PLANT GENETICS AND BREEDING Vavilovskii Zhurnal Genetiki i Selektsii

Original article Vavilov Journal of Genetics and Breeding. 2025;29(1):55-60

doi 10.18699/vjgb-25-07

Diurnal fluctuations in the content of soluble sugars
and the expression of the TAI and LIN6 invertase genes
and the STP1 sugar transporter gene in the leaves

of the tomato (Solanum lycopersicum L.)

M.A. Filyushin (@, A.V. Shchennikova (), E.Z. Kochieva

Federal Research Center “Fundamentals of Biotechnology” of the Russian Academy of Sciences, Moscow, Russia
@ michel7753@mail.ru

Abstract. The content of hexoses (fructose, glucose) essential for the fruit of the tomato (Solanum lycopersicum L.)
is regulated by the joint activity of sucrose hydrolysis enzymes (including invertases), invertase inhibitors, and sugar
transporters. In addition to fruit taste, soluble sugars are closely related to the stress resistance of the tomato plant. In
this work, we determined the diurnal dynamics of the content of soluble sugars (sucrose, fructose and glucose) and
the expression of genes for sucrose hydrolysis enzymes (vacuolar invertase TAI, cell wall invertase LIN6) and the hexose
transporter (STP1) in the leaves of the tomato variety Korneevsky. It was shown that both the amount of sugars and the
level of transcripts of the TAl, LIN6 and STP1 genes depend on the circadian rhythm and correspond to the biological
processes occurring in the plant at different periods of the day. The content of sucrose and hexoses changes in a similar
way during the day. At the beginning of the light phase, the concentration of sugars is minimal, at the end it has the
highest daily values; at the beginning of the dark phase, it shows a residual increase and then decreases towards the
end of the phase. In silico analysis of organ-specific expression of TAl, LIN6 and STP1 in S. lycopersicum cv. Micro-Tom
showed the presence of mMRNA of all three genes in all tissues. The TAl gene was expressed most strongly in ripe fruits,
while the level of LIN6 and STP1 transcripts was extremely low. The level of TAIl mRNA in the leaves was ~2 times higher
than that of LIN6 and ~27 times higher than that of STP1. Analysis using qRT-PCR of the diurnal dynamics of TA/, LIN6 and
STP1 expression in the cv. Korneevsky leaves showed that all three genes were expressed at all points analyzed. Fluctua-
tions in their expression levels occur in a similar manner: mRNA levels reach peak values in the middle of the light and
dark phases. The results obtained are important for understanding the functions of invertases and sugar transporters in
the tomato plant, and can be used in predicting the stress resistance of plants in tomato breeding.
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[HupKamHble KOojebaHMs comep>KaHs paCTBOPUMBIX CaxapoB
U 3KCIIpeccuu reHOB nHBepTas TAI, LIN6 u TpaHCIIOpTepa
caxapoB STP1 B IUCTBAX pacTeHust TomaTa (Solanum lycopersicum L.)
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AHHoTauusA. CoaeprKaHune OCHOBHbIX AN nnoaa Tomata (Solanum lycopersicum L.) rekco3 (GppyKTo3bl, FHOKO3bI) perynu-
pyeTcAa COBMECTHOW aKTMBHOCTbIO pepMEHTOB rMApoNM3a caxaposbl (BKYas MHBEPTa3bl), MHIMOUTOPOB NHBEPTa3 1
TPaHCNopTePOB caxapoB. Kpome BKYCOBbIX KauecTs, pacTBOPMMbIe caxapa TECHO CBA3aHbl CO CTPECCOYCTONUNBOCTbIO
pacTeHnit TomaTa. B HacToswWweln paboTe Obila onpeaeneHa CyTouyHasa AUHAMMKA COAEPKaHMA PAacTBOPUMBIX CaxapoB
(caxapo3bl, GPYKTO3bl 1 MIOKO3bI), @ TakKe IKCNpeccra reHoB pepmMeHTOB rMaposnM3a caxapo3sbl (BakyoNnAapHON MH-
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Diurnal fluctuations in sugar content
and TAI, LIN6 and STP1 expression in tomato leaves

