Cloning and expression of the sucrose transporter
gene PsSUTI from tree peony leaf

Y.H. Li*, T. Guo*, Y. Cui, Y. Li and D. He

Department of Ornamental Horticulture, College of Forestry,
Henan Agricultural University, Zhengzhou, China

*These authors contributed equally to this study.
Corresponding author: D. He
E-mail: hedan990111@hotmail.com

Genet. Mol. Res. 14 (4): 12406-12415 (2015)
Received April 19, 2015

Accepted August 13, 2015

Published October 16, 2015

DOI http://dx.doi.org/10.4238/2015.0ctober.16.7

ABSTRACT. This study reports the cloning of a sucrose transporter
gene, PsSUT1, from the leaf of tree peony (Paeonia suffruticosa Lind.
cv ‘Huhong”). Expression patterns were examined in different organs
and at different developmental stages. The full-length cDNA of PsSUT1
consisted of a 2001-bp sequence containing a 1557-bp open reading
frame, encoding 519 amino acids with a conserved domain typical
of the glycoside-pentoside-hexuronide superfamily. The amino acid
sequence of PsSUT1 in tree peony shared high homology with that of
other plants. At different developmental stages, PsSUT1 was expressed
in roots, stems, leaves, and petals. Its expression level in stems was
10.9-fold higher than in petals at the flowering stage. Expression of
PsSUT1 at the flowering stage was highest during flower development.
The significant differences in PsSUTI expression observed among
developmental stages and organs were closely related to changes in
sucrose content during flower opening. These results form the basis
for further research on the molecular mechanisms of carbohydrate
metabolism and transport during flower development in tree peony.
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INTRODUCTION

Sucrose is the main form of photosynthetic product transported from source organs to
library organs. It plays an important role in regulating plant growth process and affecting crop
yield and the quality of economic organs (Lalonde et al., 2004; Kithn and Grof, 2010). Sucrose
transportation includes two different pathways in higher plants: the symplastic pathway and
apoplastic pathway (Ruan and Patrick, 1995; Zhang et al., 2006). The apoplastic pathway re-
quires specific sucrose transporters (SUTs) to facilitate sucrose transport (Sauer, 2007; Rennie
and Turgeon, 2009). In recent years, genes that encode sucrose transporters have been identi-
fied and characterized in many plants, including Bambusa oldhami, Doritaenopsis hybrid,
and Pyrus bretschneideri (Gao et al., 2010; Zhang et al., 2011, 2013a); these studies provide
ample information on sucrose apoplastic transport and sucrose transporters. When the AtSUC
gene is expressed in the leaves and roots of Manihot esculenta, the level of mRNA fluctuates
with the circadian rhythm (Li et al., 2012). AtSUT?2 is expressed in the vascular tissues of
leaves of Arabidopsis thaliana, and the OsSUTI promoter in rice is expressed in flag leaves
and sprouted grains, suggesting that these genes are involved in the long-distance transport of
sucrose (Gottwald et al., 2000).

At present, trends in rates of photosynthesis and dynamic changes in carbon and ni-
trogen metabolism in roots of tree peony have been discussed (Zhai et al., 2008; Liu et al.,
2008), and the sucrose content and distribution in different organs during flower opening have
been analyzed (Shi et al., 2009; Zhang et al., 2013b). Sugar transporters may constitute an ef-
ficient machinery for promoting sugar uptake or storage in important sinks. To date, however,
the cloning and expression of a sucrose transporter gene in tree peony have not been reported.
To gain better a understanding into the regulation of sucrose assimilation from source tissues
to developing organs and the mechanism of flower development in tree peony, it is necessary
to clone and characterize SUT genes. In this study, the full length of sucrose transporter gene
was cloned from the leaf of the Paeonia suffruticosa cultivar ‘Huhong’, the expression of the
PsSUTI in various organs at different developmental stages was determined, and the predicted
structure of the transporter was analyzed by comparison to known sucrose transporters from
other species.

