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Abstract
In higher plants, sucrose synthase (Sus, EC 2.4.1.13) is widely considered as a key enzyme involved in sucrose metabolism.
Although, several paralogous genes encoding different isozymes of Sus have been identified and characterized in multiple
plant genomes, to date detailed information about the Sus genes is lacking for cacao. This study reports the identification of
six novel Sus genes from economically important cacao tree. Analyses of the gene structure and phylogeny of the Sus genes
demonstrated evolutionary conservation in the Sus family across cacao and other plant species. The expression of cacao Sus
genes was investigated via real-time PCR in various tissues, different developmental phases of leaf, flower bud and pod.
The Sus genes exhibited distinct but partially redundant expression profiles in cacao, with TcSus1, TcSus5 and TcSus6, being
the predominant genes in the bark with phloem, TcSus2 predominantly expressing in the seed during the stereotype stage.
TcSus3 and TcSus4 were significantly detected more in the pod husk and seed coat along the pod development, and showed
development dependent expression profiles in the cacao pod. These results provide new insights into the evolution, and basic
information that will assist in elucidating the functions of cacao Sus gene family.
[Li F., Hao C., Yan L., Wu B., Qin X., Lai J. and Song Y. 2015 Gene structure, phylogeny and expression profile of the sucrose synthase gene
family in cacao (Theobroma cacao L.). J. Genet. 94, 461–472]

Introduction
In most plants, sucrose is the primary photosynthate for
export from source organs into sink tissues. Unloading
into recipient sink cells, sucrose is cleaved into hexoses
by invertase (Inv, EC 3.2.1.26) and sucrose synthase
(Sus, EC 2.4.1.13) for use in various metabolic pathways
(Weber et al. 2005; Ruan et al. 2010). Sus catalyzes
the reversible reaction but preferring to convert sucrose
and UDP into fructose and UDP-glucose, and plays crucial roles in regulation of sucrose partitioning involved
in biosynthesis, signalling and storage functions (Haigler
et al. 2001; Fallahi et al. 2008; Kleczkowski et al. 2010;
Jiang et al. 2011). For instance, Sus cleavage activity has
been repeatedly reported to correlate well with the sink
strength of various storing organs, including potato tubers
(Solanum tuberosum), pea embryos (Pisum sativum), common
bean cotyledons (Phaseolus vulgaris) and rubber laticifers
(Hevea brasiliensis) (Zrenner et al. 1995; Barratt et al. 2001;
Abid et al. 2012; Xiao et al. 2014). Sus also plays a significant role in cellulose biosynthesis and secondary cell-wall
∗ For correspondence. E-mail: labcacao@gmail.com.

formation (Coleman et al. 2009). In addition, Sus gene
expression has been reported to be induced in response to
phloem loading, abiotic stresses and osmotic stress (Martin
et al. 1993; Kleines et al. 1999).

In many plants, several studies have demonstrated the
existence of multiple isoforms of Sus. With the sequencing
of the genomes in many plants, more and more members
of Sus family have been identified. In the model plant Arabidopsis, six distinct members of Sus family were grouped
into three groups, suggesting gene expansion in higher plants
during evolution (Baud et al. 2004). With the completion
of the genome sequence analysis, multiple Sus family members have been isolated and characterized in Oriza sativa
(Hirose et al. 2008), Gossypium arboretum (Zou et al. 2013),
H. brasiliensis (Xiao et al. 2014). Studies on these Sus
sequences and phylogenetic analysis indicated that structural conservation and functional divergence occurred within
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the gene family during evolution. In many plant species,
members of the Sus family are differentially expressed and
divergent in function during plant development. For example,
the members of Arabidopsis Sus genes show distinct but
partially overlapping expression profiles. AtSus2 is highly
expressed only in the seeds during a particular phase of
development; in contrast, AtSus1, AtSus5 and AtSus6 are
much more widely expressed in the root, stem, flower,
slliques and seed. AtSus3 is mainly expressed in the root,
flower and seed (Bieniawska et al. 2007). The pea (P.
sativum) Sus family harbours at least three divergent members. PsSus1 is ubiquitously and highly expressed in the
developing seeds. PsSus2 is mainly expressed in the older
testas and leaves, while PsSus3 is weakly expressed only in
the flowers and young testas (Barratt et al. 2001).
In developing seeds, Sus was found to have significant
roles in metabolism, comparing with other sucrose metabolizing enzymes such as Inv and sucrose phosphate synthase (SPS) (Hill and Rawsthorne 2000). The hexose sugars
produced from sucrose maintain cell division expansion in
the embryo (Weber et al. 1997). Several investigations have
demonstrated the correlation between Sus and seed development. Sus transcripts were detected to be induced during
seed development in Citrus unshiu and Arabidopsis thaliana
(Komatsu et al. 2002; Bieniawska et al. 2007). Silencing of
the Sus expression led to the arrest of early seed development in Gossypium hirsutum, reducing fruit set in Lycopersicon esculentum (D’Aoust et al. 1999; Ruan et al. 2008).
The results indicate a critical role of Sus in seed development through regulation of assimilated carbon partitioning.
Although, Sus genes in a few plant species such as Arabidopsis, rubber tree (H. brasiliensis) have been extensively
studied, the Sus genes in cacao tree (T. cacao) have not.
Cacao is an important neotropical species, and is widely
grown in more than 50 countries throughout the humid tropical regions. Cacao beans are utilized for the chocolate, confectionery and beverage. Cocoa butter, which is a mixture of
various fat compositions, is the major commercial product
of the cacao beans (Bruni et al. 2000). Sucrose is the primarymolecule of fat biosynthesis and seed development; and
sucrose concentration is limiting factor for the rapid synthesis of lipids during seed filling in cacao (Pence 1992; Bucheli
et al. 2001). Understanding the mechanisms of sucrose transport and metabolism in the seeds is of fundamental importance for improving cacao productivity. Six sucrose transporter (SUT) genes related to sucrose transport have been
cloned in cacao tree, of which TcSUT1, TcSUT4 and TcSUT5
were expressed more in the seed coats and seeds, indicating their role in photoassimilate unloading to the developing
seeds (Li et al. 2014). In the present study, we reported the
identification and characterization of six Sus genes in cacao
tree and investigated their expression patterns at the transcriptional level. The results of this study are basal framework for further investigations to understand the potential
roles of cacao Sus genes in regulating seed development and
biosynthesis of cocoa butter.
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Materials and methods
Plant materials

