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A b s t r a c t  
 

Ascorbic acid (ascorbate, vitamin C) plays an important role in various metabolic processes 

both in plants and humans. Increasing the ascorbate content in plants using breeding approaches is 

important, both from the point of view of increasing the nutritional value of fruits, and from the point 

of view of plant resistance to stress. It is known that tomato has high potential as an ascorbate source 

in the human diet. Unfortunately, the ascorbate levels in ripe fruits of modern tomato (Solanum lyco-

persicum) cultivars and hybrids are low in comparison with relative wild tomato species. Use wild 

tomato accessions in breeding programs can significantly increase the ascorbate content of ripe fruits. 

However, for effective breeding for this trait, a more detailed study of the genetic determinants 

responsible for the ascorbate levels increase in in ripe fruits is necessary. In this study, we cloned 

and sequenced novel GME1gene homologous, which plays a key role in ascorbate biosynthesis in 

cultivated tomato and 11 wild tomato species. Structural analysis showed a low GME1 variability 

level of in tomato species. In the GME1 coding sequences, 28 SNPs were identified, of which only 

two led to nonsynonymous aminoacid substitutions (G2E and E281D) in S. neorickii and S. peru-

vianum var. dentatum. Analysis of GME1 motifs and domains did not reveal any specific motifs 

either at the interspecific level or at more distant taxonomic levels. The high GME1 conservatism 

observed in quite evolutionarily distant tomato species is most likely due to the functional signifi-

cance of this enzyme for the ascorbate synthesis and, indirectly, for protection from stress factors, 

primarily photostress. No correlation was found between amino acid or nucleotide substitutions and 

ascorbate levels in fruits. Expression analysis, including comparative interspecies organ-specific anal-

ysis and analysis of the dependence of the ascorbate content in mature fruits in tomato cultivars and 

wild species accessions and the GME1 expression level, also did not reveal a relationship between 

transcriptional levels and ascorbate concentration. It can also be assumed that the final ascorbate 

content in the ripe tomato fruit may be influenced not by the intensity of GME1 expression at the 

last stage of fruit ripening, but by how this gene was active at earlier stages of ripening.  
 

Keywords: GME1, gene expression, SNP, Solanum lycopersicum, wild tomato species, to-

mato cultivars, ripe fruits, ascorbate content  
 

Ascorbic acid (ascorbate, vitamin C) plays an important role in various 

metabolic processes in plants in photosynthesis, photoprotection, resistance to 

stress, control of cell growth, biosynthesis of hormones and cell wall components 

[1-5]. In a plant cell, ascorbic acid acts as the main antioxidant due to its ability 

to reduce the content of reactive oxygen species, which are formed during photo-

synthesis and abiotic stresses (for example, at high light intensity, high tempera-

tures, and strong ultraviolet radiation) [6, 7]. Humans and some primates are 

unable to synthesize ascorbate; therefore, plant foods rich in vitamin C are essen-

tial to maintain normal vital functions [8] and, thus, the search for new sources 
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of ascorbate is essential [9]. 

Tomato (Solanum lycopersicum L.) is one of the most commonly eaten 

vegetable crops with a wide cultivation area [10, 11]. Tomato varieties can serve 

as an additional source of vitamin C when consumed year-round [12]. However, 

in modern varieties and hybrids of cultivated tomato, the content of ascorbate in 

ripe fruits is low in comparison with that in related wild species [13]. Studies have 

shown that breeding programs involving wild tomato species, in particular S. pen-
nellii, can significantly increase the ascorbate content in ripe fruits [14-18]. Nev-

ertheless, effective breeding for this trait requires a more detailed study of the 

genetic determinants responsible for the ascorbate levels increase in ripe fruits. 

