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Abstract: Sucrose synthase (SUS) and sucrose phosphate synthase (SPS) are essential in plant sucrose
metabolism. The potato is an important crop worldwide, but systematic analyses of the StSUS
and StSPS gene families in potatoes are still lacking. Ten sucrose metabolism-related genes were
identified in this study. The SUSs and SPSs could each be split into three subgroups through
phylogenetic analysis. StSUSIc was the most highly expressed gene in different developmental tissues.
Ka/Ks analysis showed that StSUSIb and StSUSIc were subjected to more-significant homozygous
selection pressure. Our cis-acting element analysis of the StSUS and StSPS promoter sequences
showed four elements: defense- and stress-responsive, hormone-responsive, light-responsive, and
transcription factor elements. The expression of StSUS and StSPS genes was found to be regulated
by circadian rhythm. In the treatments of 1% to 5% sucrose, glucose, and fructose, the expression
of StSUS and StSPS family genes was enhanced by sucrose, but inhibited at high-glucose and
fructose concentrations. This study identified six StSUS and four StSPS genes and analyzed their
gene structure, conserved motifs, chromosome position, promoter elements, phylogenetic tree, and
tissue-specific expression patterns. Our results will motivate more research into the biological process
underlying the genes of sucrose metabolism in potatoes.
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1. Introduction

Sucrose synthesized by photosynthesis is continuously transported to the active sink
organ with anabolism through the phloem by sucrose transporters, such as fruits, seeds,
and tubers. Sucrose is then converted into fructose, and glucose accumulates in the vacuoles
of storage cells. Sucrose level signaling also regulates multiple developmental processes in
plants, including cell division, ribosome synthesis, cotyledon, tuber development, antho-
cyanin accumulation, and floral organ induction [1,2].

Sucrose synthase (SUS) is vital for the sucrose metabolism pathway in plants. SUS
is thought to break down sucrose to produce adenosine diphosphate glucose (ADPG)
in plants [3]. Inhibiting SUS gene expression in potatoes resulted in a decrease in SUS
activity in tubers and no significant changes in the other enzymes involved in starch
synthesis; however, there was a decrease in starch content in the tubers, with uridine
diphosphate glucose (UDPG) and ADPG levels only reaching 30% and 35%, respectively,
of the control levels [4]. Overexpression of the SUS gene in potatoes enhanced the UDPG
and ADPG content, tuber starch content, and total tuber yield [5]. Potato StSUS4 was
transformed into maize in order to enhance SUS activity, ADPG levels, and starch content
in transgenic maize seeds [6]. In a study of Arabidopsis thaliana SUS mutants, the SUS
activity in the leaves and stems of the mutant plants was 85% of that of the wild-type
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leaves [7]. Inhibiting the strawberry (Fragaria x ananassa) FaSUS1 gene through RNAi
technology delays anthocyanin accumulation and significantly slows strawberry fruit
ripening [8]. Sucrose synthase 3 confers high-temperature tolerance at rice maturity [9].
Silencing StSUSI via RNAi decreases SUS activity and starch content in tubers [4]. When
StSUS4 was overexpressed in tubers, the contents of UDPG, ADPG, and starch, and the
total tuber yield were significantly increased [5].

Sucrose phosphate synthase (SPS) is a critical enzyme that controls plant sucrose
biosynthesis. SPS catalyzes UDPG and fructose-6-phosphate (F6P) to produce sucrose-6-
phosphate (56P) and uridine diphosphate (UDP). There are four SPS genes in A. thaliana, co-
coa, and litchi. Although the number of SPS genes in different species differs,
the protein-coding sequences of SPS are relatively conservative and contain three do-
mains: glycosyltransferase, sucrose synthase, and sucrose-6-phosphate phosphohydrolase.
In sucrose metabolism, SPS affects the intensity of source and sink organs, regulates photo-
synthate distribution between sucrose and starch, and participates in cell differentiation,
synthesis of the vanguard cell wall, and biomass formation. NtSPSb is expressed in all
tobacco tissues, and NtSPSb participates in sucrose synthesis at night and maintains normal
starch transport [10]. Among rice SPS genes, OsSPS1 is preferentially expressed in source
organs, while OsSPS2 and OsSPS8 are equally expressed in source and sink organs [11].
The SISPS gene regulates tomato growth, development, and heat tolerance [12]. Overex-
pression of the SPS gene increases the biomass and sucrose contents in sugarcane [13].
A recent report has shown that StSPS1 may regulate seed potato vigor [14].