BepTasbl TAl, MHBepTa3bl KNETOUHOWM cTeHKN LIN6) n TpaHcnopTepa rekcos (STPT) B NUCTbAX pacTeHWid ToMaTa copTa
KopHeeBcKuni. Bbino nokasaHo, YTO KONMYeCTBO CaxapoB M YpOBeHb TpaHCKpunToB reHoB TAl, LIN6 n STP1 3aBucAT ot
LpKaiHOro prTMa 1 COOTBETCTBYIOT GIONOrMYECKMM NpoLieccam, NPOTeKaloLWyM B PacTEHNN B Ppa3HOe BPeMs CyTOK.
CofepaHue caxapo3bl 1 rekco3 B TeYeHre CYyTOK M3MEHAETCA CXOAHbIM 06pa3om. B Hauane cBeToBoW dazbl KOHLEH-
Tpauua caxapoB MUHVMaNbHa, B KOHLE — UMeeT Hanbornbluve AHEBHbIE 3HaUYeHVs; B Hayane TeMHOBOW da3bl AeMOH-
CTPUPYET OCTAaTOUHBIN POCT 1 3aTeM CHUXKAETCA K KOHUY da3bl. AHanu3 in silico opraHocneumnduuHom skcnpeccum TAI,
LIN6 n STP1 y copta Micro-Tom S. lycopersicum nokasan Hanuume ux TPaHCKPUMNTOB BO BCeX TKaHAX. leH TAl akcnpec-
cupoBanca Hambonee akTMBHO B CMeNbIX MIOAAX, TOrAA Kak ypoBeHb TpaHCKpunToB LING 1 STP1 B 3TiX OpraHax Hocun
cnefoBoii xapakTep. B nuctbax yposeHb MPHK TA/ 6bin Bbiwe, yem TakoBoW LING n STP1, B ~2 1 ~27 pa3 COOTBETCTBEH-
Ho. AHanu3 ¢ nomouybto MNLP-PB cyTouHon gnHammkm skcnpeccumn reHos TAL LIN6 n STP1 B nucTbAX pacTeHun copTa
KopHeeBcKuiA MoKasan, UTo reHbl SKCMPEeCCUpyoTCA BO BCEX MPOaHann3nMpPOBaHHbIX BPeMeHHbIX Toukax. KonebaHusa
YPOBHSA 3KCMPEeCCun reHOB NPOVCXOAAT CXOAHbIM 06pa3om: ypoBeHb MPHK gocTMraeT MMKOBbIX 3HaYeHWI B cepefinHe
CBETOBOW 1 TemHoBOW da3. MonyyeHHble pe3ynbTaThl BaXKHbl ANA NOHUMaHUA GYHKLUA MHBEPTa3 1 TPaHCMOPTEpOB
caxapoB B pacTeHWM TOMaTa 1 MOTYT OblTb MCMONb30BaHbI B CENEKLMN NPY NMPOrHO3UPOBAHUN CTPECCOYCTONYMBOCTA
pacTeHu.

KnioueBble cnosa: Tomat; Solanum lycopersicum L.; pacTBoprMble caxapa; MHBepTa3bl; TPAHCMOPTEP FeKco3; SKcnpec-

CNA TeHOB; L|VIpKa,E|HbII7I pUTMm.

Introduction

During photosynthesis, the plant accumulates assimilates —
vital organic compounds utilized for respiration, maintenance
of cell metabolism, growth and development. The sucrose is
the main transport form of photoassimilates during distribution
throughout the plant (Lemoine et al., 2013). The signals for
distribution are provided by sucrose and glucose molecules,
the number of which influences the regulation of genes ac-
tive at a particular stage of plant development (Koch, 2004;
Gonzélez et al., 2005; Rolland et al., 2006).

After delivery to storage organs (flowers, fruits, tubers,
etc.), sucrose is utilized by being broken down into glucose
and fructose by sucrose synthases (reversible hydrolysis) or
invertases (irreversible hydrolysis); the functions of the latter
are highly variable and closely related to localization in dif-
ferent cellular compartments (Roitsch, Gonzalez, 2004). The
expression level of invertase genes depends on the type of
tissue/organ, stage of plant development, and external stimuli,
including exposure to stress factors, phytohormones, elicitors,
etc. (Roitsch, Gonzalez, 2004; Koch, 2004; Proels, Roitsch,
2009). Cell wall invertases are involved in the distribution of
sucrose in plant tissues and organs and signal transduction,
while vacuolar invertases are involved in sugar accumulation
and osmoregulation (Roitsch, Gonzalez, 2004; Gonzalez et
al., 2005). Hexoses formed during sucrose hydrolysis enter
the cells of storage tissues via hexose transporters (Proels,
Roitsch, 2009).