One of the most important reactions of ascorbate biosynthesis in higher 

plant cells is considered to be the conversion of GDP-D-mannose to GDP-1-

galactose, which is catalyzed by the enzyme GDP-mannose-3´, 5´-epimerase 

(GME; EC 5.1.3.18). Unlike most plants, which have only one copy of the GME 

gene, two copies have been identified in the tomato genome - GME1 and GME2 

on chromosomes 1 and 9 [17, 19]. Analysis of QTL (quantitative trait loci) colo-

calization indicates that GME may serve as a genetic determinant of increased 

ascorbate levels in tomato fruits [17, 19]. This assumption is confirmed by work 

of L. Gilbert et al. [20], where the RNA silencing method was used to suppress 

the expression of both genes, SlGME1 and SlGME2. Later C. Zhang et al. [21] 

demonstrated that overexpression of both genes significantly increased the ascor-

bate content in leaves and ripe tomato fruits. This directly affected the stress re-

sistance of modified plants. A positive correlation between GME expression and 

ascorbate content was also shown for apple and blueberry [22, 23]. Analysis of the 

evolutionary patterns of the GME gene based on a comparison of 59 genomes of 

different species of higher plants and green algae revealed a high degree of con-

servatism of the sequence and structural organization of GME in higher plants 

[24]. However, the structure of GME gene homologous in wild tomato species 

has not yet been studied. 

In this study, we were the first to identify and describe in detail GME1 

gene homologous in cultivated tomato cultivars S. lycopersicum and samples of 

wild species characterized by a high content of ascorbate in fruits. The variability 

of nucleotide and amino acid sequences, the composition of functional motifs in 

genes-homologs of GME1 were determined. An analysis of the expression of such 

homologous genes in tomato samples with different contents of ascorbate in com-

mercial products had shown that there is no relationship between this trait and 

the transcriptional activity of GME1 in mature fruits. 
Purpose of this study was to identify novel homologous GME1 gene and 

to conduct comparative analysis of their structure and transcriptional activity in 
different tomato species to identify possible correlations between the differences 
in these genes and the accumulation of ascorbate in fruits. 

Materials and methods. Plant material included 15 tomato samples (section 

Lycopersicon, genus Solanum) — 11 wild species S. chmielewskii (VIR13725), 

S. neorickii (VIR5033), S. chilense (VIR4300), S. corneliomulleri (VIR4367), 

S. peruvianum (VIR4361), S. peruvianum var. dentatum (VIR3966), S. arcanum 

(VIR13958), S. habrochaites (VIR13964), S. cheesmaniae (VIR3969), S. gala-
pagense (VIR3970), S. pimpinellifolium var. racemigerum (VIR1018), wild tomato 

specie S. lycopersicum var. humboldtii (VIR2912), tomato of S. lycopersicum Sil-

vestre recordo (VIR1580), Bychye serdtse and Yellow belorus varieties (provided 

by the Vavilov All-Russian Institute of Plant Genetic Resources, Saint Peters-

burg and Federal Scientific Vegetable Center Gavrish LLC, Moscow Region). 

Plants were grown in a greenhouse (23 С, day length 16 h, illumination 5 thou-

sand lux/m2). 
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When determining the content of ascorbate in fruits, the method of 

G. Giovanelli et al. [25] was used for its extraction with modifications. An aque-

ous solution of metaphosphoric acid (1 g/100 ml) was added to fresh tomatoes 

in a ratio of 1:10 (w/v) and homogenized in a Waring 8011 blender (Waring, 

USA). The resulting homogenate was quickly transferred into polypropylene 

tubes and centrifuged at 11000 g for 20 min at 4 С. The analysis was performed 

by high performance liquid chromatography (HPLC, liquid chromatography 

with mass detector LC-QQQ Agilent 6460, Agilent Technologies, USA; ACE® 

5 C18 column, Advanced Chromatography Technologies, Ltd., UK) (Shared-

Access Equipment Centre Industrial Biotechnology of Federal Research Center 

Fundamentals of Biotechnology RAS, Moscow). The mobile phase was ultrapure 

water (pH 3), isocratic elution (flow rate 0.5 ml/min, temperature 35 С). The 

supernatants were preliminarily filtered through membranes with a pore size of 

0.45 µm (Amersham, USA). The volume of the analyzed samples was 20 ml. The 

concentration of ascorbic acid was expressed per 100 g of homogenized fruit 

pulp. The ascorbate content was determined in two biological replicates. 
Genomic DNA was isolated from freshly harvested tomato leaves by 

method proposed by K. Edwards et al. [26]. The purity was evaluated and the 
concentration of the obtained DNA preparations was determined (spectrophotom-
eter DU 530, Beckman, USA). 

