz & Ward, 2012; Lalonde &
Frommer, 2012; Peng et al., 2014). The green algaeV. carteri andC. atmosphyticus (Reinders,
Sivitz & Ward, 2012) each contain one SUT homolog. According to previous studies, the
SUT1 and SUT2 proteins mainly play roles in phloem loading and unloading, sucrose
transport to sink cells, and sucrose exchange with microbes (Kühn & Grof, 2010; Doidy et
al., 2012;Wittek et al., 2017; Barker et al., 2000;Milne, Grof & Patrick, 2018). SUT4 proteins
are involved in various physiological processes, such as circadian rhythms and responses
to dehydration and photosynthesis (Frost et al., 2012; Chincinska et al., 2013).
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Photosynthetically produced sugars are not just carbon skeletons but also energy
sources and signaling molecules that have major impacts on plant growth, development
and physiology (Rolland, Baena-Gonzalez & Sheen, 2006; Julius et al., 2017). After being
synthesized inmesophyll cells of leaves, sucrose needs to be loaded into phloemparenchyma
cells or the apoplast of mesophyll cells and then transported through specialized networks
[i.e., sieve element/companion cell complexes (SE/CCC)] and ultimately unloaded at
distal sink organs (Kühn & Grof, 2010; Doidy et al., 2012; Julius et al., 2017). Unlike other
monocot crop species such as maize, rice, and wheat, which use seeds as their main
storage sink, the endosperm of most orchid seeds is significantly degenerated. As a
result, Orchidaceae plants are highly dependent on symbiotic fungi to complete their
life cycle, especially at the seed germination and seedling growth stages, due to nutrient
deficiency (Yuan, Chen & Yang, 2009; Mccormick, Whijham & Canchani-Viruet, 2018;
Rammitsu et al., 2019). We analyzed the water-soluble sugar content in D. officinale using
the GC-MS/MS method, and the results showed that the content of total water-soluble
polysaccharides was highest in the stems (∼116.17 mg/g), followed by the leaves (∼113.23
mg/g), flowers (∼88.08 mg/g), and roots (∼26.66 mg/g) (Fig. 3A). These results indicated
that the stems were the major sink organs for sugar storage in D. officinale. Because D.
officinale is an epiphytic plant species in its natural habitat that usually experiences drought
stress (Zotz & Tyree, 1996;Wu, Raven & Hong, 2009), the high amount of sugar in the stems
may help tomaintain osmotic pressure to improve drought tolerance. However, the sucrose
content was highest in the flowers (∼28.1 mg/g), followed by the leaves (∼18.13 mg/g),
stems (∼13.77 mg/g), and roots (∼7.82 mg/g) (Fig. 3B). Previous studies have shown that
developing pollen grains are strong sink tissues that require sucrose to provide energy
for maturation, germination and growth (Stadler et al., 1999; Lemoine et al., 1999). Hence,
although the total polysaccharides were mainly stored in the stems, sucrose was mainly
transported to support the growth and physiology of the floral organs of D. officinale.

Sucrose transport systems play vital roles in carbon partitioning, plant development,
inter-/intracellular communication and environmental adaptations. SUT genes not only
are involved in sucrose transport but also play essential roles in pollen germination, fruit
ripening, and ethylene biosynthesis in many species (Payyavula et al., 2011; Sivitz, Reinders
& Ward, 2008; Srivastava et al., 2009a; Chincinska et al., 2013). Arabidopsis AtSUC1 is
expressed in seedlings where it is necessary for normal anthocyanin accumulation, whereas
AtSUC9 appears to be required for normal floral transition (Sivitz et al., 2007; Sivitz,
Reinders & Ward, 2008). AtSUC1 is also expressed in the parenchymatous cells of the
style and anthers, which guides modulation of water availability around the region and
ultimately results in pollen tubes moving toward the ovule and anther opening (Stadler et
al., 1999). Recent studies have also described the roles of NtSUT3 and LeSUT2 in sucrose
uptake during pollen development and pollen tube growth (Hackel et al., 2006; Lemoine
et al., 1999). In this study, we conducted transcriptome sequencing on different tissues
of D. officinale to determine the expression profiles and potential functions of DoSUTs.
The results showed that most of the DoSUTs were expressed in the flowers; among them,
DoSUT01, DoSUT08, and DoSUT06 presented significantly increased expression levels. In
agreement with the expression profiles, sucrose accumulation predominantly occurred in
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the flowers and reached approximately 28.1 mg/g. Taken together, these results indicated
that these genes mainly function as part of the cellular machinery and development of
floral organs.