MATERIAL AND METHODS
Plant materials

‘Huhong’, a cultivar of P, suffruticosa (grafted with the root of P. suffiuticosa cultivar
‘Fengdan’), was used as the experimental material in this study. The plants were cultivated
in a research station of Henan Agricultural University. Healthy and uniform peony plants
were chosen and sampled in the peach period (April 1, 2013), the flowering period (April 18,
2013), the withering period (April 28, 2013), and the bulbil differentiation period (June 21,
2013). Root (principal root), phloem in stem (middle section), healthy functional leaves, and
3-5 layers of petals (from edges, inward) were harvested for further experiments. All samples
were quickly cleaned and frozen in liquid nitrogen after harvesting and stored at -70°C until
further use.
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Total RNA extraction and cDNA synthesis

Fresh leaves (0.5 g) were collected and ground into powder in liquid nitrogen. Total
RNA was extracted using an improved CTAB method (Meng et al., 2006). The RNA was then
treated with DNase I according to the manufacturer protocol (Takara, Japan) so as to remove
contamination by genomic DNA. An aliquot of RNA was quantified by light absorbance at
260 nm and then electrophoretically separated on a 1.0% agarose gel to verify integrity. The
first-strand cDNA was synthesized from 2.0 pg total RNA using a RevertAid First-Strand
cDNA Synthesis Kit (Fermentas, Ontario, Canada), according to the manufacturer protocol.

Molecular cloning of PsSUTI cDNA

Two highly conserved regions were identified by amino acid sequence alignment of
existing cloned sucrose transporters from plants. The cDNA samples derived from leaves of
tree peony cv. ‘Huhong’ were amplified using primers deduced from conserved regions. The
resulting PCR fragment was cloned into Pgem-T Easy vector (Promega, Madison, WI, USA)
and sequenced. The remainder of the cDNA was produced using 5'- and 3'-RACE PCR, per-
formed using nested PCR with the gene-specific primers derived from the newly isolated
partial fragment and the SMARTer RACE cDNA amplification kit (Clontech, Palo Alto, CA,
USA). Amplification products of 5'-RACE and 3'-RACE were cloned into pGEM-T Easy vec-
tor (Promega) and sequenced. Following end-to-end PCR, the resulting DNA fragment was
sequenced and then BLAST searched against the GenBank database.

Sequence analysis

Nucleotide sequence alignment was analyzed using the DNAMAN 6.0 software (Lynnon
Biosoft, USA). The amino acid sequence was predicted through BLASTp on the NCBI website
(http://www.ncbi.nlm.nih.gov/). Physicochemical characteristics of the protein were recorded us-
ing the ProtParam online software (http://web.expasy.org/protparam/). Transmembrane regions
were predicted using TMpred server (http://www.ch.embnet.org/software/TMPRED_form.html).
SignalP tools (http://www.cbs.dtu.dk/services/SignalP/) were used to predict the signal peptide.
PSORT (http://psort.hge.jp/form.html) was used to predict subcellular localization. SOPMA
(http://mpsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa sopma.html) was used to analyze
secondary structure. Phylogenetic analyses were conducted using the MEGA 5.0 software with
the neighbor-joining method followed by phylogeny test options of 1000 bootstrap replicates.

Real-time qPCR assay

Total RNA was extracted from various organs of tree peony at different developmen-
tal stages and reverse-transcribed to cDNA. The resulting cDNA was amplified with RT-qPCR
primers P6 and P7 (Table 1), which were designed according to the PsSUT! cDNA intermedi-
ate fragment sequences. Resulting amplified fragments were 105 bp in length. Using the peony
Actin gene as a reference (Wang et al., 2012), and Act-F and Act-R as primers (Table 1), 134-bp
fragments were amplified. qRT-PCR analysis was performed on a BIO-RAD i1Q2 Real-Time
Detection System with Power x SYBR Real-time PCR Premixture Kit (BioTeke Corporation,
Beijing), according to manufacturer protocol. The reaction mixture contained 10 pL 2X Premix,
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0.4 pL of each primer (10 uM), 2 pL ¢cDNA, and 7.2 pL ddH, O, for a total reaction volume of
20 pL. The reaction conditions were as follows: initial denaturation and DNA polymerase acti-
vation at 95°C for 2 min; 40 cycles of denaturation at 95°C for 15 s, annealing at 60°C for 20 s,
and extension at 72°C for 20 s. For each sample, three replicates were performed. The relative
transcript levels were calculated by the 224 method (Livak and Schmittigen, 2001).

Table 1. Primers used in gene cloning and expression analysis.