Tomato (Solanum lycopersicum L.) is one of the most
popular vegetable crops in the world. Tomato fruits accu-
mulate glucose and fructose during ripening (Beckles et al.,
2012). These hexoses affect the degree of fruit sweetness,
and their amount is regulated by the combined activity of su-
crose synthases (reversible hydrolysis of sucrose), invertases
(irreversible hydrolysis of sucrose), invertase inhibitors, and
sugar transporters (Kawaguchi et al., 2021; Wang B. et al.,
2021). In addition to determining an important fruit quality
trait, soluble sugars significantly contribute to the regulation
of stress resistance of tomato plants during growth and de-
velopment (Proels, Roitsch, 2009). Increased carbohydrate
influx to the stressed area provides energy for protective
reactions, stimulation of carbohydrate accumulation and
modulation of the expression of the corresponding genes,

including genes for invertases and sugar transporters (Proels,
Roitsch, 2009). The coordinated induction of the monosac-
charide transporter and cell wall invertase genes observed
under biotic stress (Fotopoulos et al., 2003; Voegele et al.,
2006) supports the important role of apoplastic sucrose de-
gradation in mediating defense responses. Regardless of the
process, both the metabolism and distribution of sugars, and,
thus, the expression of the genes involved, are controlled
by circadian rhythms, in particular diurnal variations in the
intensity of biological processes (Gonzalez et al., 2005; Rol-
land et al., 2006).

Among tomato invertases, the most significant roles belong
to the cell wall invertase LING (Wiv-1) (Proels, Roitsch, 2009)
and the vacuolar invertase TAI (other names Al, PAIN1) (El-
liott et al., 1993). The LIN6 enzyme is important for plant
growth and response to various stress factors, and is also
under the control of key circadian oscillator factors (Proels,
Roitsch, 2009; Zhang et al., 2013). TAI activity is associated
mainly with sucrose hydrolysis in the tomato fruit (Slugina
etal., 2017). No data on the possible dependence of TAl gene
expression on circadian rhythms in tomato plants have been
found, but the dependence is assumed, since it has been shown
using the example of vacuolar invertase of sugar beet Beta
vulgaris (Gonzélez et al., 2005).

Hexose transporters in tomato include the most well-known
proteins STP1 and STP2. Knockdown of the genes encoding
them reduces the amount of glucose and fructose in the roots,
which reduces the plant’s sensitivity to nematode infestation
(Warnock et al., 2016). Of particular note is the STP1 gene,
which is considered a target of domestication in the tomato ge-
nome; lack of STP1 expression negatively affects the efficiency
of fruiting and the amount of sugars in the fruit (Wang Y. et al.,
2023). The available literature does not mention the presence
of a dependence of STP expression on the circadian oscillator;
however, a connection is assumed, as for invertases.

In this study, we analyzed the dependence of the expres-
sion levels of vacuolar invertase TAI, cell wall invertase LING
and hexose transporter STP1 genes, as well as the content of
soluble sugars (sucrose, glucose, fructose), on the diurnal
rhythm during tomato plant growth. The results obtained are
important for understanding the functions of invertases and
sugar transporters in tomato plants.
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Material and methods

The study was carried out on cv. Korneevsky S. lycopersi-
cum, bred at the Federal Scientific Vegetable Center (FSVC,
Moscow Region, Russia). The cultivar is mid-season, suitable
for greenhouse conditions, produces fruits with high sugar
content, and is resistant to various stress factors, including
fluctuations in temperature and photoperiod (accession num-
ber 8262334, https://gossortrf.ru/registry/).

Tomato plants of cv. Korneevsky were grown to the fruit-
ing stage in 2023 in greenhouse conditions of the FSVC. The
collected seeds were used (2024) to obtain seedlings at the
5-7 leaf phase (experimental climate control facility, Federal
Research Center of Biotechnology, Russian Academy of Sci-
ences) under conditions of a long photoperiod and optimal
temperature (day/night — 16 h/8 h, 23 °C/21 °C; light phase
from 7:00 to 23:00; illumination 190 pM/(m?-s)). Leaf samples
(two plants for each analysis point) were collected during
the day at six time points: 1 h before (6:00) and after (8:00)
the onset of the light phase; in the middle of the light phase
(15:00); 1 h before (22:00) and after (24:00) the onset of the
dark phase; in the middle of the dark phase (3:00). The tissue
was ground in liquid nitrogen and used for analysis of the
content of soluble sugars and the expression level of invertase
(TAI, Solyc03g083910; LING, Solyc10g083290) and hexose
transporter (STP1, Solyc02g079220) genes.

The concentration (mg/100 g of fresh weight (FW)) of
soluble sugars (sucrose, glucose, fructose) was determined
using the Enzytec™ Liquid Sucrose/D-Glucose and Enzy-
tec™ Liquid D-Glucose/D-Fructose tests (R-Biopharm AG,
Germany).