T. cacao (TAS-R8, Trinitario type), which has a relatively
larger pod weight, was used in this study for gene expression analysis. The trees were cultivated at the experimental plantation of the Spice and Beverage Research Institute
of Chinese Academy of Tropical Agricultural Science (Wanning, Hainan, China). To study the tissue-specific expression of TcSus genes, all tested organs/tissues were collected
for RNA extraction from 30-year-old mature TAS-R8 trees.
Various organs/tissues were harvested, including leaf, bark
with phloem, flower bud and pod. For expression pattern
analysis in various tissues of pod, pod husk, seed coat and
seed were sampled from three different pod developmental
stages, enlarging (100 days after pollination (DAP), stereotype (pod volume reach maximum) (135 DAP), and ripening stage pods (170 DAP)), respectively. The collected samples were immediately frozen in liquid nitrogen and stored at
−80◦ C for subsequent RNA isolation.
RNA extraction and cDNA synthesis

Total RNA was extracted from each organ/tissue by using
Plant RNA kit (Omega, Norcross, USA). The RNA was
treated with DNase I, according to the manufacturer’s
instructions (TaKaRa, Dailian, China). An aliquot of RNA
was electrophoretically separated on a 1.0% agarose gel
to verify integrity. Final concentration was adjusted to
1 μg·μL−1 by using double-distilled water treated with 0.1%
diethylpyrocarbonate (DEPC). Single-stranded cDNA was
synthesized from 1.0 μg of total RNAs by using M-MLV
reverse transcriptase (Fermentas, Ontario, Canada), according to the manufacturer’s instructions. Three reverse transcriptions of each organ/tissue were carried out independently. The resultant first-strand cDNA mixtures were diluted
1:20 with double-distilled water and stored at −20◦ C before
being used as a template for real-time PCR.
Sequences search and bioinformatics analysis

Based on the annotated genome of T. cacao, Blast search
was performed to identify all members of the TcSus family. The strategy used to obtain the entire family of Sus
genes in the genome was as follows. Using BlastP search,
the amino acid sequences of the Sus domain of Arabidopsis were used to search the cacao genome sequences
(cacao_v1.1) hosted at the Cacao Genome Database (http://
www.cacaogenomedb.org). Physical, chemical characterization and conserved functional domains of the cacao Sus
gene family were analysed using the expert protein analysis
system (ExPASy) (http://expasy.org/tools/). Cis-elements of
TcSus promoters were predicted by PLACE Web Signal Scan
(http://www.dna.affrc.go.jp/PLACE/).
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Table 1. Real-time PCR primers.
Forward primer (5′ → 3′ )

Gene
TcSus1
TcSus2
TcSus3
TcSus4
TcSus5
TcSus6
GAPDH

Reverse primer(5′ → 3′ )

AGGCAAAGGCTATCTTGTC
TTCAGTTCCTTAACCGTCAC
ACAGCCTGCCTTCTATGA
TGGTTTGCCGACATTTGC
GCCAAGGGCTCAACATAAAG
CAGGACTCCATCGCATACA
GATGCTCCTATGTTTGTTGTGG

Phylogenetic and gene structure analyses

The sequence data used in this study were obtained using
the keyword ‘sucrose synthase’ and a query search in the
GenBank using the known Sus gene sequences from Populus, Arabidopsis and rice. Phylogenetic and molecular evolutionary analysis was performed using MEGA ver. 6.0
with the neighbour-joining (NJ) method, followed by phylogeny test options of 1000-bootstrap replicates (http://www.
megasoftware.net/). Exon/intron structures of the target Sus
genes were analysed by comparing the cDNA sequences and
their genomic DNA sequences using the web server GSDS
(http://gsds.cbi.pku.edu.cn/).