Primer name Primer sequence

P1 5'-GCC(T)GGT(A)GTTCAA(G)TTC(T)GG-3'
P2 5'-A(G)CCCATCCAA(G)TCA(T)GT A(G)TC-3'
P3 5'-GGAGGAAGGGAAATCAGC-3'

P4 5'-CGCCGAATAGGTGACCGAGAT-3'

P5 5'-AAATCGGGAAGAGCATCGGTCA-3'

P6 5'-CGGTAACAACCAGAAACG-3'

P7 5'-TACATCTGCCTGAACGAA-3'

B26 5'-GACTCTAGACGACATCGA(T) -3
Oligo(dT) S-TTTTTTTTTTTTTTTTTT-3'

UPM 5'-CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACGCAGAGT-3'
Act-F 5'-GGTCTATTCTTGCTTCCCTCAG-3'

Act-R 5'-GAACTCACTATCAAAC CCTCCAG-3'
RESULTS

Cloning the PsSUTI gene

Reverse transcription of total RNA followed by amplification yielded a fragment of
the expected size, around 800 bp (Figure 1). The band was subcloned and sequenced, reveal-
ing a 825-bp fragment. Primers for 3'-RACE and 5'-RACE were designed according to the
intermediate fragment sequences, and nested PCR was carried out with those primers. Elec-
trophoresis of the target segment in agarose gel revealed amplification bands of 950 bp for
3'-RACE and approximately 450 bp for 5'-RACE. Sequenced results revealed the length of the
3'-RACE fragment to be 981 bp and the 5'-RACE fragment to be 422 bp (Figure 1).

2000 bp

1000 bp
750 bp
500 bp

250bp
100 bp

Figure 1. Agrose gel electrophoresis of the PsSUTI amplification product of tree peony. Lane M = DNA marker
DL2000; lane 1 = middle fragment; lane 2 = 3'-RACE; lane 3 = 5'-RACE.
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The full-cDNA sequence was obtained by combining the information contained in the
5'- and 3'-fragments; it was named PsSUT! (GenBank accession No. KC542395). Sequence
analysis revealed a 1557-bp open reading frame (ORF) encoding a 519-amino acid protein.
The PsSUTI gene shares more than 70% identity with SUT genes from other species.

Peony PsSUTI homology and phylogenetic analysis

BLAST indicated that the deduced amino acid sequence of PsSUT! shared roughly
65, 64, 63, 68, 606, 65, 67, 68, and 69% identity, respectively, with homologous sequenc-
es from Medicago truncatula (AFM28284), A. thaliana (NP_173685), Brassica oleracea
(AAL58072), Hevea brasiliensis (CAM34330), Glycine max (NP_001236298), Pisum sati-
vum (AAD41024), Juglans regia (AAU11810), Populus trichocarpa (ADW94613), and Vitis
vinifera (AAF08331). Homology with SUC27 of V. vinifera was 69% (Figure 2), the highest
among these species, indicating that this gene is relatively conserved.
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Figure 2. Alignment of amino acid sequence of PsSUT! from tree peony and other plants. Conserved residues
in this alignment are shaded in dark blue (homology level = 100%), pink (homology level >75%), light blue

(homology level >50%).
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Using amino acid sequence homology to analyze the evolutionary relationships be-
tween PsSUT I and the SUT subfamilies, a neighbor-joining phylogenetic tree was constructed
using MEGA4.0 (Tamura et al., 2007). The resulting phylogenetic tree was divided into five
subfamilies: SUT1, SUT2, SUT3, SUT4, and SUTS (Figure 3). SUT1 included J. regia, V. vi-
nifera, Solanum tuberosum, Nicotiana tabacum, and Beta vulgaris. P. suffruticosa and J. regia
were located in the same branch, revealing a close evolutionary relationship between them,
with V. vinifera being the second most closely related species.

9
51
)

DgSUT4 (Datisca glomerata) CAGT0682
WSUCH (Vitis vinifera) AAF08329
ReSUT4 (Ricinus communis)AAU21439

SSSUT4 (Solanum
LjSUT4 (Lotus japonicus )CAD61275

HvSUT2 (Hordewn vuigare)CAB75881
100 ED:SLTZ (Onyzasatva)BAC67163

-S6SUT4 (Sorghwm bicolor YGU045300

AAG25923

SUT4

PsSUT! (Paeonia suffuticosa)KC542395 —<——
JrSUTI (Juglans regia)AAU11810

TASUC27 (Vitis vinifera) AAF08331

-BSUT! (Beta vulgaris)CAASS730

SISUTI (Solanwn tub AA48915
NiSUTla (Nicotiana tabacum) CAA57727

% PmSUC3 (Plantago major)CADS$887
99 HOSUT2A (Hevea brasilionss)ABIS1934

LeSUT2 (Solanuwm bcopersicum)AAG12987

ESBS UT2 (Sorghum bicolor)XP_002454058
100 —ZmSUT2 (Zea mays)AAS91375

ZmSUT3 (Zea mays)ACF 86653
100 6SUT3 (Sorghun bicolor)XP_002467275
100 0sSUT3 (Onyzasativa)BAB68368
'mSUTI (Zeamays)BAAS3501