A preliminary profiling of TAI, LING, and STP1 expression
in different tomato plant organs was performed in silico using
transcriptome data for the cv. Micro-Tom S. lycopersicum
(TomExpress database; http://tomexpress.toulouse.inra.fr/
login) (Zouine et al., 2017). Data were visualized using online
HeatMapper (http://www2.heatmapper.ca/expression/) based
on FPKM (Fragments per kilobase of transcript per million
mapped fragments; TomExpress) values.

To analyze gene expression using quantitative real-time
PCR (gRT-PCR), total RNA was isolated from 0.2-0.5 g of
collected leaf material and purified from DNA impurities
(RNeasy Plant Mini Kit, RNase-free DNase set, QIAGEN,
Germany). Based on total RNA preps, cDNA was synthesized
(GoScript Reverse Transcription System, Promega, USA). The
concentration of RNA and cDNA preparations was determined
fluometrically (Qubit® Fluorometer, Thermo Fisher Scientific,
USA; Qubit RNA HS Assay Kit, Invitrogen, USA). Primers
for gRT-PCR were designed by structural analysis of the
S. lycopersicum genes and their transcripts (available in the da-
tabases: https://www.ncbi.nlm.nih.gov/; https://solgenomics.
net/) using NCBI-BLAST (https://blast.ncbi.nIm.nih.gov/
Blast.cgi) and MEGA 7.0 (https://www.megasoftware.net/).
Primers for qRT-PCR were designed for the LIN6 (5'-ttcc
gatgcctcaaggtcaag-3', 5'-cacgtttttcctccageacca-3") and STP1
(5'-tgctcagaatgttgctatgete-3', 5'-gtgetectctgtatttgtatgg-3')
genes. For the TAI gene, we used the primers developed
earlier (Slugina et al., 2017). The gRT-PCR reaction mixture
included cDNA (3 ng), specific primers and “2.5 X Reaction
mixture for gRT-PCR in the presence of SYBR Green | and
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ROX” (Synthol LLC, Russia). gRT-PCR was performed in a
CFX96 Real-Time PCR Detection System (Bio-Rad Labora-
tories, USA); program: 5 min, 95 °C, 40 cycles (15 s, 95 °C;
40 s, 60 °C). Data were normalized to the expression of two
reference genes, Expressed (SGN-U346908) and actin2/7
(NM_001330119.1) (Efremov et al., 2020). The analysis was
carried out in two biological and three technical replicates.

The results of the analysis of sugar content (mg/100 g
FW) and gene expression were statistically processed us-
ing GraphPad Prism v. 8 (GraphPad Software Inc., USA;
https://www.graphpad.com/scientific-software/prism/). The
significance (p < 0.05) of differences between the values
obtained for the time points was determined using Two-way
ANOVA (“multiple comparisons, corrected with the Bonfer-
roni test”).

Results

In this study, using the cv. Korneevsky tomato (S. lycopersi-
cum) as an example, we characterized daily changes in the
content of soluble sugars, as well as the expression pattern of
genes of two key invertases (vacuolar, TAI; cell wall, LING)
and sugar transporter (STP1) in the leaves of a plant in the ac-
tive stage of vegetative growth and development (5-7 leaves).

Since S. lycopersicum is day-neutral species (Lifschitz,
Eshed, 2006), a long photoperiod (16 h/8 h — day/night),
typical for summer, was used in the work. Time points for
measuring the target indicators were selected considering the
boundaries between daily phases (one hour before and after
the onset of light (points 6:00, 8:00) and darkness (22:00,
24:00)), as well as the middle of the dark (3:00) and light
(15:00) periods.

At these six points, the content of soluble sugars (glucose,
fructose and sucrose) was measured (Fig. 1). It was shown that
the amount of all analyzed sugars is minimal at the beginning
of the light phase. By the middle of the day (15:00) it increases
by ~1.2-2.0 times, and by the end of the photoperiod (22:00), it
sharply rises by ~15 times (vs. 8:00), reaching the daily maxi-
mum. At the beginning of the dark phase (24:00), the content
of hexoses continues to grow (by ~1.3-1.6 times vs. 22:00);
however, in the second half of the dark period (3:00, 6:00), it
decreases (by ~1.5-2.0 times vs. 24:00). At the beginning of
the light phase (8:00), the number of hexoses decreases even
more sharply (by ~50-60 times vs. 6:00) (Fig. 1).

The sucrose content changes during the day in a manner
similar to that of hexoses, with the exception of the 24:00 point
(a decrease of ~2 times vs. 22:00) and a smoother decrease
compared to hexoses at the 8:00 point (~18 times vs. 6:00)
(Fig. 1).