In leaves, sucrose is mainly synthesized in mesophyll cell cytoplasm but may also be
synthesized in organelles such as vacuoles and plastids (Schneider & Keller, 2009). Once
released to the leaf apoplast, sucrose is actively loaded into SE-CCCs via a sucrose/H+
mechanism in apoplastic-loading species (Rennie & Turgeon, 2009). Analysis of transgenic
and mutant plants indicates that dicot members of the SUT1 clade and monocot members
of the SUT3 clade are essential for the apoplastic loading of SE-CCCs (Ishimaru et al.,
2001; Gottwald et al., 2000; Slewinski, Meeley & Braun, 2009). In maize, ZmSUT1 plays
an important role in efficient phloem loading (Slewinski, Meeley & Braun, 2009). The
inhibition of sucrose transporters results in starch accumulation in epidermal cells (Schulz
et al., 1998). The sucrose transporter SUC2 is crucial for sucrose allocation; Arabidopsis
suc2 null mutants have compromised plant health (Srivastava et al., 2009b). After loading
into the SE-CCC is occurs, energy-driving reloading is required throughout the whole
process of long-distance sucrose transport from source to sink. In D. officinale, the sucrose
content was ∼18.13 mg/g in the leaves, which ranked second among the four tissues.
However, only one gene, DoSUT02, was significantly expressed in the leaves, which may
have potential functions in phloem loading in D. officinale.

In well-studied grass stems, immature internodes are considered utilization sinks,
whereas fully elongated mature internodes are storage sinks where sucrose accumulates
(Hoffmann-Thoma et al., 1996; Rae, Perroux & Grof, 2005; Bihmidine et al., 2015). Plasma
membrane-localized sucrose transporters are promising candidates for sucrose uptake in
stems. For example, all of the SbSUTs in sorghum are active in sucrose uptake, although the
expression sites of different SUTs in internodes may vary (Braun & Barker, 2009; Bihmidine
et al., 2015; Martin et al., 2016). SbSUTs are localized to sieve elements in both developing
and mature sorghum stems (Milne et al., 2017), which is consistent with the localization of
wheat TaSUT1 and rice OsSUT1 proteins in SE-CCCs in mature stems (Aoki et al., 2004;
Scofield et al., 2007). In the present study, four genes (DoSUT03, DoSUT04, DoSUT05 and
DoSUT07) may function in sucrose transport in Dendrobium stems. However, the specific
functions of SUT genes in D. officinale and other Orchidaceae species remain unknown.

CONCLUSIONS
In conclusion, we performed a comprehensive study of the phylogenetic relationships of
the SUTs in 24 plant species and a genome-wide characterization of the SUT genes in three
Orchidaceae species. The SUTs were classified into three groups and five subgroups. We
identified a total of 22 SUT genes in three orchid species: eight DoSUTs, eight PeqSUTs,
and six AsSUTs. The functions of the SUTs in Dendrobium were analyzed. The results
showed that most of the DoSUTs were highly expressed in the flowers. Although the total
content of water-soluble sugars was highest in the stems, the sucrose content was highest in
the flowers. We propose that stems are used as major sinks for sugar storage in D. officinale
and thatDoSUTsmainly function in floral organs. Our findings provide important insights
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into the evolutionary patterns of plants and advance our knowledge of sucrose partitioning
and of the potential functions of SUT genes in Orchidaceae species.

Abbreviation List

SUTs/SUCs Sucrose transporters
TM Transmembrane
MEME Multiple Em for Motif Elicitation
SE Sieve element
CCC Companion cell complex
SWEET Sugars Will Eventually be Exported Transporter
MSTs Monosaccharide transporters
RNA-seq RNA sequencing
qRT-PCR Quantitative real-time polymerase chain reaction

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was funded by the Natural Science Foundation of Zhejiang (LQ20C150002;
LQ17C150002), the National Natural Science Foundation of China (31801891) and the
Young Talent Program of Zhejiang Academy of Agricultural Sciences (2019R05R08E02).
The funders had no role in study design, data collection and analysis, decision to publish,
or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Natural Science Foundation of Zhejiang: LQ20C150002, LQ17C150002.
National Natural Science Foundation of China: 31801891.
Young Talent Program of Zhejiang Academy of Agricultural Sciences: 2019R05R08E02.

Competing Interests
The authors declare there are no competing interests.

Author Contributions
• Yunzhu Wang conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, and approved the final draft.
• Yue Chen performed the experiments, analyzed the data, prepared figures and/or tables,
and approved the final draft.
• Qingzhen Wei and Hongjian Wan performed the experiments, analyzed the data,
authored or reviewed drafts of the paper, and approved the final draft.
• Chongbo Sun conceived and designed the experiments, analyzed the data, prepared
figures and/or tables, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:

The raw data of the RNA-seq experiment is available in Sequence Read Archive (NCBI):
PRJNA680456.

Wang et al. (2021), PeerJ, DOI 10.7717/peerj.11961 17/24

https://peerj.com
http://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA680456
http://dx.doi.org/10.7717/peerj.11961


Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.11961#supplemental-information.