ﬁfﬁlﬂ'}' (Triticwn wrart)EMS35632
100 0sSUTs (Ory va JBAC67165
2 ZmSUT6 (Zea mays)ACF85673
L‘ﬁ'::imsm (Zeamays)ACF$5284
86 bSUTS (Sorghum bicolon)XP_0024540358

Characterization of the protein encoded by PsSUT1
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Figure 3. Phylogenetic analysis of PsSUTI.

PsSUT1 encodes a proteins with the predicted molecular formula C,, H, )| N O.S,.,
which is composed of 22 types of amino acids and has a molecular mass of 55.5 kDa and
isoelectric point of 9.02. Analysis of protein hydrophobicity showed that the maximum coef-
ficient was 3.311 (located in the 229th amino acid residue), the minimum was -2.844 (located
in the 176th amino acid residue), and most regions were hydrophobic. Subcellular localization
predicts a possibility of the protein being localized in the cytoplasmic membrane, mitochon-
dria, Golgi apparatus, and endoplasmic reticulum of 0.800, 0.654, 0.400 and 0.300, respective-
ly. Therefore, the location of the PsSSUT1 protein was inferred as the cytoplasmic membrane.
Analysis revealed no obvious signal peptide. The secondary structure of the PsSUT1 protein
consists of a-helix, extended strand, random coil and B-turn, with percentages of 42.20, 18.30,
36.42, and 3.08%. The sucrose transporter is a transmembrane protein; the high content of
hydrophobic amino acids is beneficial for the formation of transmembrane domains.
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The predicted membrane topology (by TMPred) of the PsSUT1 protein consisted of
12 transmembrane domains (Figure 4), suggesting that PsSUT1 might be a transmembrane
protein. According to NCBI CDS (conserved domain search) analysis, the protein has a typi-
cal sugar transporter protein domain belonging to the glycoside-pentoside-hexuronide/sucrose
transport subfamily of cation symporter.
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Figure 4. Transmembrane domain analysis of the PsSUT! protein.

Expression pattern of PsSUTI

The expression pattern of PsSUT! in different organs at different developmental
stages was analyzed using RT-qPCR with Actin as the reference gene (Figure 5).

Relative expression
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Figure 5. Relative expression level of PsSUT! in different organs at different development stages.
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There were significant differences in expression of PsSUT! in different organs at the
same stage. The expression level of PsSUT! in leaves was the highest at the peach stage, and
was 27.5 times of petals. At flowering, withering and bulbil differentiation stages, expres-
sion level of the PsSUTI gene was the highest in stems, while the lowest in petals. PsSUT!
expression in roots and stems had the same variation tendency; both of them were the highest
at flowering periods. While PsSUT! expression showed a gradual decline in leaves, expres-
sion level of PsSUT1 decreased by 95.9% from bulbil differentiation stage to peach stage. In
petals, PsSUT1 expression was highest at the flowering stage, which was 379% higher than
that at the peach stage. With petal senescence, expression of the PsSUT! gene declined at the
withering stage.

DISCUSSION

Since the first plant SUT gene was cloned from spinach in 1992, many genes have
been cloned from plants. These genes encoding sucrose transporter proteins belong to a mul-
tigene family, as indicated by significant similarity at the amino acid level (Williams et al.,
2000). According to phylogenetic analyses, plant SUTs have been classified into five subfami-
lies. The SUT1 subtribe is expressed in dicots, the SUT2 and SUT4 subtribes are expressed
in both dicots and monocots, and the SUT3 and SUTS5 subtribes, which were cloned from
maize (Aoki et al., 1999) and sorghum (Kiihn and Grof, 2010), are particular to monocots. All
sucrose transporters of the SUT1 subtribe, which derived from dicots, are typical membrane
protein with higher affinity and lower transporting capacity including 12 transmembrane re-
gions, the N- and C-termini are localized to the cytoplasmic side.