Multiple aspects, such as light, temperature, moisture, and nutrients, regulate the
primary metabolism of plants. The circadian clock is the internal regulation mechanism
of plants to respond to day—night rhythms and seasonal changes [15]. The expression of
starch synthase genes and sucrose metabolism-related genes in potato leaves and tubers is
closely related to starch synthesis metabolism and primary metabolites, and is regulated by
rhythm oscillation [16]. OsSPS1 and OsSPS11 gene expression is regulated by the circadian
rhythm in rice [17]. Sucrose induces hypocotyl elongation in Arabidopsis, which is regulated
by the expression of the phytochrome-interacting factor, which is dependent on the diurnal
pattern of sugars and hormones [18]. Sucrose and ethylene maintain sugar-regulated
circadian oscillation in the dark through a post-transcriptional mechanism of the circadian
oscillator GIGANTEA (GI) [19]. However, how the expression patterns of StSUS and StSPS
genes are regulated by circadian rhythms is unclear.

The potato (Solanum tuberosum L.) is an important crop worldwide. Medium and
long days promote its flowering, while short days promote tuber formation. The doubled
monoploid S. phureja DM1-3 516 R44 (DM) reference genome has been updated with the
development of high-throughput sequencing technology [20,21]. In recent years, several
tetraploid potato genomes have been sequenced [22,23], and a large number of functional
genes and their gene family members have been reported [24-27]. SUSs and SPSs play
crucial roles in sucrose metabolism in plants, but a comprehensive analysis of StSUS and
StSPS gene families in potatoes is still lacking. In this study, six StSUS and four StSPS
genes were isolated from the potato genome and examined to investigate StSUS and StSPS
gene families and their roles in circadian rhythm and sucrose metabolism in potato plants,
as well as their gene structure, phylogenetic tree, promoter elements, and expression
patterns in response to sucrose signals.

2. Materials and Methods
2.1. Identifying StSUS and StSPS Family Members in the Potato Genome

The potato genome sequences (Solanum tuberosum L.) were downloaded from Phy-
tozome (http://www.phytozome.net/ (accessed on 29 March 2021) and another website
(http:/ /www.bioinformaticslab.cn/files/dm8/ (accessed on 25 Augest 2023) to identify the
StSUS and StSPS genes, respectively. AtSUS and AtSPS aa sequences were downloaded
from the TAIR database and were blasted against the potato protein database (e-value
< 1*19). The resulting proteins were checked using a conserved domain database (CDD)
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to make sure that the StSUS genes contained the PF00862 domain and PF00534 domain,
and StSPS genes contained the PF05116 domain, PF00862 domain, and PF00534 domain.
Finally, six StSUS genes and four StSPS genes were found in the potato genome. Basic
physical and chemical characteristics (such as the aa sequence, molecular weight (Mw),
and predicted theoretical isoelectric point (pI)) of the potato StSUS and StSPS proteins
were calculated using a ProtParam tool (https://web.expasy.org/protparam/ (accessed on
8 September 2022). Multiple sequence alignments of the aa sequences were performed
using DNAMAN?7.0 software.

2.2. Analysis of Gene Structure and Conserved Motifs

Gene structure was analyzed using Gene Structure Display Server 2.0 (http://gsds.
gao-lab.org/ (accessed on 4 July 2022). The conserved motifs and sequences of the StSUS
and StSPS proteins were visualized using the Multiple Enrichmment for Motif Elicitation
(MEME) program, and the maximum number of motifs was set to 10.