For the isolation of RNA with subsequent synthesis of cDNA, leaves, 

roots, flowers, and fruits (at the stage of full ripeness) of wild tomato species S. 
lycopersicum var. humboldtii, S. peruvianum, S. habrochaites and three tomato spe-

cies var. S. lycopersicum Silvestre record,  Bychye serdtse, and Yellow belorus were 

used. RNA was isolated using the RNeasy Plant Mini Kit (Qiagen, Germany) 

according to the manufacturer's recommendations. The resulting RNA prepara-

tions were treated with DNase I (10 units) (Invitrogen, USA) in accordance with 

the attached description. The cDNA preparations were obtained using the 

GoScript™ Reverse Transcription System kit (Promega, USA) according to the 

manufacturer's method. The concentration of RNA and cDNA was determined 

on a Qubit 4 fluorometer (Thermo Fisher Scientific, USA) using the appropriate 

reagents (Invitrogen, USA). Additionally, the quality of RNA was checked by 

electrophoresis in 1.5% agarose gel. 

PCR amplification was performed on a Veriti™ 96-well Thermal Cycler 

(Applied Biosystems, USA) in a 15 μl reaction mixture containing 1.5 μl Dream™ 

Taq buffer 10½, 20 mM dNTP, 10 μM of specially developed GME primers F (5´-

CACTGTATTAGTGCC-TCATC-3´) and GME R (5´-CAATTACCAGAATCT-

AACACATC-3´), 0.25 μl Dream™ Taq DNA Polymerase (5 UI/μl) (Fermentas, 

Lithuania) and  100 ng of genomic DNA. Amplification conditions: 5 min at 

95 С; 15 s at 95 С, 10 s at 58 С, 1 min at 72 С (40 cycles); final elongation 

for 4 min at 72 С. 

The resulting PCR products were analyzed by electrophoresis in 1.5% aga-

rose gel in 1½ TBE buffer stained with ethidium bromide. The results were docu-

mented using the Gel Doc™ XR + Imaging System (Bio-Rad, USA). Commercial 

standards were used to determine the size of amplified DNA fragments 1 Kb DNA 

Ladder and 100 bp DNA Ladder (Fermentas, Lithuania) 

PCR products were cloned using the pGEM®-T Easy Vector plasmid 

vector system (Promega, USA) according to the manufacturer's procedure, with 

additional deproteinization with a phenol: chloroform mixture (1:1). 

The analysis of the expression of homologous GME1 gene was carried out 

in four organs of tomato - root, leaf, flower, and fruit in biological ripeness by 

quantitative real-time PCR (RT-qPCR) using the kit Reaction mixture for carry-

ing out RT-PCR in the presence of SYBR GreenI and ROX (Syntol LLC, Russia) 
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on a CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories, USA). 

The reactions were carried out in two biological and three analytical repeats. The 

following protocol was used to analyze the expression: 5 min at 95 С; 15 s at 

95 С, 30 s at 60 С (40 cycles), followed by reading the results. To obtain the 

melting curves of the amplification products, the temperature was increased from 

55 С to 95 С (with a step of 0.5 С every 5 s), followed by reading the results. 

To analyze the expression of homologous GME1 gene, a pair of primers GMErnaF 

(5´-AGAATGGGAAGCTCTGGTGG-3´) and GMErnaR (5´-GGCTTCCAA-

TTGAAATGATGACAG-3´) was developed allowing the amplification of a 185 bp 

fragment. During normalization, the expression value of the reference genes Ex-

pressed and Actin 2/7 was used according to the description [27, 28]. 

Bioinformatic analysis of nucleotide sequences was performed using the 

MEGA 7.0 software [29] (https://www.kent.ac.uk/soft-ware/mega-7). Analysis 

of amino acid sequences and prediction of the presence of substitution sites 

that significantly affect the functionality of the enzyme were performed using 

the PROVEAN program [30] (http://provean.jcvi.org/index.php). The search 

for common hidden motives was carried out using the MEME 5.3.2 program 

[31] (https://meme-suite.org/meme/tools/meme). For additional analysis of amino 

acid sequences, the NCBI-CDD resource (https://www.ncbi.nlm.nih.gov/cdd/) and 

the UniProt database (https://www.uniprot.org) were used. For comparative 

analysis of nucleotide and amino acid sequences, sequences of GME genes-

homologues from the NCBI database were also used, namely S. lycopersicum 

cv. Heinz 1706; S. pimpinellifolium (LA0480), S. arcanum (LA2157); Oryza 

sativa and Arabidjpsis thaliana.  
The arithmetic mean values were calculated at determination of the con-

tent of ascorbate. 