Thus, it was shown that the content of the analyzed soluble
sugars is minimal at the beginning and maximal at the end
of the photoperiod, while in the dark phase their amount is
more constant.

Next, the expression pattern of the TAI, LING, and STP1
genes was characterized. A preliminary analysis of the organ-
specific expression pattern of these genes was performed
in silico (Fig. 2). It was shown that transcripts of all three
genes are present in vegetative tissues and in the growing fruit
(including the breaker (BR) stage of reaching the final size
and the beginning of the color change). In the ripening fruit
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Fig. 1. Diurnal dynamics of the content (mg/100 g FW) of glucose, fructose and sucrose in the leaves of a cv. Korneevsky tomato plant (S. lycopersicum).

The values of sugar concentration at the analyzed time points differ (p < 0.05), with the exception of glucose (6:00 vs. 3:00; 8:00 vs. 15:00), fructose (6:00 vs. 22:00;
8:00 vs. 15:00; 6:00 vs. 3:00; 22:00 vs. 3:00), and sucrose (6:00 vs. 3:00; 8:00 vs. 15:00).
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Fig. 2. Graphical visualization (heat map) of TAl, LIN6, and STP1 gene
expression data in cv. Micro-Tom tomato (S. lycopersicum) constructed
using TomExpress transcriptome data (Zouine et al., 2017).

Organs analyzed: root (7); leaf (2); bud (3); flower at the anthesis stage (4); fruit,
4 days post anthesis (dpa) (5); pulp (6) and skin (7) of the fruit (10 dpa); pulp
(8) and skin (9) of the fruit (35 dpa); pulp (70) and skin (77) of the fruit (38 dpa,
BR); pulp (72) and skin (73) of the fruit (41 dpa, OR); pulp (74) and skin (75)
of the fruit (44 dpa, RR); mature seeds (76). The rectangles show FPKM values
rounded to the second decimal place.

(the orange (OR) and red ripe (RR) fruit stages), only trace
numbers of LIN6 and STP1 transcripts (0.002-0.0129 FPKM)
were detected.

At the same time, TAl was expressed most intensely in these
tissues. The peak of TAIl expression (26.95-35.71 FPKM) cor-
responded to the OR stage of fruit ripening, where the level of
gene transcripts was ~2 and ~27-36 times higher than in the
fruit at the RR stage (6.43-13.13 FPKM) and in vegetative tis-
sues/growing fruit (including the BR stage; 0.20-1.15 FPKM),
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respectively. In other reproductive tissues — buds, flowers
and RR fruit seeds, the number of TAI transcripts was ~6-12,
20-40 and 50 times higher, respectively, compared to LIN6
and STP1 (Fig. 2).

Despite the obvious specificity of TAI activity to the
ripe fruit, its expression level in vegetative organs (0.20—
1.15 FPKM) was, on average, higher than that of LIN6
(0.01-0.06 FPKM) and STP1 (0.06-0.88 FPKM). In whole
leaf tissue, the number of TAI transcripts was ~2 and ~27 times
higher than that of LIN6 and STP1, respectively. The LIN6
expression level in the leaves was the lowest (~12 times lower
than STP1) (Fig. 2).

Thus, in silico profiling of gene expression showed that in
all plant organs, the activity of the vacuolar invertase gene
TAI significantly exceeds that of the cell wall invertase gene
LIN6 and the sugar transporter gene STP1. Moreover, TAI
expression is highest in the reproductive organs, especially in
the storage tissues of the ripe fruit at the OR and RR stages.

Next, in the same leaf samples of cv. Korneevsky used
for the analysis of sugar content, the expression levels of the
TAI, LIN6 and STP1 genes were determined (using gRT-PCR)
at six time points during the day. As a result, it was shown
that all three genes are expressed at all six time points. On
average, the highest relative transcript levels were observed
for LING, and the lowest, for STP1. The expression level of
TAI (contrary to expectations based on in silico data, Fig. 2)
was an order of magnitude lower than that of LIN6, and only
~3-4 times higher than the level of STP1 transcripts (Fig. 3).

Overall, the change in the diurnal expression dynamics was
similar for all three genes: TAI, LIN6 and STP1. The transcript
level increased significantly (by ~7 (TAI), ~7,000 (LIN6) and
~128 (STP1) times) from the 8:00 to the 15:00 point of the
light phase. Then it decreased less sharply towards its end
(~1.2-2.5times, 22:00 vs. 15:00) and the beginning of the dark
phase (~2-3.5 times, 24:00 vs. 22:00). By the middle of the
night, the gene expression was upregulated (by ~2-5 times,
3:00 vs. 24:00), and by the end of the dark phase, it decreased
by ~2.5 (TAI), ~7,000 (LING), and ~183 (STP1) times (6:00
vs. 3:00) (Fig. 3).