REFERENCES
Aoki N, Hirose T, Scofield GN,Whitfeld PR, Furbank RT. 2003. The sucrose transporter

gene family in rice. Plant and Cell Physiology 44:223–232 DOI 10.1093/pcp/pcg030.
Aoki N, Scofield GN,Wang XD, Patrick JW, Offler CE, Furbank RT. 2004. Expression

and localisation analysis of the wheat sucrose transporter TaSUT1 in vegetative
tissues. Planta 219:176–184 DOI 10.1007/s00425-004-1232-7.

Baker RF, Leach KA, Boyer NR, Swyers MJ, Benitez-Alfonso Y, Skopelitis T, Luo A,
Sylvester A, Jackson D, Braun DM. 2016. Sucrose transporter ZmSut1 expression
and localization uncover new insights into sucrose phloem loading. Plant Physiology
172:1876–1898 DOI 10.1104/pp.16.00884.

Barker L, Kühn C,Weise A, Schulz A, Gebhardt C, Hirner B, Hellmann H, SchulzeW,
Ward JM, FrommerWB. 2000. SUT2, a putative sucrose sensor in sieve elements.
The Plant Cell 12:1153–1164 DOI 10.1105/tpc.12.7.1153.

Barth I, Meyer S, Sauer N. 2003. PmSUC3: characterization of a SUT2/SUC3-
type sucrose transporter from Plantagomajor. The Plant Cell 15:1375–1385
DOI 10.1105/tpc.010967.

Bihmidine S, Baker RF, Hoffner C, Braun DM. 2015. Sucrose accumulation in
sweet sorghum stems occurs by apoplasmic phloem unloading and does not
involve differential Sucrose transporter expression. BMC Plant Biology 15:186
DOI 10.1186/s12870-015-0572-8.

Braun DM, Barker TL. 2009. Genetic control of carbon partitioning in grasses: roles
of sucrose transporters and Tie-dyed loci in phloem loading. Plant Physiology
149:71–81 DOI 10.1104/pp.108.129049.

Bush DR. 1993. Proton-coupled sugar and amino acid transporters in plants. Annual
Review of Plant Biology 44:513–542 DOI 10.1146/annurev.pp.44.060193.002501.

Cai J, Liu X, Vanneste K, Proost S, Tsai WC, Liu KW, Chen LJ, He Y, Xu Q, Bian C,
Zheng Z, Sun F, LiuW, Hsiao YY, Pan ZJ, Hsu CC, Yang YP, Hsu YC, Chuang YC,
Dievart A, Dufayard JF, Xu X,Wang JY,Wang J, Xiao XJ, Zhao XM, Du R, Zhang
GQ,WangM, Su YY, Xie GC, Liu GH, Li LQ, Huang LQ, Luo YB, Chen HH, Van
de Peer Y, Liu ZJ. 2014. The genome sequence of the orchid Phalaenopsis equestris.
Nature Genetics 47:65–72 DOI 10.1038/ng.3149.

Chen Y, Shen Q, Zhao ZL, Shen CJ, Sun CB. 2017. De novo transcriptome analysis in
Dendrobium and identification of critical genes associated with flowering. Plant
Physiology and Biochemistry 119:319–327 DOI 10.1016/j.plaphy.2017.09.008.

Chincinska IA, Gier K, Krügel U, Liesche J, He H, GrimmB, Harren FJM, Cristescu SM,
Kühn C. 2013. Photoperiodic regulation of the sucrose transporter StSUT4 affects
the expression of circadian-regulated genes and ethylene production. Frontiers in
Plant Science 4:26 DOI 10.3389/fpls.2013.00026.

Wang et al. (2021), PeerJ, DOI 10.7717/peerj.11961 18/24

https://peerj.com
http://dx.doi.org/10.7717/peerj.11961#supplemental-information
http://dx.doi.org/10.7717/peerj.11961#supplemental-information
http://dx.doi.org/10.1093/pcp/pcg030
http://dx.doi.org/10.1007/s00425-004-1232-7
http://dx.doi.org/10.1104/pp.16.00884
http://dx.doi.org/10.1105/tpc.12.7.1153
http://dx.doi.org/10.1105/tpc.010967
http://dx.doi.org/10.1186/s12870-015-0572-8
http://dx.doi.org/10.1104/pp.108.129049
http://dx.doi.org/10.1146/annurev.pp.44.060193.002501
http://dx.doi.org/10.1038/ng.3149
http://dx.doi.org/10.1016/j.plaphy.2017.09.008
http://dx.doi.org/10.3389/fpls.2013.00026
http://dx.doi.org/10.7717/peerj.11961


Chincinska IA, Liesche J, Krügel U, Michalska J, Geigenberger P, GrimmB,
Kühn C. 2008. Sucrose transporter StSUT4 from potato affects flowering,
tuberization, and shade avoidance response. Plant Physiology 146:515–528
DOI 10.1104/pp.107.112334.