Results. Accumu la t i on  o f  a s co rb a t e  i n  r i p e  f r u i t s. Table 1 

shows the distribution of the studied samples by the content of vitamin C in fruits. 

Biochemical analysis showed that in the evolutionarily younger red-fruited tomato 

species S. lycopersicum and S. pimpinellifolium the accumulation of ascorbate oc-

curs evenly as the fruit ripens, with a maximum in the fruit of biological ripeness. 

In the majority of green-fruited cross-pollinated tomatoes, the opposite dynamics is 

observed with the maximum content of ascorbate in the early stages of fruit devel-

opment. Samples with the lowest and highest content of ascorbate in the fruit 

were identified at the stage of biological ripeness. Among the representatives of 

S. lycopersicum, the smallest amount of ascorbate was detected in the Yellow 

belorus (28.1 mg/100 g of homogenized fruit pulp) and Bychye serdtse (42.8 mg/100 

g) samples, and the highest in S. lycopersicum var. humboldtii (120.1 mg/100 g). The 

obtained values slightly exceeded the data obtained earlier for cultivars and samples 

of wild species S. pennellii and S. pimpinellifolium [32], which may be due to the 

specificity of the manifestation of this trait in the studied cultivars and accessions, 

as well as the conditions for growing plants. 

1. Vitamin C accumulation (М, mg/100 g pulp homogenate) in tomato (Solanum L.) 
fruits at full ripeness 

Genotype  IG MG Br Red ripe 
S. lycopersicum Silvestre recordo (VIR1580) R/C 0.2 11.9 23.2 68.5 

S. pimpinellifolium var. racemigerum (VIR1018) R/W 36.5 77.4 99.3 150.3 

S. lycopersicum var. humboldtii (VIR2912) R/W 19.3 14.7 17.1 120.1 

S. lycopersicum сорт Бычье сердце R/C 2.5 6.8 12.3 42.8 

S. lycopersicum сорт Желтый белорус R/C 0.4 13.1 16.8 28.1 

S. cheesmaniae (VIR3969) R/W 9.5 32.4 23.3 130.1 

S. galapagense (VIR3970) R/W 34.2 46.4 65.7 84.2 

S. chmielewskii (VIR13725) G/W 63.3 74.8 94.1 132.7 

S. chilense (VIR4300) G/W 21.8 43.7 63.2 93.3 
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Continued Table 1 

S. corneliomulleri (VIR4367) G/W 14.9 18.7 27.2 104.8 

S. peruvianum (VIR4361) G/W 18.8 17.6 36.4 85.0 

S. peruvianum var. dentatum (VIR3966) G/W 50.0 84.7 87.3 119.7 

S. arcanum (VIR13958) G/W 66.9 65.2 37.8 44.7 

S. habrochaites (VIR13964) G/W 0.2 0.2 0.3 0.3 

S. neorickii (VIR5033) G/W 58.0 78.4 98.1 127.3 

N o t е. R  — red-fruited, G — green-fruited, W — wild, C — cultivated, IG — immature green, MG — mature 

green, Br — breaker. The measurements were carried out in two biological replicates (in generalized samples). 

 

I den t i f i c a t i on  and  cha r a c t e r i z a t i on  o f  v a r i a b i l i t y  o f  

GME1 homo lo gou s  g ene s. When designing primer for DNA amplification 

of GME genes, being an enzyme involved in ascorbate synthesis, we used the 

genomes of tomato S. lycopersicum variety Heinz 1706 (NM_001247914.2), wild 

tomato S. pennellii (XM_015214839.2), and potatoes presented in the NCBI da-

tabase. S. tuberosum (GCA_000226075.1) and mRNA sequences. As a result, a 

pair of flanking primers GME F–GME R was developed to amplify the GME1 

gene (Table 2). In addition, internal primers with localization in exon sequences 

were developed for sequencing. As a result, seven internal primers were obtained 

for amplification and sequencing of the GME1 genes (see Table 2, Fig. 1). 