Thus, the diurnal dynamics of the TAI, LIN6 and STP1 ex-
pression level was similar, but fluctuations in the case of LING
and STP1 were significantly more pronounced than those of
the TAI gene. Nevertheless, the pre-dawn and early afternoon
expression level of LIN6 and STP1 was extremely low, while
that of TAI was relatively constant and notable.
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Fig. 3. Expression patterns of the TAl, LIN6 and STP1 genes based on qRT-PCR data.
The relative transcript levels for each gene at the analyzed time points differ significantly (p < 0.05), with the exception of TA/ (6:00 vs. 8:00; 24:00 vs. 3:00), LIN6

(6:00 vs. 8:00), and STPT (6:00 vs. 8:00).

Discussion

Soluble mono- and disaccharides have a significant impact
on plant growth and development (Proels, Roitsch, 2009;
Lemoine et al., 2013). Their content is regulated (besides
glycan synthesis/degradation) through sucrose hydrolysis
by sucrose synthases, invertases and invertase inhibitors, as
well as through transfer between tissues using transporters
(Kawaguchi et al., 2021; Wang B. et al., 2021).

Soluble sugars play an important role in all developmental
processes in plant species, including tomato plants (Proels,
Roitsch, 2009). Moreover, under stress, the influx of car-
bohydrates to the affected areas increases, which provides
energy for a protective response, including the coordinated
stimulation of carbohydrate accumulation and the expression
of invertase and sugar transporter genes (Fotopoulos et al.,
2003; Voegele et al., 2006; Proels, Roitsch, 2009; Bolouri
Moghaddam, Van den Ende, 2013).

Inany process occurring in a plant involving soluble sugars,
both the sugar content and the intensity of expression of the
corresponding genes are characterized by synchronous cyclical
oscillations during the day under the control of a circadian
oscillator (Gonzélez et al., 2005; Rolland et al., 2006).

In this study, we analyzed the diurnal dynamics of the con-
centration of soluble sugars (sucrose, glucose, and fructose) in
the leaves of cv. Korneevsky tomato seedlings. The measure-
ment points covered the border periods between the dark and
light phases (6:00, 8:00, 22:00, 24:00) and the middle of the
phases (15:00, 3:00). At the same points, we determined the
expression of the genes of vacuolar invertase (TAI), cell wall
invertase (LING), and hexose transporter (STP1), the role of
which in tomato sugar metabolism is most important (Elliott
et al., 1993; Proels, Roitsch, 2009; Warnock et al., 2016;
Slugina et al., 2017).

The resulting diurnal profile of sugar content (Fig. 1) is
consistent with known active sucrose synthesis in the daytime
phase of photosynthesis, as well as with the diurnal cycle of
sugar accumulation/intake due to the day/night synthesis/
degradation of transient starch (Haydon et al., 2011). During
the light phase, sucrose, glucose and fructose gradually ac-
cumulate (Fig. 1). Some of the glucose is presumably utilized
for the synthesis of transient starch, and at the same time,
sugars are released from the leaves (as sources of sugars) into
storage organs (in our case, into the roots of the seedlings). By
the end of the day, the amount of sugars reaches its highest
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values, and in the dark phase it tends to decrease and then is
maintained at a more or less constant level (Fig. 1), due to the
pause in sucrose synthesis and the activation of the transient
starch degradation (Koch, 2004; Haydon et al., 2011).

The main result of the in silico characterization of TAl,
LING, and STP1 expression (Fig. 2) is the confirmation of the
important role of the vacuolar invertase gene TAI in sucrose
hydrolysis in the ripe fruit as a storage organ, shown earlier
(Elliott et al., 1993; Slugina et al., 2017). Furthermore, the
higher transcript level of TAl compared to LING (Fig. 2) as-
sumes a greater importance of TAI (than that of LIN6) for
sucrose hydrolysis in vegetative tissue as well. Nevertheless,
the significant transcript number of the cell wall invertase gene
LING in vegetative tissues indicates the known importance
of LING for plant vegetative growth (Proels, Roitsch, 2009;
Zhang et al., 2013). Also, the presence of transcripts of the
LING gene and the sugar transporter gene STP1 in vegetative
tissues (Fig. 2) is consistent with the previously shown in-
volvement of these genes in the plant stress response (Proels,
Roitsch, 2009; Warnock et al., 2016). At the same time, the
extremely low number of STP1 transcripts in ripe fruits of
cv. Micro-Tom (Fig. 2), given the high sugar content in the
fruits of this cultivar and the shown direct relationship between
the expression level of this gene and the amount of sugars in
the fruits (Wang Y. et al., 2023), suggests that even low activity
of the STP1 gene is sufficient to implement this relationship.