2.3. Sequence Alignment and Phylogenetic Analysis

In total, 89 SUS and 88 SPS protein sequences were obtained from 13 species, such as
Arabidopsis thaliana, Brassica oleracea, Brassica rapa, Cucumis sativus, Glycine max, Malus domes-
tica, Musa acuminata, Oryza sativa, Setaria italica, Solanum lycopersicum, Solanum tuberosum,
Triticum aestivum, and Zea mays; these were collected from Phytozome (https://phytozome.
jgi.doe.gov/pz/portal.html (accessed on 21 April 2022) and NCBI (www.ncbi.nlm.nih.gov
(accessed on 28 April 2022) for alignment and phylogenetic analysis. The protein sequences
were aligned using a ClustalW algorithm, and the phylogenetic tree was built using MEGA-
X software with neighbor-joining (NJ) and 1000 bootstrap replications [28].

2.4. Collinearity and Ka/Ks Analysis

Collinearity relationship analysis of the StSUS and StSPS gene family in potatoes, Ara-
bidopsis thaliana, and tomatoes was conducted using MCScanX [29]. For Ka/Ks calculations,
the coding sequences and aa sequences of 5tSUSs and StSPSs of the tetraploid Atlantic va-
riety were obtained from the International Potato Genome Sequencing Consortium (PGSC)
website (http://spuddb.uga.edu/ (accessed on 19 May 2023) using the blast method, and
ClustalX was used for sequence alignment. Ka/Ks calculation software 2.0 [30] was used to
estimate the Ka/Ks value using the maximum likelihood estimation method. The w value
was the ratio of non-synonymous substitutions of non-synonymous sites to synonymous
substitutions of synonymous sites, and the significance was assessed using a t-test.

2.5. Analysis of Cis-Acting Elements of StSUS and StSPS Promoters

The promoter sequences were obtained from two thousand bp upstream sequences of
the ATG codon of the 5tSUS and 5tSPS genes. PlantCARE online (http:/ /bioinformatics.
psb.ugent.be/webtools/plantcare /html/ (accessed on 20 April 2022) was utilized to predict
potential cis-acting elements. The results were plotted using TBtools [31].

2.6. Analysis of Tissue Gene Expression

Public RNA-seq gene expression data from the PGSC website (http://spuddb.uga.
edu/pgsc_download.shtml (accessed on 18 December 2022) were used to analyze the tissue
expression levels of the StSUS and StSPS genes. The gene expression values of the StSUSs
and StSPSs from 10 tissues, including the root, shoot, leaf, flower, tuber, stolon, sepal,
petiole callus, petals, stamens, and carpels, were collected from the database. A heat map
of each StSUS and StSPS gene member expression was created using TBtools [31].

2.7. Plant Material and Treatment

The tetraploid potato cultivar ‘Desirée” seedlings were grown on Murashige and Skoog
(MS) medium with 3% sucrose and 0.6% agar at a pH of 5.8 at 22 & 1 °C under long-day
conditions (16 h light/8 h dark) at approximately 60-80% humidity. For the treatments with
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1%, 3%, and 5% sugar, 1 g, 3 g, and 5 g of sucrose, glucose, and fructose, respectively, were
added separately to 100 mL MS medium each, the pH was adjusted to 5.7-5.8, and then they
were autoclaved. Samples were collected three weeks after transplantation. Healthy and
uniform leaves were randomly collected at 4 h intervals for the circadian rhythm analysis,
and three biological replicates were prepared. All samples were collected, immediately
frozen in liquid nitrogen, and stored at —80 °C until further analysis.