2. Primers designed for amplification and sequencing of GME1 homologous genes in 

the studied varieties and wild-growing tomato (Solanum L.) species 

Primers Sequences (5´ 3´) 

GME F  CACTGTATTAGTGCCTCATC 

GME R CAATTACCAGAATCTAACACATC 

GME1exF CAGCTTCAATATGATGGAAGCT 

GME2exF CAGCCTGAAAGAAGCTGATG 

GME3exR ACCTTTCCAGGTTCCAAAAGG 

GME4exF GCACAAACTGCAACGGATAAG 

GME5exR ATTGTTGGAGCCCAACCAAG 

GME5exF GCCAGTAAACATTGGAAGTGA 

GME4inR CTCCAGTAATTCAGAATAAGTGG 

         

 

Fig. 1. Schematic representation of the structure of the GME1 gene obtained during the analysis of 

GME1 homologous genes in 11 wild tomato species and the tomato cultivar Silvestre recordo using the 

developed primers. The location of flanking and internal primers with localization in exons (green 

rectangles) and intron (lines) is marked. Exons are marked with Roman numerals. For a description 

of species and varieties, see the Materials and methods and Table 1. 
 

Using the developed primers GME F–GME R, we have amplified the 

sequences of homologous GME1 gene in 11 wild tomato species and the vegetable 

tomato cultivar Silvestre recordo as a representative of the lycopersicum species. 

The resulting fragments were cloned and sequenced using the internal primers. 

Comparison of the structure of GME1 homologous genes in the studied 

tomato samples showed that in all analyzed species this gene consists of six exons 

(see Fig. 1), which coincided with the data on the analysis of the exon-intron 

structure of the S. lycopersicum GME1 gene obtained earlier [21]. The gene length 

varied from 1962 bp (S. galapagense) to up to 1985 bp (S. peruvianum). The size 

of the gene did not depend on whether the species was evolutionarily older (green-

fruited) or younger (red-fruited). Comparison with the previously obtained data 

on the GME gene in the cultivated tomato cultivar Ailsa Craig also did not reveal 

a difference in the nucleotide sequences [21]. 
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In the whole genome sequence of GME1, we found 139, or 6.9% single 

nucleotide polymorphisms (SNPs). Of these, 134 SNPs were found in green-

fruited tomato species and only 5 in red-fruited species. The vast majority (108 

SNPs) were found in intron sequences. Earlier, it was shown that the frequency 

of occurrence of nucleotide substitutions in intron sequences is on average 8±2% 

[33]. The level of intron polymorphism in GME1 homologous genes described by 

us in this work generally corresponds to the given value. Also, as a result of the 

project The 100 Tomato Genome Sequencing Consortium, it was shown that the 

variability of gene sequences in red-fruited tomatoes is 20 times lower than in 

green-fruited species [33]. In our study, this difference for GME1 turned out to be 

26.8-fold, which is also consistent with previously published data [33]. 

In the coding region, 28 single nucleotide substitutions were found, the 

two SNPs in red-fruited species and 26 SNPs in green-fruited species (Fig. 2, see 

http://www.agrobiology.ru). The number of synonymous substitutions in the exon 

region ranged from 7-8 SNPs in S. peruvianum accessions to 12 and 13, respec-

tively, in S. arcanum and S. neorickii. Only two substitutions, G2E and E281D, 

were found in green-fruited species S. neorickii and S. peruvianum var. dentatum 

were found to be nonsynonymous. 
 

 

Fig. 2. Distribution of SNPs in the coding region of GME1 homologues genes in the studied cross- and 

self-pollinated wild-growing species and varieties of tomato (Solanum L.). Numerical values indicate 

the location of single nucleotide substitutions. See the description of species and varieties in the 

Materials and methods and in Table 1. 
 