Subsequent analysis of the diurnal dynamics of TAI, LING,
and STP1 expression in the leaves of cv. Korneevsky plants
showed that the levels of all three genes change in a similar
manner and in association with the circadian rhythm (Fig. 3).
The diurnal dynamics of TAl expression is consistent with the
previously demonstrated diurnal dynamics for the B. vulgaris
vacuolar invertase gene (Gonzalez et al., 2005): both genes
reach peak expression in the middle of the light phase.

Unlike TAI, the cell wall invertase gene LIN6 has another
expression maximum — in the middle of the night (Fig. 3).
Moreover, contrary to in silico data (Fig. 2), the level of LIN6
transcripts was an order of magnitude higher than that of TAI
(Fig. 3). A possible reason for the discrepancy may be older
plants (compared to our study) and, therefore, older leaves
with large vacuoles in the cells taken into the transcriptome
analysis, the results of which are presented in the in silico
database we used (Zouine et al., 2017). We tested seedlings at
the 5-7 leaf stage, the young leaves of which contained small
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vacuoles in the cells, which suggests more active apoplastic
processes of sucrose hydrolysis and sugar transport. This is
also supported by significantly more pronounced (by an order
of magnitude) diurnal fluctuations in the expression of LING
and STP1 compared to TAI (Fig. 3).

Conclusion

In this study, the diurnal dynamics of the content of soluble
sugars and the expression of genes encoding sucrose hy-
drolysis enzymes (invertase genes TAl and LING) and sugar
transfer proteins (STP1 transporter gene) in tomato seedlings
of cv. Korneevsky was determined. It was shown that both
sugars and the transcript level of TAI, LIN6 and STP1 depend
on the circadian rhythm and correspond to biological processes
occurring in the plant at different periods of the day. The
results obtained are important for understanding the func-
tions of invertases and sugar transporters in the tomato plant,
and can be used to predict plant stress resistance in tomato
breeding.

References

Beckles D.M., Hong N., Stamova L., Luengwilai K. Biochemical fac-
tors contributing to tomato fruit sugar content: a review. Fruits.
2012;67:49-64. doi 10.1051/fruits/2011066

Bolouri Moghaddam M.R., Van den Ende W. Sweet immunity in the
plant circadian regulatory network. J. Exp. Bot. 2013;64(6):1439-
1449. doi 10.1093/jxb/ert046

Efremov G.I., Slugina M.A., Shchennikova A.V., Kochieva E.Z. Dif-
ferential regulation of phytoene synthase PSY1 during fruit caro-
tenogenesis in cultivated and wild tomato species (Solanum section
Lycopersicon). Plants. 2020;9:1169. doi 10.3390/plants9091169

Elliott K.J., Butler W.O., Dickinson C.D., Konno Y., Vedvick T.S.,
Fitzmaurice L., Mirkov T.E. Isolation and characterization of fruit
vacuolar invertase genes from two tomato species and temporal
differences in mRNA levels during fruit ripening. Plant Mol. Biol.
1993;21(3):515-524. doi 10.1007/BF00028808

Fotopoulos V., Gilbert M.J., Pittman J.K., Marvier A.C., Buchanan A.J.,
Sauer N., Hall J.L., Williams L.E. The monosaccharide transporter
gene, AtSTP4, and the cell-wall invertase, Atffructl, are induced
in Arabidopsis during infection with the fungal biotroph Erysiphe
cichoracearum. Plant Physiol. 2003;132(2):821-829. doi 10.1104/
pp.103.021428

Gonzalez M.C., Roitsch T., Cejudo F.J. Circadian and developmen-
tal regulation of vacuolar invertase expression in petioles of sugar
beet plants. Planta. 2005;222(2):386-395. doi 10.1007/s00425-005-
1542-4

Haydon M.J., Bell L.J., Webb A.A. Interactions between plant circadian
clocks and solute transport. J. Exp. Bot. 2011;62(7):2333-2348. doi
10.1093/jxb/err040

Kawaguchi K., Takei-Hoshi R., Yoshikawa I., Nishida K., Kobaya-
shi M., Kusano M., Lu Y., Ariizumi T., Ezura H., Otagaki S., Mat-
sumoto S., Shiratake K. Functional disruption of cell wall invertase
inhibitor by genome editing increases sugar content of tomato fruit