Deol KK, Mukherjee S, Gao F, Brûlé-Babel A, Stasolla C, Ayele BT. 2013. Identi-
fication and characterization of the three homeologues of a new sucrose trans-
porter in hexaploid wheat (Triticum aestivum L.). BMC Plant Biology 13:181
DOI 10.1186/1471-2229-13-181.

Doidy J, Grace E, Kühn C, Simon-Plas F, Casieri L, Wipf D. 2012. Sugar transporters
in plants and in their interactions with fungi. Trends in Plant Science 17:413–422
DOI 10.1016/j.tplants.2012.03.009.

Eddy SR. 1998. Profile hidden Markov models. Bioinformatics 14:755–763
DOI 10.1198/016214502388618870.

Endler A, Meyer S, Schelbert S, WeschkeW, Peters SW, Keller F, Baginsky S, Schmidt
MUG. 2006. Identification of a vacuolar sucrose transporter in barley and Arabidop-
sismesophyll cells by a tonoplast proteomic approach. Plant Physiology 141:196–207
DOI 10.1104/pp.106.079533.

Eom JS, Nguyen CD, Lee DW, Lee SK, Jeon JS. 2016. Genetic complementation analysis
of rice sucrose transporter genes in Arabidopsis SUC2mutant atsuc2. Journal of Plant
Biology 59:231–237 DOI 10.1007/s12374-016-0015-6.

Frost CJ, Nyamdari B, Tsai C-J, Harding SA. 2012. The tonoplast-localized su-
crose transporter in Populus (PtaSUT4) regulates whole-plant water rela-
tions, responses to water stress, and photosynthesis. PLOS ONE 7:e44467
DOI 10.1371/journal.pone.0044467.

Getz HP, Grosclaude J, Kurkdjian A, Lelievre F, Maretzki A, Guern J. 1993. Im-
munological evidence for the existence of a carrier protein for sucrose transport in
tonoplast vesicles from red beet (Beta vulgaris L.) root storage tissue. Plant Physiology
102:751–760 DOI 10.1104/pp.102.3.751.

Gómez-González S, Ruiz-Jiménez J, Priego-Capote F, Luque de CastroMD. 2010.
Qualitative and quantitative sugar profiling in olive fruits, leaves, and stems by Gas
Chromatography-TandemMass Spectrometry (GC-MS/MS) after ultrasound-
assisted Leaching. Journal of Agricultural and Food Chemistry 58:12292–12299
DOI 10.1021/jf102350.

Gottwald JR, Krysan PJ, Young JC, Evert RF, SussmanMR. 2000. Genetic ev-
idence for the in planta role of phloem-specific plasma membrane sucrose
transporters. Proceedings of the Natural Academy of Sciences 97:13979–13984
DOI 10.1073/pnas.250473797.

Hackel A, Schauer N, Carrari F, Fernie AR, GrimmB, Kühn C. 2006. Sucrose trans-
porter LeSUT1 and LeSUT2 inhibition affects tomato fruit development in different
ways. Plant Journal 45:180–192 DOI 10.1111/j.1365-313X.2005.02572.x.

Hoffmann-Thoma G, Hinkel K, Nicolay P,Willenbrink J. 1996. Sucrose accumu-
lation in sweet sorghum stem internodes in relation to growth. Physiologia Plant
97:277–284 DOI 10.1034/j.1399-3054.1996.970210.x.

Wang et al. (2021), PeerJ, DOI 10.7717/peerj.11961 19/24

https://peerj.com
http://dx.doi.org/10.1104/pp.107.112334
http://dx.doi.org/10.1186/1471-2229-13-181
http://dx.doi.org/10.1016/j.tplants.2012.03.009
http://dx.doi.org/10.1198/016214502388618870
http://dx.doi.org/10.1104/pp.106.079533
http://dx.doi.org/10.1007/s12374-016-0015-6
http://dx.doi.org/10.1371/journal.pone.0044467
http://dx.doi.org/10.1104/pp.102.3.751
http://dx.doi.org/10.1021/jf102350
http://dx.doi.org/10.1073/pnas.250473797
http://dx.doi.org/10.1111/j.1365-313X.2005.02572.x
http://dx.doi.org/10.1034/j.1399-3054.1996.970210.x
http://dx.doi.org/10.7717/peerj.11961


Hsiao YY, Pan ZJ, Hsu CC, Yang YP, Hsu YC, Chuang YC. Shih HH, ChenWH, Tsai
WC, Chen HH. 2011. Research on orchid biology and biotechnology. Plant and Cell
Physiology 52:1467–1486 DOI 10.1093/pcp/pcr100.