GCTATGTACTCCCAAACACC
GTATTCTGCTGCCCTTGC
AAATTCTATTAAGCCCTCCA
CTGCCAGAGGGACGGATT
TAACATCCCATCGGCGTAG
GGGCCTTCGTCAGATACTAC
TCTTCCTCCTCTCCAGTCCTT

for 10 s, primer annealing at 60◦ C for 15 s, and extension
at 72◦ C for 30 s. Optical data were acquired after the extension step, and the PCR reactions were subjected to a melting
curve analysis beginning from 65◦ C to 95◦ C at 0.1◦ C s−1 .
The cacao GAPDH gene was used as an internal control
(Pinheiro et al. 2011). The data are presented as an average ± SD of three independently produced RT preparations
used for PCR runs, each having three replicates. Expression
data were analysed using Bio-Rad CFX Manager software
C
with the 2− T method. Gene relative expression levels were
drawn by Microsoft Excel 2010.

Results

Quantitative real-time PCR (qRT-PCR)

Quantitative RT-PCR was performed to relatively quantify
the transcription levels of TcSus genes. The reaction was
conducted on the Bio-Rad CFX-96 Real-Time PCR System
using the SYBER Green Realtime PCR Master Mix (Toyobo,
Osaka, Japan). The specificity primers for expression analyses (table 1) were designed in the 5′ or 3′ region of TcSus
genes using the Primer Premier 5.0 software and synthesized by Sangon Biotech (Shanghai, China). The PCR was
conducted by following procedure: predenaturation at 95◦ C
for 3 min, followed by 45 cycles of denaturation at 95◦ C

Sus family in T. cacao

Based on data obtained from the cacao genome sequence, six
putative Sus genes were identified from the genome database
T. cacao. Most TcSus genes owned multiple transcripts, except
TcSus1, TcSus2, TcSus4 and TcSus6 owned two transcripts,
while TcSus3 and TcSus5 owned four transcripts. Thereby, a
total 15 Sus transcripts were identified from the cacao
genome. Bioinformatics information for each gene, including
sequence annotation, protein chemical characterization and
the location of the functional domains are shown in table 2.

Table 2. Characteristics of TcSus family members in T. cacao (updated data according to cacao ver. 1.1, http://www.cacaogenomedb.org).

Isoform

Genome location

Transcript name

CDS
length

Peptide
residue

Theoretical
Mw (kDa)

Theoretical
pI

TcSus1
TcSus2.1
TcSus2.2
TcSus3.1
TcSus3.2
TcSus3.3
TcSus3.4
TcSus4.1
TcSus4.2
TcSus5.1
TcSus5.2
TcSus5.3
TcSus5.4
TcSus6.1
TcSus6.2

scaffold_9:3647920..3653541
scaffold_4:32351688..32357321
scaffold_4:32351688..32357321
scaffold_1:33027558..33035420
scaffold_1:33027885..33035420
scaffold_1:33027830..33034346
scaffold_1:33027350..33034369
scaffold_9:3617394..3622520
scaffold_9:3616730..3622518
scaffold_4:5066781..5086791
scaffold_4:5080153..5085061
scaffold_4:5080327..5084233
scaffold_4:5080327..5084233
scaffold_3:13707890..13730137
scaffold_3:13708968..13714009

Thecc1EG037468t1
Thecc1EG021253t1
Thecc1EG021253t2
Thecc1EG004698t1
Thecc1EG004698t2
Thecc1EG004698t3
Thecc1EG004698t4
Thecc1EG037464t1
Thecc1EG037464t2
Thecc1EG017585t1
Thecc1EG017585t2
Thecc1EG017585t3
Thecc1EG017585t4
Thecc1EG013507t1
Thecc1EG013507t2

2391
2415
2253
2529
2412
2286
2022
2559
2421
2532
2553
1959
1932
2586
2190

796
804
750
842
803
761
673
852
806
843
850
652
643
861
729

90.64
92.19
85.44
95.91
91.56
86.29
76.32
97.94
92.83
95.47
96.37
73.97
72.99
97.57
83.05

5.88
5.96
5.63
5.94
5.96
5.66
5.9
6.29
6.12
7.17
6.91
8.31
8.34
6.21
7.95
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Functional domains
(Start–end)
Sucrose
Glycosyl
synthase transferase
5-545
4-548
4-548
41-588
8-555
8-555
8-555
53-600
7-554
9-559
9-566
1-362
1-362
9-558
3-391