2.8. RNA Extraction, cDNA Synthesis, and qPCR Analysis

Total RNA samples from the potato leaves were extracted using the FastPure Univer-
sal Plant Total RNA Isolation Kit (Nanjing Vazyme Biotech Co., Ltd., Nanjing, China), and
0.5-1.0 pg of total RNA was used for cDNA first-strand synthesis using a HiScript III 1st Strand
c¢DNA Synthesis Kit (+gDNA wiper). An SYBR qPCR Master Mix was used for gPCR. The
qPCR reactions were performed using a LightCycler 480 machine (Roche, Basel, Switzerland)
using the following procedure: 95 °C for 3 min, followed by 45 cycles at 95 °C for 10 s, 60 for
10's,and 72 °C for 20 s. Each reaction had three replicates. The relative expression levels of the
target genes were calculated using the 244t method. All primers used for the qPCR assay
are shown in Table S1. The housekeeping gene ELF3¢ was used as a control.

2.9. Statistical Analysis

Statistical analyses were performed using the software in Microsoft Excel 2010 and
R 3.4.3 software. The data were statistically evaluated using analyses of variance and
Duncan’s test at a p < 0.05 significance level. The significant differences are indicated by
different letters above the columns in the figures.

3. Results
3.1. Identification of StSUS and StSPS Gene Family Members in Potatoes

The potato genome database identified six StSUS and four StSPS gene family members.
The StSUS and 5tSPS coding sequence (CDS) length was 2286 to 3195 bp. The amino acid
(aa) sequences of the StSUS and StSPS proteins ranged from 761 aa to 1064 aa. Finally,
the molecular weight (Mw) of the predicted proteins ranged from 86.7 kDa to 119.6 kDa.
The theoretical plI of the StSUSs and StSPSs ranged from 5.87 to 8.53. All genes encoded
acidic proteins except for StSUSIIIa. The StSUS and StSPS genes have 11-15 exons and
10-14 introns, which are similar. Still, the intron length of the StSPSs was significantly
longer than that of the StSUSs (Figure 1A). Among the StSUS family, the StSUS family
genes show 54.1-91.5% sequence similarity at the aa level. The StSUSIb and StSUSIc aa
sequences had the highest similarity. The members of the StSPS gene family showed
54.9-70.8% sequence similarity at the aa level. The aa sequences of StSPSI and StSPSII had
the highest similarity.

The physical locations of StSUSs and StSPSs were found among seven potato chromosomes
(e.g., Chr2, Chr3, Chr7, Chr8, Chr9, Chrl1, and Chr12) (Table 1). There were 10 conserved motifs
in the StSUSs and StSPSs (Figure 1B). The motif sequences of different genes were basically the
same. Compared with the StSUSs, all four StSPSs lacked motif 6, a StSUS-specific motif. Motifs 5
and 10 exchanged relative positional orders between the StSUSs and StSPSs.

Table 1. Basic information on StSUS and StSPS gene family members in potato reference genome
DM 6.1 and DM 8.1.

Gene Gene ID Gene ID CDS Length Protein Length Predicted Mw Theoretical
Name inDM 6.1 in DM 8.1 (bp) (a.a) (kDa) pl
StSUSIa Soltu.DM.07G013360 DMB8C07G13790 2412 803 91.4 5.88
StSUSIb Soltu.DM.07G013370 DMB8C07G13800 2418 805 92.6 6.03
StSUSIc Soltu.DM.12G026390 DM8C12G03720 2418 805 92.5 5.87
StSUSII Soltu.DM.09G031820 DMB8C09G32330 2436 811 92.8 6.1
StSUSIIIa Soltu.DM.02G020800 DM8C02G21070 2286 761 86.7 8.53
StSUSIIIb Soltu.DM.03G019120 DMB8C03G20010 2679 892 100.7 6.04
StSPSI Soltu.DM.07G003160 DMB8C07G03460 3165 1054 118.5 6.39
StSPSII Soltu.DM.08G010240 DMS8C08G10890 3120 1039 116.7 6.61
StSPSIII Soltu.DM.09G029230 DMS8C09G29940 3195 1064 119.6 6.55

StSPSIV Soltu.DM.11G017190 DMS8C11G17260 3102 1033 116.5 6.69
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Figure 1. Characterizing 10 identified StSUSs and StSPSs in the potato genome. (A) Gene structures
of StSUS and StSPS genes. Yellow represents exon, blue represents UTR, and the black line represents
intron. The scale at the bottom shows the lengths of the sequences. (B) Distribution of conserved
motifs of the StSUS and StSPS proteins. Ten boxes exhibited different conserved motifs, showing the
conserved aa sequences.