Ishimaru K, Hirose T, Aoki N, Takahashi S, Ono K, Yamamoto S, Wu J, Saji S,
Baba T, Ugaki M, Matsumoto T, Ohsugi R. 2001. Antisense expression of a rice
sucrose transporter OsSUT1 in rice (Oryza sativa L.). Plant and Cell Physiology
42:1181–1185 DOI 10.1093/pcp/pce148.

Julius BT, Leach KA, Tran TM,Mertz RA, Braun DM. 2017. Sugar transporters in
plants: new insights and discoveries. Plant and Cell Physiology 58:1442–1460
DOI 10.1093/pcp/pcx090.

Kühn C, Grof CP. 2010. Sucrose transporters of higher plants. Current Opinion in Plant
Biology 13:287–297 DOI 10.1016/j.pbi.2010.02.001.

Lalonde S, FrommerWB. 2012. SUT sucrose and MST monosaccharide trans-
porter inventory of the Selaginella genome. Frontiers in Plant Science 3:24
DOI 10.3389/fpls.2012.00024.

Lalonde S, Wipf D, FrommerWB. 2004. Transport mechanisms for organic forms
of carbon and nitrogen between source and sink. Annual Review of Plant Biology
55:341–337 DOI 10.1146/annurev.arplant.55.031903.141758.

Lemoine R. 2000. Sucrose transporters in plants: update on function and structure.
Biochimica Et Biophysica Acta 1465:246–262 DOI 10.1016/S0005-2736(00)00142-5.

Lemoine R, Bürkle L, Barker L, Sakr S, FrommerWB. 1999. Identification of a pollen-
specific sucrose transporter-like protein NtSUT3 from tobacco. FEBS Letter
454:325–330 DOI 10.1016/S0014-5793(99)00843-1.

Lemoine R, La Camera S, Atanassova R, Ded́aldećhamp F, Allario T, Pourtau N,
Bonnemain JL, Laloi M, Coutosthévenot P, Maurousset L. 2013. Source to sink
transport and regulation by environmental factors. Frontiers in Plant Science 4:272
DOI 10.3389/fpls.2013.00272.

LiW, Sun K, Ren Z, Song C, Yang D. 2018.Molecular evolution and stress and phyto-
hormone responsiveness of SUT genes in Gossypium hirsutum. Frontiers in Genetics
9:494 DOI 10.3389/fgene.2018.00494.

Li F, Wu B, Qin X, Yan L, Hao C, Tan L, Lai J. 2014.Molecular cloning and expression
analysis of the sucrose transporter gene family from Theobroma cacao L. Gene
546:336–341 DOI 10.1016/j.gene.2014.05.056.

Livak KJ, Schmittgen TD. 2001. Analysis of relative gene expression data using real-
time quantitative PCR and the 2(-Delta Delta C(T)) Method.Methods 25:402–408
DOI 10.1006/meth.2001.

Martin AP, PalmerWM, Brown C, Abel C, Lunn JE, Furbank RT, Grof CP. 2016.
A developing Setaria viridis internode: an experimental system for the study
of biomass generation in a C4 model species. Biotechnology for Biofuels 9:45
DOI 10.1186/s13068-016-0457-6.

MccormickMK,WhijhamDF, Canchani-Viruet A. 2018.Mycorrhizal fungi affect
orchid distribution and population dynamics. New Phytologist 219:1207–1215
DOI 10.1111/nph.15223.

Wang et al. (2021), PeerJ, DOI 10.7717/peerj.11961 20/24

https://peerj.com
http://dx.doi.org/10.1093/pcp/pcr100
http://dx.doi.org/10.1093/pcp/pce148
http://dx.doi.org/10.1093/pcp/pcx090
http://dx.doi.org/10.1016/j.pbi.2010.02.001
http://dx.doi.org/10.3389/fpls.2012.00024
http://dx.doi.org/10.1146/annurev.arplant.55.031903.141758
http://dx.doi.org/10.1016/S0005-2736(00)00142-5
http://dx.doi.org/10.1016/S0014-5793(99)00843-1
http://dx.doi.org/10.3389/fpls.2013.00272
http://dx.doi.org/10.3389/fgene.2018.00494
http://dx.doi.org/10.1016/j.gene.2014.05.056
http://dx.doi.org/10.1006/meth.2001
http://dx.doi.org/10.1186/s13068-016-0457-6
http://dx.doi.org/10.1111/nph.15223
http://dx.doi.org/10.7717/peerj.11961


Meyer S, Lauterbach C, Niedermeier M, Barth I, Sjolund RD, Sauer N. 2004.Wounding
enhances expression of AtSUC3, a sucrose transporter from Arabidopsis sieve ele-
ments and sink tissues. Plant Physiology 134:684–693 DOI 10.1104/pp.103.033399.

Milne RJ, Grof CP, Patrick JW. 2018.Mechanisms of phloem unloading: shaped by
cellular pathways, their conductances and sink function. Current Opinion in Plant
Biology 43:8–15 DOI 10.1016/j.pbi.2017.11.003.