557–713
555–722
555–722
594–764
561–731
561–732
561–664
613–776
566–730
569–733
576–740
372–536
372–536
569–732
402–565
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Molecular analysis of the full-length deduced polypeptides indicated that the putative proteins of these cacao
Sus genes contain 643–861 amino acids (predicted 72.99–
97.57 kDa in molecular weight) with their isoelectric
point calculated ranging from 6.26 to 7.27. Two conserved
sucrose synthase and the glucosyl-transferase domains,
which have been suggested to be typical signatures of
Sus proteins were also identified in all the cacao TcSus

genes (table 2; figure 1). Multiple sequence alignment
revealed the highest levels of similarities between the amino
acid and CDS of different transcripts of TcSus2 (≥99.6%),
TcSus3 (≥99%), TcSus4 (99.9%), TcSus5 (≥99.5%), TcSus6
(≥94.8%), respectively. A higher identity of amino acid
and CDS exist between TcSus1 and TcSus4 (≥80.3%),
TcSus2 and TcSus3 (≥77.8%), TcSus5 and TcSus6 (≥67.9%)
(table 3).

Figure 1. Predicted amino acid sequences of the 15 cacao Sus genes TcSus1-TcSus6.2. Sequence alignment was performed using DNAMAN 6.0 software (http://www.lynnon.com/). Identical amino acids are shaded and gaps are indicated by dots. The predicted conserved
serine residue for phosphorylation by Ser/Thr protein kinase is indicated by a red star. The characteristic sucrose synthase domain (single
underline) and a glycosyltransferases domain (double underline) were identified by the Interproscan algorithm (http://www.ebi.ac.uk/Tools/
pfa/iprscan/).
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Table 3. Identity matrix for TcSus domain sequences and their predicted amino acid sequences.
TcSus2.2

TcSus3.1

TcSus3.2

TcSus3.3

TcSus3.4

TcSus4.1

TcSus4.2

TcSus5.1

TcSus5.2

TcSus5.3

TcSus5.4

TcSus6.1

TcSus6.2
63.8

63.7
99.6

64.8
81.1
80.9

64.3
80.7
80.9
99.6

64.0
79.8
80.9
99.0
99.0

62.9
79.6
79.6
99.1
99.1
99.1

80.3
69.5
68.7
67.6
70.2
69.5
68.7

80.3
69.5
68.7
70.6
70.2
69.5
68.7
99.9

54.5
54.1
55.1
54.0
56.0
56.4
55.6
52.9
55.3

54.4
54.0
54.9
54.2
56.2
56.5
55.7
52.4
55.2
99.6

58.3
58.1
54.8
60.0
59.2
56.0
47.6
59.1
59.1
98.2
98.2

58.6
58.6
55.5
60.0
60.0
56.8
48.2
59.4
59.4
99.8
99.8
99.5

54.3
55.5
56.8
52.9
55.2
56.0
55.3
50.7
53.6
69.5
68.7
73.8
74.8

51.7
53.0
50.2
52.3
52.0
49.7
45.8
51.6
51.6
67.9
67.9
74.5
74.8
94.8

Numbers above the diagonal are coding sequences identity and the numbers below the diagonal are amino acid sequences identity.

Phylogenetic analysis of TcSus genes

To understand the comprehensive evolutionary relationships
among Sus gene families, i.e. between cacao and other
plant species, a total of 51 plant Sus amino acid sequences,
including 15 transcripts of cacao Sus, representing seven
species were used to construct the phylogenetic tree. As
shown in figure 2, three major groups of Sus proteins are
classified: Sus I, Sus II and Sus III, as previously studies
(Zhang et al. 2011; Zou et al. 2013). In cacao, on an
average the Sus members fall into three groups: TcSus1
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Figure 2. Phylogenetic analysis of the TcSus proteins and other
plant Sus homologues. Unrooted phylogenetic tree of plant Sus
proteins constructed using the NJ method with MEGA 6.0 pro
gram. D, dicot subclass; M, monocot subclass. Isozymes and
the corresponding plant species are: Theobroma cacao, TcSus1–
TcSus6 (marked with gray rhomb); Arabidopsis thaliana,
AtSus1–AtSus6
(AT5G20830,
AT5G49190,
AT4G02280,
AT3G43190, AT5G37180, AT1G73370); Gossypium arboreum,
GaSus1–GaSus8 (JQ995522–JQ995529); Hevea brasiliensis,
HbSus1-6 (KC492043–KC492048); Oryza sativa, OsSus1–
OsSus7 (HQ895719–HQ895725); Populus trichocarpa, PtrSus1–
PtrSus 7 (GU559727–GU559735); Zea mays, ZmSus1–ZmSus3
(AAA68209, X02400, AY124703).
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TcSus1
TcSus2.1
TcSus2.2
TcSus3.1
TcSus3.2
TcSus3.3
TcSus3.4
TcSus4.1
TcSus4.2
TcSus5.1
TcSus5.2
TcSus5.3
TcSus5.4
TcSus6.1
TcSus6.2