3.2. Phylogenetic Tree Analysis of the Gene Family

To understand the evolutionary relationship between StSUSs and StSPSs, a phy-
logenetic tree was constructed using 177 homologous proteins from 13 species via the
neighbor-joining method. The SUSs genes could be divided into three subgroups (Figure 2):
SUSI had three StSUSI genes, SUSIII had two StSUSIII genes, and SUSII had only one
StSUSII. The SPSs could be divided into three subgroups: SPSI, SPSII, and SPSIII. SPSI
had three genes (Figure 2). The five genes in the StSUS and StSPS gene family were
collinear with those in the Arabidopsis genome. Compared with the tomato genome, nine
genes showed collinearity, consistent with expectations (Figure 3A). The Ka/Ks ratio of
the StSUSs was significantly lower than that of the StSPSs, especially StSUSIb (0.017) and
StSUSIc (0.032), which indicated that they were subjected to stronger homozygous selection
pressure than other members in the StSUS and StSPS family (Figure 3B).

3.3. Cis-Acting Element Analysis

In analyzing the upstream 2000 bp promoter sequence of StSUSs and StSPSs, there
were a large number of cis-acting elements. Anaerobic response element (ARE) was the
most common motif in defense- and stress-responsive elements. The most light-responsive
element was Box 4. The number of v-Myb myeloblastosis viral oncongene homolog (MYB)
transcription factor binding elements was the highest among them, and there were sig-
nificant differences between the different StSUSs and StSPSs. There were more cis-acting
elements in the StSUS promoter than in the StSPS promoters (Figure 4).
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Figure 2. Phylogenetic tree analysis of StSUSs and StSPSs. Protein sequences of SUSs and SPSs from
Arabidopsis thaliana, Brassica oleracea, Brassica rapa, Cucumis sativus, Glycine max, Malus domestica, Musa
acuminata, Oryza sativa, Setaria italica, Solanum lycopersicum, Solanum tuberosum, Triticum aestivum,
and Zea mays were collected from Phytozome and NCBI. The phylogenetic tree was constructed using
MEG-X software, using the neighbor-joining algorithm with 1000 bootstrap replicates. Red represents
SUSI group, orange represent SUSII group, and blue represent SUSIII group. Green represents SPSI

group, dark green represents SPSII group, light green represents SPSIII group.

3.4. Gene Expression of StSUSs and StSPSs in Different Tissues and Circadian Oscillation

StSUSID, StSUSIc, and StSUSII exhibited high relative expressions in tissues such as
the leaves, flowers, tubers, and petals. StSPSI was relatively highly expressed in the StSPS
gene family members among the roots, shoots, leaves, sepals, and callus tissue (Figure 5A).
The relative expression levels of most StSUS and StSPS genes show significant diurnal
fluctuations (Figure 5B-K). The relative expression levels of StSUSIb, StSUSII, StSUSI-
IIa, and StSUSIIIb were significantly higher at night than during the day (Figure 5B-G).
The relative expression levels of StSPSI, StSPSII, and StSPSIII were significantly higher
during the day than at night (Figure 5H-]). The relative expression levels of StSPSIV did