Milne RJ, Perroux JM, Rae AL, Reinders A,Ward JM, Offler CE, Patrick JW, Grof
CP. 2017. Sucrose transporter localization and function in phloem loading and
unloading. Plant Physiology 173:1330–1341 DOI 10.1104/pp.16.01594.

Misra VA,Wafula EK,Wang Y, Depamphilis CW, TimkoMP. 2019. Genome-wide
identification of MST, SUT and SWEET family sugar transporters in root parasitic
angiosperms and analysis of their expression during host parasitism. BMC Plant
Biology 19:196 DOI 10.1186/s12870-019-1786-y.

Payyavula RS, Tay KH, Tsai CJ, Harding SA. 2011. The sucrose transporter family in
Populus: the importance of a tonoplast PtaSUT4 to biomass and carbon partitioning.
The Plant Journal 65:757–770 DOI 10.1111/j.1365-313x.2010.04463.x.

Peng D, Gu X, Xue LJ, Leebens-Mack JH, Tsai CJ. 2014. Bayesian phylogeny of sucrose
transporters: ancient origins, differential expansion and convergent evolution in
monocots and dicots. Frontiers in Plant Science 5:615 DOI 10.3389/fpls.2014.00615.

Rae AL, Perroux JM, Grof CP. 2005. Sucrose partitioning between vascular bundles and
storage parenchyma in the sugarcane stem: a potential role for the ShSUT1 sucrose
transporter. Planta 220:817–825 DOI 10.1007/s00425-004-1399-y.

Rammitsu K, Yagame T, Yamashita Y, Yukawa T, Isshiki S, Ogura-Tsujita Y. 2019.
A leafless epiphytic orchid, Taeniophyllum glandulosum Blume (Orchidaceae), is
specifically associated with the Ceratobasidiaceae family of basidiomycetous fungi.
Mycorrhiza 29:159–166 DOI 10.1007/s00572-019-00881-7.

Reinders A, Sivitz AB,Ward JM. 2012. Evolution of plant sucrose uptake transporters
(SUTs). Frontiers in Plant Science 3:22 DOI 10.3389/fpls.2012.00022.

Rennie EA, Turgeon R. 2009. A comprehensive picture of phloem loading strategies.
Proceedings of the Natural Academy of Sciences 106:14162–14167
DOI 10.1073/pnas.0902279106.

Reuscher S, AkiyamaM, Yasuda T, Makino H, Aoki K, Shibata D, Shiratake K. 2014.
The sugar transporter inventory of tomato: genome-wide identification and expres-
sion analysis. Plant and Cell Physiology 55:1123–1141 DOI 10.1093/pcp/pcu052.

Riesmeier JW,Willmitzer L, FrommerWB. 1992. Isolation and characterization of a
sucrose carrier cDNA from spinach by functional expression in yeast. EMBO Journal
11:4705–4713 DOI 10.1002/j.1460-2075.1992.tb05575.x.

Rolland F, Baena-Gonzalez E, Sheen J. 2006. Sugar sensing and signaling in plants:
conserved and novel mechanisms. Annual Reviews in Plant Biology 57:675–709
DOI 10.1146/annurev.arplant.57.032905.105441.

Schneider T, Keller F. 2009. Raffinose in chloroplasts is synthesized in the cytosol and
transported across the chloroplast envelope. Plant and Cell Physiology 50:2174–2182
DOI 10.1093/pcp/pcp151.

Wang et al. (2021), PeerJ, DOI 10.7717/peerj.11961 21/24

https://peerj.com
http://dx.doi.org/10.1104/pp.103.033399
http://dx.doi.org/10.1016/j.pbi.2017.11.003
http://dx.doi.org/10.1104/pp.16.01594
http://dx.doi.org/10.1186/s12870-019-1786-y
http://dx.doi.org/10.1111/j.1365-313x.2010.04463.x
http://dx.doi.org/10.3389/fpls.2014.00615
http://dx.doi.org/10.1007/s00425-004-1399-y
http://dx.doi.org/10.1007/s00572-019-00881-7
http://dx.doi.org/10.3389/fpls.2012.00022
http://dx.doi.org/10.1073/pnas.0902279106
http://dx.doi.org/10.1093/pcp/pcu052
http://dx.doi.org/10.1002/j.1460-2075.1992.tb05575.x
http://dx.doi.org/10.1146/annurev.arplant.57.032905.105441
http://dx.doi.org/10.1093/pcp/pcp151
http://dx.doi.org/10.7717/peerj.11961


Schulz A, Kühn C, Riesmeier JW, FrommerWB. 1998. Ultrastructural effects in potato
leaves due to antisense-inhibition of the sucrose transporter indicate an apoplasmic
mode of phloem loading. Planta 206:533–543 DOI 10.1007/s004250050430.