 
Fig. 3. Distribution of SNPs in GME1 homologues genes in the studied cross- and self-pollinated wild-

growing species and varieties of tomato (Solanum L.). The color indicates red (orange)- and green-

fruited species. Numerical values indicate the location of single nucleotide substitutions. See the de-

scription of species and varieties in the Materials and methods and in Table 1. 
  

In tomato, in addition to nucleotide substitutions in the analyzed se-

quences of GME1 homologous gene, we found 22 indels ranging in size from 1 to 

10 bp. All indels, as expected, were localized in introns, the maximum number of 

indels (seven) was in intron V. Interestingly, a 9-nucleotide indel (CCCTTGTA) 

was found in intron IV (at position 1237 from the start codon), which is present 

only in self-pollinated species, including the red-fruited S. lycopersicum (varieties 

http://www.agrobiology.ru/articles/5-2021tyapkina-ris2-eng.pdf
http://www.agrobiology.ru/articles/5-2021tyapkina-ris2-eng.pdf
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Heinz 1706 and Silvestre recordo), S. pimpinellifolium (LA0480 ), S. pimpinellifolium 

var. racemigerum, S. cheesmaniae, S. galapagense, and green-fruited S. chmielewskii. 

In addition to indels, in the analyzed GME1 sequences, we found five SNPs, 

which are also characteristic of self-pollinated tomato species (Fig. 3). 

3. Characterization of identified GME1 homologous genes in the studied varieties and 
wild tomato (Solanum L.) species 

Species 
Gen-Bank 

NCBI record 

Gene 

length, 

bp 

Length  

1 2 
Isoelectric 

point, pI  

Molecular 

weight, kDa  
introns, 

bp 

cDNA, 

bp 

protein, 

aar 
R e d - f r u i t e d  

Self-pollinated 
S. lycopersicum  

cv. Silvestre recordo 

(VIR1580)  MK895092 1963 832 1131 376 0 0 5.65 42.456 

S. pimpinellifolium 

var. racemigerum 

(VIR1018)   MK895094 1963 832 1131 376 1 0 5.65 42.456 

S. cheesmaniae 
(VIR3969)   MK895095 1963 832 1131 376 0 0 5.65 42.456 

S. galapagense 
(VIR3970)   MK895096 1962 831 1131 376 0 0 5.65 42.456 

G r e e n - f r u i t e d   

Self-pollinated 

S. chmielewskii 
(VIR13725)  MK895097 1966 836 1131 376 0 0 5.65 42.456 

Cross-pollinated 
S. chilense  
(VIR4300)  MK895098 1973 842 1131 376 10 0 5.65 42.456 

S. corneliomulleri 
(VIR4367)  MK895099 1981 850 1131 376 10 0 5.65 42.456 

S. peruvianum 

(VIR4361)  MK895100 1985 854 1131 376 7 0 5.65 42.456 

S. peruvianum var. 

dentatum  (VIR3966)  MK895101 1982 851 1131 376 8 1 5.64 42.515 

S. arcanum 

(VIR13958)  MK895102 1982 851 1131 376 12 0 5.65 42.456 

S. habrochaites 
(VIR13964)  MK895103 1975 844 1131 376 10 0 5.65 42.456 

S. neorickii 
(VIR5033)  MK895093 1981 850 1131 376 13 1 5.56 42.601 

N o t е. 1 and 2 stand for the number of SNPs and amino acid substitutions compared to the reference sequence 

(S. lycopersicum, cv. Heinz 1706; GeneBank NCBI). The data for the Silvestre recordo cultivar are given as typical 

for the studied cultivars. See the description of species and varieties in the Materials and methods and in Table 1.  

 

The coding sequences of GME1 homologous gene were translated. The ob-

tained protein sequences were of the same length, 376 amino acid residues, which 

corresponded to a molecular weight of 42 kDa (Table 3). In general, the amino acid 

sequences of the proteins were found to be similar. In GME1 proteins in green-

fruited species S. neorickii and S. peruvianum var. dentatum, two amino acid 

substitutions were present, G2E and E281D. The analysis of these substitutions 

using the PROVEAN program showed that they are not radical and, presumably, 

cannot affect the functionality of GME1. The results obtained confirm the data 

that GME is one of the most conserved proteins involved in the biosynthesis of 

ascorbate [24, 34]. 