not exhibit significant diurnal variations (Figure 5K).
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Figure 3. Synteny and Ka/Ks analysis of StSUSs and StSPSs. (A): Visual display of collinearity
for StSUS and StSPS members from Arabidopsis thaliana, Solanum lycopersicum, Solanum tuberosum.
(B): Comparison of the Ka/Ks ratios of StSUS and StSPS gene pairs in doubled monoploid potatoes
DM 1-3 516 R44 and tetraploid potatoes of the Atlantic variety from the PGSC website.
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Figure 4. Analysis of the cis-regulatory elements in the promoters of StSUS and StSPS genes.
Five types of cis-elements were found: defense- and stress-responsive, hormone-responsive, light-
responsive, transcription factors, and other elements. The values indicate the number of cis-acting
elements contained in each promoter sequence.
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Figure 5. Relative expression of StSUS and StSPS genes in various tissues and circadian rhythms.
(A): Heat map of the expression profiles of StSUS and StSPS genes in various tissues, plotted using
TBtools. B-K: Relative expression levels of StSUSIa (B), StSUSIb (C), StSUSIc (D), StSUSII (E),
StSUSIIa (F), StSUSIIIb (G), StSPSI (H), StSPSII (I), StSPSIII (J), and StSPSIV (K), shown over
one day at 4 h intervals. The continuous white and gray bars indicate day and night, respectively.
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3.5. The Expression of StSUS and StSPS Genes under Sugar Treatment

The StSUS family’s gene expression level was up-regulated with increases in the
sucrose concentration (Figure 6A-F), especially t he expression level of StSUSIc, which
increased most obviously. The expression of StSPSII in the StSPS gene family increased
significantly under the 3-5% sucrose treatment, and the expression of the StSPSI and
StSPSIV genes increased under the 5% sucrose condition. The expression levels of StSUS
family genes showed different trends with increases in the glucose concentration, in which
the expression levels of StSUSIa and StSUSIIIa were inhibited (Figure 6A,E), and the
expression levels of StSUSIc and StSUSII increased (Figure 6C,D). The expression level of
5tSPSs showed no significant change at the 3% glucose concentration, but at the 5% glucose
concentration, the expression levels of StSPSI and StSPSIII were significantly inhibited
(Figure 6G-]). The expression of StSUS family genes was not significantly changed at the 3%
fructose concentration but was down-regulated at the 5% fructose concentration compared
with the 1% fructose concentration. The transcript level of the StSPS family genes was
increased with the 3% fructose treatment. No significant changes were observed under the
5% fructose treatment, except for a down-regulation of the StSPSIII gene (Figure 6G-]).
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Figure 6. qRT-PCR expression analysis of six StSUS and four StSPS genes under 1%, 3%, and 5%
sugar treatments. (A-J) The expression levels of the StSUSs and StSPSs were measured in response to
1%, 3%, and 5% sucrose, glucose, and fructose, respectively, comparing them to the treatment with 1%
sucrose. At least three samples were used. Different letters above the columns in the figure indicate
significant differences based on Duncan’s test at a p < 0.05 significance level.
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4. Discussion
4.1. The Conserved Motifs of StSUS and StSPS Genes and Gene Evolution

SUS is ubiquitous in higher plant genomes, and the number of homologous genes is
generally between five and seven. Different research teams have reported that plant SUS
can be divided into three subfamilies: SUSI, SUSII, and SUSIII. SUSI can be divided into
monocotyledonous and dicotyledonous plants, while SUSII and SUSIII mainly comprise
dicotyledonous plants, except for rice and maize [2,32]. The SUSs in plants were divided
into three subfamilies, SUSI, SUSII, and SUSIII, which agreed with a previous report [32-34].
Langenkédmper et al. [35] divided the SPS family into three subfamilies. These subfamily
genes are widely distributed in monocotyledonous and dicotyledonous plants. Studies on
wheat and several other plants have divided SPSs into four subfamilies [36-38]. The results
of this study were consistent with the three-subgroup classifications (Figure 2) [39-41].

Imbalanced evolution among gene family members has led to functional diversity in
the Gossypium species [42]. Studies on the SUS genes from different species have shown
that the evolution of gene family members exhibits a conserved protein structure and
amino acid sequence, and differences in gene expression and function [1,2,32]. This study
also shows that there are apparent evolutionary differences among StSUS gene members
(Figure 3B), and that StSUSIc has higher expression levels than other family members
(Figure 5A).