In this experiment, we cloned the full-length PsSUTI cDNA from tree peony leaves.
PsSUTI cDNA contained a 1557-bp open reading frame encoding a 519-amino acid protein
with a relative molecular mass of 55.5 kDa and an isoelectric point of 9.02. The PsSUT1 protein
contained 12 transmembrane domains, a distinct characteristic of the GPH/cation symporter
family (Figure 4). A neighbor-joining phylogenetic tree of PsSUTI and homologous SUT genes
was constructed, resulting in a phylogenetic tree divided into five distinct subtribes (Figure 3).
In the SUT1 subtribe PsSUT shared the closest genetic distance to J. regia, and second-closest
to V. vinifera, while the genetic distances between PsSUT and most members of the SUT3 and
SUTS subtribes were greater. The amino acid sequence of PsSUT1 showed the greatest degree
of homology to those of the SUT1 subtribe, while it had low homology to other subtribes. The
protein encoded by PsSUTI has 12 typical transmembrane regions, consistent with the char-
acteristics of SUT1 subtribe proteins, which are membrane binding proteins. PsSUT1 showed
high degrees of homology to homologs in M. truncatula, H. brasiliensis, P. trichocarpa, and
V. vinifera. Furthermore, phylogenetic analysis also showed that the PsSUT1 protein had the
closest genetic relationship with the sucrose transporter from J. regia, which belongs to SUT1
subtribe, thereby classifying PsSUT as a member of the SUT1 subtribe.

Long distance transport of sucrose in phloem is beneficial for the growth and de-
velopment of plants. Sucrose transporter proteins play a key role in the phloem loading and
unloading of sucrose (Sun et al., 2010; Reinders et al., 2012). In higher plants, due to differ-
ent expression patterns, SUT subtribes exibit significant differences in function. BoSUT?2 of
Dendrocalamopsis oldhami is expressed in leaf, leaf sheath, and root, while its expression is
not detected in caulicle. These results reveal that BoSUT?2 has obvious tissue-specific char-
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acteristics (Gao et al., 2010). Similarly, PhSUT! of pear is expressed mainly in fruit (Yao et
al., 2010; Zhang et al., 2013a). Our expression analysis of PsSUT! at four growth stages re-
vealed expression in roots, stems, leaves, and petals, but there were no obvious tissue-specific
characteristics. PsSUTI expression level was higher in tissues that accumulate more carbo-
hydrates, such as stems and roots, while it was low in petals, depending on developmental
stage. It seems that tree peony blossoms need more energy, so that sucrose stored in roots is
transported long distances through the phloem in order to provide nutrients for plants growth
and flowering. PsSUT! expression level showed a trend of gradual decline in leaves. At the
peach stage, expression was highest in leaves and lowest in petals. Leaves are important sink
tissues before blooming, so they need increased energy to satisfy the requirements of growth
and photosynthesis and provide sufficient energy for blooming. In petals, PsSUT! expression
was highest at the flowering stage, because petals consume more nutrients and energy when
blooming. There were significant differences in PsSUT! expression during the tree peony
blossom stage. PsSUT is expressed not only in sink tissues, but also in source tissues. This
reveals the dual function of PsSUTI, which is able to mediate both sucrose unloading and
phloem loading. Indeed, many studies have found that SUT/ is expressed in both sink tissues
and source tissues, and these carrier proteins are thought to play dual functions: regulating the
loading in source tissues and unloading in sink tissues of photoassimilates (mainly sucrose)
in apoplastic phloem transmembrane pathway (Lalonde et al., 1999; Kiihn et al., 2003). For
example, StSUT1 of Solanum tuberosum, which is responsible for assimilation loading, also
plays an important role in tuber phloem unloading (Kiihn et al., 2003). SUT genes cloned from
Galega officinalis (Li et al., 2011), Malus pumila (Peng et al., 2011), Triticum aestivum (Deol
et al., 2013), and Leymus chinensis (Su et al., 2013) are expressed both in source leaves and
sink tissues such as seeds, fruits, and stems. The present experiment revealed that PsSUT!
was critical to the allocation and utilization of sucrose in tree peony. Sucrose transporters are
responsible for the absorption and transportation of carbohydrate, and so are necessary to the
long distance transport of sucrose (Riesmeier et al., 1994). At flowering, withering, and bulbil
differentiation stages in tree peony, PsSUT! expression was the highest in stems; this demon-
strated that PsSUT was involved in the phloem transport of sucrose. Therefore, the functions
of PsSUT1 may be more complicated than the transport of sucrose; there remains more infor-
mation to be discovered experimentally.
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