68.7
68.9
69.5
69.3
68.9
68.9
81.2
81.0
64.8
64.9
65.0
65.7
64.0
60.1

99.9
78.6
78.0
78.0
77.8
70.3
70.0
63.7
63.9
65.4
66.0
64.6
61.1

79.2
78.8
78.7
77.8
70.3
70.1
64.2
64.4
60.9
61.0
66.3
57.3

99.9
99.8
99.9
69.9
70.9
62.8
62.7
64.8
65.8
62.6
61.3

99.8
99.8
70.5
70.2
64.8
64.8
64.1
64.8
64.3
61.1

99.8
70.7
70.3
65.2
65.1
60.9
61.3
64.9
57.5

70.9
70.5
64.6
64.4
52.4
51.9
64.0
52.9

99.9
63.6
63.3
65.6
66.4
60.6
60.6

66.3
66.6
65.9
66.5
63.4
60.6

99.8
98.8
99.8
71.4
69.1

98.8
99.8
70.6
69.1

99.5
73.9
74.4

74.8
74.5

95.1
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TcSus1
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and TcSus4 in the Sus I, TcSus2 and TcSus3 in Sus II,
TcSus5 and TcSus6 in Sus III, consistent with the amino acid
sequence/CDS identity and the exon/intron organization pattern (table 3; figure 2). All the three groups contain Sus genes
from eudicots and monocots, indicating that the groups had
already diverged in the common ancestor of these major plant
clades. In contrast to Sus II, Sus I and Sus III only contain one
dicot subclass and monocot subclass, indicating that monocot and dicot subclass were derived from some ancestor Sus
genes and underwent independent evolution within each subclass respectively. Compared to monocot Sus I and Sus III
groups, the dicot Sus I and Sus III groups thus includes members exclusively from dicot species, in which the proteins
can be divided into two subclasses. Both of the subclasses
of Sus III contain members from Arabidopsis, Populus, cotton and rubber, suggesting that some ancestor Sus genes had
diverged before dicotyledons species evolved into different
plant lineages. In addition, TcSus1, TcSus3, TcSus4, TcSus5
and TcSus6 are grouped more closely with cotton Sus genes
and by forming an independent sub-clade (Malvales), suggesting that the five Sus genes have differentiated before the
common ancestor of cacao and cotton.
Exon/intron organization of TcSus gene family

Analysing the arrangement of the exon/intron gene structure
can provide important insights into the evolutionary mechanisms of gene families. To investigate the exon/intron structure of the cacao Sus genes, the CDS and genomic sequences
were compared, showing that these genes typically consist of
11–17 exons interrupted by multiple introns (figure 3). The

high amino acid sequence similarities indicated a high level
of conservation within the cacao Sus genes. Despite minor
differences in the lengths of some exons, the structural patterns are well conserved both within and among the three
gene groups. These exons, with lengths 96, 174, 117, 167
and 225, appear almost at the same positions in the CDS
of most cacao Sus genes, consistent with the exons in cotton, Arabiodopsis (Zou et al. 2013). For each Sus group, the
exons also show unique feature: TcSus1 and TcSus4 (Sus I)
with lengths 336 and 564, TcSus2 and TcSus3 (Sus II) with
lengths 133 and 322, TcSus5 and TcSus6 (Sus III) with length
of 567 (figure 3). Most of the intron sizes of the cacao Sus
genes range within 70–140 bp in length, except that most
of the introns in all transcripts of TcSus2 and TcSus3 were
longer than 140 bp. In addition, the last intron of TcSus3.4,
with a length of 1090 bp, was the largest intron in the cacao
Sus gene family. The second largest intron (1069 bp) was the
central intron of TcSus6.
Cis-elements of TcSus promoters

All the six TcSus promoters (including 1500-bp of sequence
upstream of the translational start codon) were obtained from
Amelonadotype Matina 1-6 (ID numbers: CGD0031411 for
TcSus1, CGD0020032 for TcSus2, CGD0002965 for TcSus3,
CGD0031409 for TcSus4, CGD0010455 for TcSus5 and
CGD001375 for TcSus6) (Motamayor et al. 2013), and were
scanned for putative cis-regulatory elements. Cis-regulatory
elements of TcSus promoters were mainly involved in
three potential responsive functions: abiotic stress-related
elements, biotic stress-related elements and tissue-specific

Figure 3. Exon/intron structural organization of cacao Sus genes. (a) Exon/intron structures of cacao Sus group I. (b) Exon/intron structures
of cacao Sus group II. (c) Exon/intron structures of cacao Sus group III. Exons and introns are represented by filled boxes and lines,
respectively. Their sizes are indicated by the scale at the top and bottom, respectively.
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Table 4. Cis-regulatory elements identifed in the TcSus promoters.
Sequence

Gene

Annotation

References

ABREOSRAB21

ACGTSSSC

TcSUS6

ABA, ABRE, Em, rab, Em1a, Em1b, seed

AMYBOX1
CAREOSREP1
CIACADIANLELHC
EBOXBNNAPA

TAACARA
CAANNNNATC
CAACTC
CANNTG

Amylase, seed
Aleurone, GARE, gibberellin, seed
Circadian, light, Lhc, leaf, shoot
NapA, storage protein, ABRE, E-box, seed