4.2. Expression of StSUSs and StSPSs Regulates Sucrose Metabolism and Plant Growth

The oxygen content is low in the cells of storage organs with an active energy
metabolism, such as in potato tubers, developing seeds, and fruits. Plants need to ad-
just the sucrose metabolism in their storage organ cells with a high metabolism to maintain
normal metabolism, and the SUS pathway, which consumes less oxygen, is preferred over
the invertase pathway [16]. SUSs may also participate in other abiotic stress processes.
For example, when rice seeds are exposed to high-temperature conditions, an overexpres-
sion of the OsSUS3 gene can reduce the chalkiness of the seeds, reducing the damage of
high temperatures to rice yield and quality [9]. Heterologous expression of the potato StSUS
gene in cotton increases fiber quality and yield [43]. Down-regulation of CsSUS4 gene
expression inhibits the growth of cucumber plants, and their overexpression of CsSUS4
seedlings produces large flowers and heavy fruits [44]. Overexpression of the OsSUS3
gene in rice increases starch accumulation and grain weight. SUS affects carbon allocation
metabolism and regulates plant growth and development [45]. A recent report showed
that sextuple mutants (suslsus2sus3sus4sus5sus6) exhibit ADPG and starch levels in Ara-
bidopsis similar to those in the wild type [46]. Treatment with 60 mM sucrose induced
the up-regulation of the tuber-preferred SUS gene StSUS4 in leaves, and treatment with
200 mM further enhanced its expression, in [1,47]. The transcriptional expression level of
the SPS gene can affect the activity of the SPS enzyme, thus regulating sucrose content [48].
In the present study, exogenous sucrose treatment induced the gene expression of both
StSUSs and StSPSs, and the relative expression level of the StSUS1c gene was the highest
(Figure 6). The expression level of StSUSs was up-regulated under high concentrations
of exogenous sucrose, but high concentrations of exogenous glucose and fructose inhib-
ited the expression of StSUS and StSPS genes (Figure 6A-]), which agrees with previous
reports [1,49] stating that high concentrations of fructose and glucose may inhibit potato
seedling growth and development.

4.3. Sucrose Metabolism-Related Genes and the Circadian Rhythm

The circadian clock involves several biological processes, from primary metabolism,
hormone signaling, growth, and development to metabolic processes [50,51]. The circadian
clock genes, including StGI, StPRR, and StEFM, were significantly differentially expressed
in potatoes, indicating that an essential role for the plant circadian pathway exists in regu-
lating tuberization [52]. The circadian clock regulates the transcript levels of several starch
biosynthesis-related genes [53,54]. The transcription level of GBSS1 is regulated by MYB-
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associated circadian clock-associated 1 and Late Elongated Hypocotyl (LHY) transcription
factors in Arabidopsis leaves [55], and the circadian fluctuation pattern of the AGPase gene
is different from that of GBSS1 [56]. The nitrate reductase gene expression level and en-
zymatic activity in tobacco leaves shows oscillatory changes [15]. The transcript levels
of sucrose synthase genes in potato leaves and tubers showed circadian fluctuations and
were associated with starch metabolism [16,25], which suggested that it may be feasible to
regulate starch degradation and promote starch synthesis via circadian rhythms. This study
found that the gene expression level of the StSUSs and StSPSs exhibited circadian oscilla-
tion, consistent with previous reports [57]. The mechanism of circadian rhythm-mediated
expressions of StSUSs and StSPSs involved in the regulation of sucrose metabolism needs
further study.

5. Conclusions

We identified six StSUS and four StSPS genes and analyzed their gene structure,
conserved motifs, chromosome position, promoter elements, phylogenetic tree, and tissue-
specific expression patterns in potatoes. Gene expression analysis revealed that the expres-
sion level of StSUSIc was significantly higher than that of other SUSs in various tissues.
Ka/Ks analysis showed that StSUSIb and StSUSIc were subject to more-significant homozy-
gous selection pressure. The gene expression of StSUSs and StSPSs changed significantly
under different exogenous sugar applications and circadian rhythms. Our results will
promote further study on sucrose metabolism-related gene regulation and manipulation
in plants.
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