Scofield GN, Hirose T, Aoki N, Furbank RT. 2007. Involvement of the sucrose trans-
porter, OsSUT1, in the long-distance pathway for assimilate transport in rice. Journal
of Experimental Botany 58:3155–3169 DOI 10.1093/jxb/erm153.

Sharma SK, Mukai Y. 2015. Chromosome research in orchids: current status and future
prospects with special emphasis from molecular and epigenetic perspective. Nucleus
58:173–184 DOI 10.1007/s13237-015-0152-1.

SiaoW, Chen JY, Hsiao HH, Chung P,Wang SJ. 2011. Characterization of OsSUT2
expression and regulation in germinating embryos of rice seeds. Rice 4:39–49
DOI 10.1007/s12284-011-9063-1.

Sivitz AB, Reinders A, JohnsonME, Krentz AD, Grof CP, Perroux JM,Ward JM. 2007.
Arabidopsis sucrose transporter AtSUC9, High-affinity transport activity, intragenic
control of expression, and early flowering mutant phenotype. Plant Physiology
143:188–198 DOI 10.1104/pp.106.089003.

Sivitz AB, Reinders A,Ward JM. 2008. Arabidopsis sucrose transporter AtSUC1 is
important for pollen germination and sucrose-induced anthocyanin accumulation.
Plant Physiology 147:92–100 DOI 10.1104/pp.108.118992.

Slewinski TL, Meeley R, Braun DM. 2009. Sucrose transporter1 functions in
phloem loading in maize leaves. Journal of Experimental Botany 60:881–892
DOI 10.4161/psb.5.6.11575.

Srivastava AC, Dasgupta K, Ajieren E, Costilla G, McGarry RC, Ayre BG. 2009b.
Arabidopsis plants harbouring a mutation in AtSUC2, encoding the predominant
sucrose/proton symporter necessary for efficient phloem transport, are able to
complete their life cycle and produce viable seed. Annals of Botany 104:1121–1128
DOI 10.1093/aob/mcp215.

Srivastava AC, Ganesan S, Ismail IO, Ayre BG. 2009a. Effective carbon partitioning
driven by exotic phloem-specific regulatory elements fused to the Arabidop-
sis thaliana AtSUC2 sucrose-proton symporter gene. BMC Plant Biology 9:7
DOI 10.1186/1471-2229-9-7.

Stadler R, Brandner J, Schulz A, Gahrtz M, Sauer N. 1995. Phloem loading by the
PmSUC2 sucrose carrier from Plantago major occurs into companion cells. The Plant
Cell 7:1545–1554 DOI 10.1105/tpc.7.10.1545.

Stadler R, Truernit E, Gahrtz M, Sauer N. 1999. The AtSUC1 sucrose carrier may
represent the osmotic driving force for anther dehiscence and pollen tube growth
in Arabidopsis. Plant Journal 19:269–278 DOI 10.1046/j.1365-313X.1999.00527.x.

Sun SH,Wang H, Xie JP, Sun Y. 2016. Simultaneous determination of rhamnose, xylitol,
arabitol, fructose, glucose, inositol, sucrose, maltose in jujube (Zizyphus jujube Mill.)
extract: comparison of HPLC-ELSD, LC-ESI-MS/MS and GC-MS. Chemistry Central
Journal 10:25 DOI 10.1186/s13065-016-0171-2.

Wang et al. (2021), PeerJ, DOI 10.7717/peerj.11961 22/24

https://peerj.com
http://dx.doi.org/10.1007/s004250050430
http://dx.doi.org/10.1093/jxb/erm153
http://dx.doi.org/10.1007/s13237-015-0152-1
http://dx.doi.org/10.1007/s12284-011-9063-1
http://dx.doi.org/10.1104/pp.106.089003
http://dx.doi.org/10.1104/pp.108.118992
http://dx.doi.org/10.4161/psb.5.6.11575
http://dx.doi.org/10.1093/aob/mcp215
http://dx.doi.org/10.1186/1471-2229-9-7
http://dx.doi.org/10.1105/tpc.7.10.1545
http://dx.doi.org/10.1046/j.1365-313X.1999.00527.x
http://dx.doi.org/10.1186/s13065-016-0171-2
http://dx.doi.org/10.7717/peerj.11961


Thompson JD, Gibson TJ, Higgins DG. 2003.Multiple sequence alignment using
ClustalW and ClustalX. Current Protocols in Bioinformatics Chapter 2:Unit 2.3
DOI 10.1002/0471250953.bi0203s00.

Usha B. 2015. Diverse expression of sucrose transporter gene family in Zea mays. Journal
of Genetics 94:151–154 DOI 10.1007/s12041-015-0491-3.

Weise A, Barker L, Kühn C, Lalonde S, Buschmann H, FrommerWB,Ward JM. 2000.
A new subfamily of sucrose transporters, SUT4, with low affinity/high capacity
localized in enucleate sieve elements of plants. The Plant Cell 12:1345–1355
DOI 10.1105/tpc.12.8.1345.