Diurnal fluctuations in sugar content
and TAI, LIN6 and STP1 expression in tomato leaves

without decrease fruit weight. Sci. Rep. 2021;11(1):21534. doi
10.1038/s41598-021-00966-4

Koch K. Sucrose metabolism: regulatory mechanisms and pivotal roles
in sugar sensing and plant development. Curr. Opin. Plant Biol.
2004;7:235-246. doi 10.1016/j.pbi.2004.03.014

Lemoine R., La Camera S., Atanassova R., Dédaldéchamp F., Alla-
rio T., Pourtau N., Bonnemain J.L., Laloi M., Coutos-Thévenot P.,
Maurousset L., Faucher M., Girousse C., Lemonnier P., Parrilla J.,
Durand M. Source-to-sink transport of sugar and regulation by en-
vironmental factors. Front. Plant Sci. 2013;4:272. doi 10.3389/fpls.
2013.00272

Lifschitz E., Eshed Y. Universal florigenic signals triggered by FT ho-
mologues regulate growth and flowering cycles in perennial day-
neutral tomato. J. Exp. Bot. 2006;57(13):3405-3414. doi 10.1093/
jxb/erl106

Proels R.K., Roitsch T. Extracellular invertase LING of tomato: a pivotal
enzyme for integration of metabolic, hormonal, and stress signals is
regulated by a diurnal rhythm. J. Exp. Bot. 2009;60(6):1555-1567.
doi 10.1093/jxb/erp027

Roitsch T., Gonzélez M.-C. Function and regulation of plant invertases:
sweet sensations. Trends Plant Sci. 2004;9:606-613. doi 10.1016/
j.tplants.2004.10.009

Rolland F., Baena-Gonzalez E., Sheen J. Sugar sensing and signaling
in plants: conserved and novel mechanisms. Annu. Rev. Plant Biol.
2006;57:675-709. doi 10.1146/annurev.arplant.57.032905.105441

Slugina M.A., Shchennikova A.V., Kochieva E.Z. TAI vacuolar inver-
tase orthologs: the interspecific variability in tomato plants (Sola-
num section Lycopersicon). Mol. Genet. Genomics. 2017;292(5):
1123-1138. doi 10.1007/s00438-017-1336-y

Voegele R.T., Wirsel S., Moll U., Lechner M., Mendgen K. Cloning
and characterization of a novel invertase from the obligate biotroph
Uromyces fabae and analysis of expression patterns of host and
pathogen invertases in the course of infection. Mol. Plant Microbe
Interact. 2006;19(6):625-634. doi 10.1094/MPMI-19-0625

Wang B., Li N., Huang S., Hu J., Wang Q., Tang Y., Yang T., Asmuto-
la P., Wang J., Yu Q. Enhanced soluble sugar content in tomato fruit
using CRISPR/Cas9-mediated SIINVINH1 and SIVPES gene editing.
PeerJ. 2021;9:e12478. doi 10.7717/peerj.12478

Wang Y., Shi C,, Ge P, Li F, Zhu L., Wang Y., Tao J., Zhang X.,
Dong H., Gai W., Wang F., Ye Z., Grierson D., Xu W., Zhang Y.
A 21-bp InDel in the promoter of STP1 selected during tomato im-
provement accounts for soluble solid content in fruits. Hortic. Res.
2023;10(3):uhad009. doi 10.1093/hr/uhad009

Warnock N.D., Wilson L., Canet-Perez J.V., Fleming T., Fleming C.C.,
Maule A.G., Dalzell J.J. Exogenous RNA interference exposes con-
trasting roles for sugar exudation in host-finding by plant patho-
gens. Int. J. Parasitol. 2016;46(8):473-477. doi 10.1016/j.ijpara.
2016.02.005

Zhang Y.L., Zhang A.H., Jiang J. Gene expression patterns of inver-
tase gene families and modulation of the inhibitor gene in tomato
sucrose metabolism. Genet. Mol. Res. 2013;12(3):3412-3420. doi
10.4238/2013.January.24.1

Zouine M., Maza E., Djari A., Lauvernier M., Frasse P., Smouni A.,
Pirrello J., Bouzayen M. TomExpress, a unified tomato RNA-Seq
platform for visualization of expression data, clustering and correla-
tion networks. Plant J. 2017;92(4):727-735. doi 10.1111/tpj.13711

Conflict of interest. The authors declare no conflict of interest.

Received July 15, 2024. Revised September 17, 2024. Accepted September 17, 2024.

60 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2025+ 29 - 1


https://doi.org/10.3390/plants9091169