GARE1OSREP1
GT1CONSENSUS

TAACAGA
GRWAAW

TcSUS3
TcSUS1, TcSUS3
TcSUS1, TcSUS5
TcSUS1, TcSUS2, TcSUS3,
TcSUS4, TcSUS5, TcSUS6
TcSUS1, TcSUS3
TcSUS1, TcSUS2, TcSUS4,
TcSUS5, TcSUS6

Marcotte et al. (1989), Busk and Pages (1998),
Skriver and Mundy (1990)
Huang et al. (1990)
Sutoh and Yamauchi (2003)
Piechulla et al. (1998)
Stalberg et al. (1996), Hartmann et al. (2005)

GT1CORE

GGTTAA

TcSUS1, TcSUS4

RbcS, box II, GT-1, rbcS-3, leaf, shoot

GTGANTG10

GTGA

Pollen, pectatelyase

IBOXCORE

GATAA

MYB1AT

WAACCA

MYB2AT
MYBCORE

TAACTG
CNGTTR

MYBPZM
MYB2CONSENSUSAT
MYCCONSENSUSAT

CCWACC
YAACKG
CANNTG

TcSUS1, TcSUS3, TcSUS4,
TcSUS5, TcSUS6
TcSUS2, TcSUS3, TcSUS4,
TcSUS5, TcSUS6
TcSUS1, TcSUS3, TcSUS4,
TcSUS5
TcSUS5
TcSUS1, TcSUS2, TcSUS3,
TcSUS4
TcSUS5
TcSUS6
TcSUS1, TcSUS2, TcSUS3,
TcSUS4, TcSUS5, TcSUS6

NTBBF1ARROLB
POLLEN1LELAT52

ACTTTA
AGAAA

PYRIMIDINEBOXOSRAMY1A CCTTTT
RAV1AAT
CAACA
ROOTMOTIFTAPOX1

ATATT

SEF1MOTIF
SEF4MOTIFGM7S

ATATTTAWW
RTTTTTR

WBOXHVISO1

TGACT

TcSUS5, TcSUS6
TcSUS1, TcSUS2, TcSUS3,
TcSUS4, TcSUS5, TcSUS6
TcSUS5
TcSUS1, TcSUS4, TcSUS5,
TcSUS6
TcSUS1, TcSUS2, TcSUS3,
TcSUS4, TcSUS5, TcSUS6
TcSUS1, TcSUS2, TcSUS3
TcSUS1, TcSUS4, TcSUS5,
TcSUS6
TcSUS3, TcSUS4, TcSUS5,
TcSUS6

Aleurone, GARE, gibberellin, seed
GT-1, light, TMV, leaf, shoot

Sutoh and Yamauchi (2003)
Terzaghi and Cashmore (1995), Villain et al. (1996);
Buchel et al. (1999), LeGourrierec et al. (1999);
Zhou (1999)
Green et al. (1988), Gilmartin et al. (1990), Terzaghi
and Cashmore (1995), Villain et al. (1996)
Rogers et al. (2001)

I-box, rbcS, light regulation, light, leaf, shoot Terzaghi and Cashmore (1995)
MYB, rd22BP1, ABA, leaf, seed, stress

Abe et al. (2003)

MYB, SV40, enhancer, bronze, leaf, shoot
MYB, dehydration, water, stress, leaf, shoot

Dof, auxin, root, shoot, meristem, vascular
Pollen, lat52; endo-beta-mannnanase, MAN

Urao et al. (1993)
Luscher and Eiseman (1990), Urao et al. (1993),
Solano et al. (1995)
Grotewold et al. (1994)
Abe et al. (2003)
Abe et al. (2003), Chinnusamy et al. (2003),
Chinnusamy et al. (2004), Hartmann et al. (2005),
Lee et al. (2005), Oh et al. (2005),
Agarwal et al. (2006)
Baumann et al. (1999)
Bate and Twell (1998), Filichkin et al. (2004)

Sugar repression, GARE, embryo, seed
RAV1, AP2, VP1, B3, root, leaf, shoot

Morita et al. (1998), Mena et al. (2002)
Kagaya et al. (1999)

Root, rolD

Elmayan and Tepfer (1995)

Storage protein, 7S, globulin, seed
Seed, storage protein, 7S, globulin

Allen et al. (1989), Lessard et al. (1991)
Tjaden et al. (1995), Shirsat et al. (1989),
Grace et al. (2004)
Sun et al. (2003)

P-gene, MYB, seed
MYB, rd22BP1, ABA, leaf, seed, stress
MYC, ABA, leaf, seed, stress, CBF3, cold