Wittek A, Dreyer I, Al-Rasheid KA, Sauer N, Hedrich R, Geiger D. 2017. The fungal
UmSrt1 and maize ZmSUT1 sucrose transporters battle for plant sugar resources.
Journal of Integrative Plant Biology 59:422–435 DOI 10.1111/jipb.12535.

WuZY, Raven PH, Hong DY. 2009. Flora of China (Orchidaceae). 25. Beijing: Science
Press and St. Louis: Missouri Botanical Garden Press, 382–383.

Yadav UP, Ayre BG, Bush DR. 2015. Transgenic approaches to altering carbon and
nitrogen partitioning in whole plants: assessing the potential to improve crop yields
and nutritional quality. Frontiers in Plant Science 6:275 DOI 10.3389/fpls.2015.00275.

Yan L,Wang X, Liu H, Tian Y, Lian JM, Yang RJ, Hao S,Wang X, Yang S, Li Q, Qi
S, Kui L, OkpekumM,Ma X, Zhang J, Ding Z, Zhang G,WangW, Dong Y,
Sheng J. 2015. The genome of Dendrobium officinale illuminates the biology
of the important traditional Chinese orchid herb.Molecular Plant 8:922–934
DOI 10.1016/j.molp.2014.12.011.

Yuan Z, Chen Y, Yang Y. 2009. Diverse non-mycorrhizal fungal endophytes in-
habiting an epiphytic, medicinal orchid (Dendrobium nobile): estimation and
characterization.World Journal of Microbiology and Biotechnology 25:295–303
DOI 10.1007/s11274-008-9893-1.

Zhang GQ, Liu KW, Li Z, Lohaus R, Hsiao YY, Niu SC,Wang JY, Lin YC, Xu Q, Chen
LJ. Yoshida K, Fujiwara S, Wang ZW, Zhang YQ, Mitsuda N,WangM, Liu GH,
Pecoraro L, Huang HX, Xiao XJ, LinM,Wu XY,WuWL, Chen YY, Chang SB,
Sakamoto S, Ohme-Takagi M, Yagi M, Zeng SJ, Shen CY, Yeh CM, Luo YB, Tsai
WC, Van de Peer Y, Liu ZJ. 2017. The Apostasia genome and the evolution of
orchids. Nature 549:379–383 DOI 10.1038/nature23897.

Zhang GQ, Qing X, Chao B, Tsai WC, Yeh CM, Liu KW, Yoshida K, Zhang LS, Chang
SB, Fei C, Shi Y, Su YY, Zhang YQ, Chen LJ, Yin Y, LinM, Huang H, Deng H,Wang
ZW, Zhu SL, Zhao X, Deng C, Niu SC, Huang J, WangM, Liu GH, Yang HJ, Xiao
XJ, Hsiao YY,WuWL, Chen YY, Mitsuda N, Ohme-Takagi M, Luo YB, Van de
Peer Y, Liu ZJ. 2016. The Dendrobium catenatum Lindl, genome sequence provides
insights into polysaccharide synthase, floral development and adaptive evolution.
Scientific Reports 6:19029 DOI 10.1038/srep19029.

Zhang H, Zhang S, Qin G,Wang L,Wu T, Qi K, Zhang S. 2013.Molecular cloning and
expression analysis of a gene for sucrose transporter from pear (Pyrus bretschneideri
Rehd.) fruit. Plant Physiology Biochemistry 73:63–69 DOI 10.1016/j.plaphy.2013.08.009.

Wang et al. (2021), PeerJ, DOI 10.7717/peerj.11961 23/24

https://peerj.com
http://dx.doi.org/10.1002/0471250953.bi0203s00
http://dx.doi.org/10.1007/s12041-015-0491-3
http://dx.doi.org/10.1105/tpc.12.8.1345
http://dx.doi.org/10.1111/jipb.12535
http://dx.doi.org/10.3389/fpls.2015.00275
http://dx.doi.org/10.1016/j.molp.2014.12.011
http://dx.doi.org/10.1007/s11274-008-9893-1
http://dx.doi.org/10.1038/nature23897
http://dx.doi.org/10.1038/srep19029
http://dx.doi.org/10.1016/j.plaphy.2013.08.009
http://dx.doi.org/10.7717/peerj.11961


Zotz G, Tyree MT. 1996.Water stress in the epiphytic orchid, Dimerandra emarginata (G
Meyer) Hoehne. Oecologia 107:151–159 DOI 10.1007/BF00327898.

Wang et al. (2021), PeerJ, DOI 10.7717/peerj.11961 24/24

https://peerj.com
http://dx.doi.org/10.1007/BF00327898
http://dx.doi.org/10.7717/peerj.11961