Sugar, SURE, patatin, WRKY, SUSIBA2
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elements (table 4; table 1 in electronic supplementary material at http://www.ias.ac.in/jgenet/). Abiotic stress-related
elements comprised light-responsive elements (CIAC),
ABA-responsive elements (ABRE) and cold-responsive elements (MYCC). Biotic stress-related elements include,
sugar-responsive elements (WBOX) and sugar repressionresponsive elements (PYRI). Tissue-specific elements comprised pollen-specific expression elements (GTGA and
POLL motifs) and seed-specific expression elements (SEF1
and SEF4 motifs).
In the six TcSus promoters, some potential cis-regulatory
elements exhibit a common distribution, including motifs
involved in response regulator and storage protein. Distributions of several cis-regulatory were consistent with evolution of TcSus; TcSus5 and TcSus6 both fall in Sus III
group, with distinctive NTBB and RBC elements in their
promoters. A small number of putative cis-elements were
specifically detected in TcSus3, TcSus5 and TcSus6 promoters. AMYB element was only presented in the TcSus3
promoter. MYBP and PYRI elements were specifically
identified in TcSus5 promoter, while ABRE and LTRE
elements were only existed in TcSus6 promoter.

Expression analysis of TcSus genes in cacao tissues

To understand the potential functions of specific genes of
Sus in cacao, the tissue-specific expression of TcSus genes
was examined in various cacao organs/tissues including, leaf,
bark with phloem, flower bud and pod, using real-time PCR.
It is worth to point out that there is a very high sequence similarity within the different transcripts of each TcSus gene, and
different transcripts of each TcSus were treated as an integral whole in the present study. As shown in figure 4, except
TcSus2, of which the transcripts could only be detected in the
developing pods, the other TcSus transcripts were detected in
a wide range of organs/tissues and showed distinct but partially overlapping expression patterns, suggesting that Sus
genes might be implicated in a range of physiological processes in cacao tree. In detail, TcSus1 was strongly expressed
in the bark with phloem and flower buds, and slightly lower
in leaves and developing pods. In addition, the transcripts
of TcSus1 in the flower buds were decreased as the bud
developed, but suddenly increased to the highest expression level when the bud was opening. TcSus3 was highly
expressed in the leaf, bark with phloem, flower bud, and

Figure 4. Expression of the Sus genes in cacao tissues. (a) Expression in different organs, including mature leaf (ML),
bark with phloem (BP), flower bud (FB) and developing pod (DP). (b) Expression in different developmental stages of
leaf including sink leaf (SL), transit leaf (TL) and mature leaf (ML). (c) Expression in bud at various developmental
stages including various sizes in bud length: <2 mm, 2–3 mm, 3–4 mm and blooming flower (BF). Error bars represent
the SD of three technical replicates.
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various organs/tissues of pod, and the transcription levels
were continuously increased with the cacao leaf and flower
bud development. TcSus4 was highly expressed in the bark
with phloem, flower bud, and developing pod, and slightly
lower in leaf. TcSus5 was highest expressed in the bark with
phloem, while very slightly in the leaf, bark with phloem,
and developing pod. The highest transcript level for TcSus6
was also detected in the bark with phloem, and had a similar, but significantly higher expression in the other three
organs/tissues compared to TcSus5.
To obtain further information on the importance of Sus
genes in the growth and development of cacao seed, the
relative transcription level of TcSus genes were therefore
quantitatively compared in pod husk, seed coat and seed at
different pod developmental stages. As shown in figure 5, in
pod husk along pod development, TcSus3 was significantly
highly expressed, and TcSus4 had a similar expression tendency but to some extent lower compared to TcSus3. TcSus4
showed continuously high expression levels in the seed coat
all through pod development. Moreover, in the seed of various pod developmental stages, TcSus2 was highly expressed
during the stereotype stage, but declining to undetectable
during the ripening stage; TcSus3 showed steadily increasing along pod development, resulting in the predominant
transcripts in the seed during the ripening stage.

Discussion
In recent years, as more whole plant genomes have been
sequenced, many Sus genes have been identified in various
plant species using comparative genome approaches. The
total Sus gene members of the model species Arabidopsis (a
eudicot) and rice (a monocot) were well identified and characterized. The genomes of two cacao genotypes Criollo and
Amelonado have been sequenced and cover 76% and 92%
of the estimated genome size, respectively (Argout et al.

2011; Motamayor et al. 2013). Our present work through
database search brings the members of cacao Sus gene family to at least six. Most TcSus genes own multiple transcripts, so total 15 Sus transcripts were identified from the
cacao genome. Comprehensive analysis of phylogenetic tree
and exon/intron gene structures between Sus genes in plants
allows us to deduce that evolutionary conservation presents
in the Sus family of plant. In the plant species with whole
genome sequence available, Sus members could be divided
into three major groups (Sus I, Sus II and Sus III), with at
least one member for each group (Baud et al. 2004; Hirose
et al. 2008; Zhang et al. 2013). The six cacao Sus genes
on an average distributed into three Sus groups, with all
transcripts of each gene forming an independent sub-clade
(figure 2): TcSus1 and TcSus4 in Sus I, TcSus2 and TcSus3
in Sus II, TcSus5 and TcSus6 in Sus III. Previous investigations indicated that the members of Sus II and III are evolutionarily older than Sus I members (Chen et al. 2012; Zou
et al. 2013). In contrast to Sus II, Sus III contains only one
dicot subclass and monocot subclass, indicating that some
ancestor Sus genes had diverged before monocot and dicot
species evolved into different plant lineages. We speculated
that TcSus5 and TcSus6 may be evolutionarily older than the
other four Sus genes (TcSus1–TcSus4). Cacao and cotton are
both members of Malvales, with a close evolutionary relationship. There were no cotton Sus genes present closely
with TcSus2 in the subclade, indicating that TcSus2 should
be younger than the differentiation of cacao and cotton, or
cotton might have lost a copy after its divergence from cacao.
Exon/intron structure may be conserved in many duplicated gene families, despite low sequence conservation
(Frugoli et al. 1998). Differences in exon/intron structures
between paralogues, created by intron insertion/deletion
events, to some extent, could therefore be used to estimate
the evolutionary history of gene families (Lecharny et al.
2003). In the present study, comparative screening of exons
and introns in homologous genes indeed revealed that the

Figure 5. Expression of the cacao Sus genes in various pod tissues at different pod
developmental stages. E-PH, pod husk; E-SC, seed coat; E-S, seed of enlargement pod;
S- and R- represents corresponding tissues of stereotype and ripening pod, respectively.
Error bars represent the SD of three technical replicates.
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number and positions of introns was highly conserved among
Sus genes in cacao (figure 3). Moreover, the exon/intron
structures of the six TcSus genes (15 transcripts) may be further classified into three types: TcSus1 and TcSus4, TcSus2
and TcSus3, TcSus5 and TcSus6, consistent with the phylogenetic tree. To some extent, distribution of cis-regulatory
elements also stood by phylogenetic analysis, with TcSus1
and TcSus4, TcSus5 and TcSus6 containing specific elements
(table 4). For all different transcripts of each TcSus gene,
a high level of conservation in coding exon structures was
existed. For examples, the numbers and length of coding
exons are almost identical in TcSus4.1, TcSus4.2, TcSus5.1,
TcSus5.2, eventhough they differ in the first few exons.
Similarly, most of the coding exons of TcSus2.1, TcSus2.2,
TcSus3.2, TcSus3.3, and TcSus3.4 shared a high level of
similarity and only differed near the 3’ end. These differences may be resulted from alternative splicing. Alternative
splicing produces multiple mRNA transcripts from the same
pre-mRNA, and occurs commonly in multicellular eukaryotes (Eckardt 2013). Alternative splicing plays important
roles in regulating gene expression and increasing transcriptome diversity and proteome complexity. Further research on
cacao Sus transcripts is needed for expression regulation and
function identification.
Gene duplication and subsequent functional diversification, exhibiting change in expression patterns and/or protein
property, has been widely recognized to play a key role in
driving evolutionary novelty for organisms to differentiate
new organs or increase fitness to new environments (Flagel
and Wendel 2009). To date, no systematic functional analysis of the expression patterns of different Sus genes has
been characterized in cacao, although their homologs in Arabidopsis and cotton had been well investigated (Bieniawska
et al. 2007; Zou et al. 2013). The differential expression profiles in the present study implicated that Sus play roles in a
range of physiological processes in the cacao tree, especially
in seed development. Previous investigations have demonstrated that Sus activity is significantly correlated with sink
strength (Fallahi et al. 2008; Ruan et al. 2008; Xu et al.
2012). The transcription data obtained here provide direct
evidence for strong expression of some TcSus genes in cacao
seed (figure 5).
Cacao pods are the most valuable sink organs of cacao
trees producing cacao beans, and the number of seeds per
pod and the mean seed weight are important traits involved
in increasing production per tree (Cilas et al. 2010). Photo
assimilates distributed to developing pods, are essentially
carbon skeletons used to synthesise major storage products,
and show a positive association with seed yield (Rawsthorne
2002; Weber et al. 2005). AtSUS2 and AtSUS3, which belong
to Sus II group, are most highly expressed in developing Arabidopsis siliques and play a role during seed development
(Fallahi et al. 2008). OsSus3 and OsSus4 are most abundant
in either the panicles at the grain filling stage of development or dry seeds, participates in substrate metabolism for
storage (Hirose et al. 2008). During the pod development,
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relatively high expression level of TcSus2, TcSus3 and
TcSus4 were detected coincident with pod maturation. These
results indicate that the three genes may play a role in photo
assimilate unloading to developing seeds and play a crucial
role in cacao seed growth and development.

Conclusion
This study evaluated the evolutionary genesis, phylogenetic
relationships, exon/intron gene structures, and tissue expression patterns of the Sus gene family in cacao species. The
results offer a useful foundation for future investigation on
understanding the potential physiological roles for the cacao
Sus family members in sucrose metabolism during plant
growth, especially function association with seed growth and
development. We also recognize that the different Sus genes
in cacao might play different roles in regulating sucrose
metabolism and seed development, as well as possible functional regulation through alternative splicing. In addition,
future experimentations need to be performed by characterizing eukaryotic expression and knockout/knockdown mutants
of each Sus genes in cacao.
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