It should be noted that both samples in which nonsynonymous substitu-

tions were identified, S. neorickii and S. peruvianum var. dentatum did not differ 

significantly from other samples in the content of ascorbic acid (see Table 1) and 

the dynamics of its accumulation. 

In all studied tomato species, analysis of the amino acid sequences of 

GME1 using the UniProt database [35] revealed an epimerase domain (positions 

30-269 aar). Within the domain, for all analyzed proteins, five binding sites for 

the GME substrate, GDP-mannose (G105, N204, K226, R307, and S357), as 

well as four binding sites for NAD+, the GME cofactor (D60, D80, Y175, and 
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K179). 
  

 

Fig. 4. Conservative amino acid residues in GME1 proteins in the studied cultivars and wild-growing 

tomato (Solanum L.) species, which are critical for the functionality of the GME enzyme (GDP-man-

nose-3´,5´-epimerase) (shown by arrows). For comparison, the amino acid sequences of the GME 

homologues of rice and Arabidopsis were taken from the NCBI database. Materials and methods and in 

Table 1. 
 

The structure and function of GME in Arabidopsis thaliana was previously 

determined [36]. Our comparative analysis using the MEGA 7.0 software package 

showed a high degree of homology of this protein in Arabidopsis and tomato, which 

suggests a functional similarity of the amino acid sequence of GME1 in tomato and 

Arabidopsis. Thus, based on the data of site-directed mutagenesis of the GME gene 

in Arabidopsis, it was shown that amino acids C145 and K217 are responsible for 

the activity of oxidative and reductive epimerization [36]. These amino acid residues 

coincide with those in the tomato GME1 protein and, therefore, can also be decisive 

for its functional activity. Amino acids C145 and K217 were invariant in all GME1 

sequences analyzed by us in the studied tomato samples (Fig. 4). 

The analysis also showed that GME1 is a member of the extended short 

chain dehydratase/reductase (SDR) family, albeit with a modified glycine-rich 

nucleotide binding motif [37] (GAGGFIA instead of GXXGXXG) [36]. In the 

tomato species we studied, GME1 also revealed a conservative motif GAGGFIA 

at positions 34-40 aar. Such a high conservatism of this motif in GME proteins is 

most likely determined by its critical function, which is due to its participation in 

the formation of hydrogen bonds with NAD+. 

Besides, we analyzed the amino acid sequences that we obtained for 

GME1 in the studied tomato species and in homologues of other species (O. sa-

tiva, A. thaliana) using the MEME 5.3.2 program, which made it possible to iden-

tify 10 conservative motifs. All detected motifs (see additional materials on the 

website http://www.agrobiology.ru) showed high conservatism in comparison with 

homologues in other representatives of the genus Solanum and with the GME 

homologue of Arabidopsis. Our results confirmed the data on the similarity of both 

http://www.agrobiology.ru/articles/5-2021tyapkina-rissuppl-eng.pdf
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GME1 and GME2 homologues in plants [24]. In the second motif (12-61 aar), the 

sequence GAGGFIA was identified, the nucleotide-binding functions of which 

were previously determined for A. thaliana [36]. 

We also compared the identified motifs using the NCBI-CDD resource, 
which made it possible to classify them as NAD-binding domains — 
NAD(P)(+)-binding Rossmann-fold (NADB_Rossmann). The NADB domain 
is characteristic of many metabolic pathway dehydrogenases and various redox 
enzymes. It is believed that the presence of this domain is due to the epimerase 
activity of GME1 [24]. 

Thus, the analysis of the motifs and domains of the GME1 protein in the 
studied tomato samples and the comparison with the homologous proteins of rice 
and Arabidopsis did not reveal any specific motifs either at the interspecific level or 
at more distant taxonomic levels. The observed low level of variability of GME1 
proteins in evolutionarily quite distant tomato species, for example, S. neorickii and 
S. lycopersicum (cv. Silvestre recordo), and the presence of only two radical substi-
tutions confirms its conservatism, shown earlier [34], and, most likely, indicates on 
the functional significance of this enzyme (as well as the biochemical reaction cat-
alyzed by it) for the synthesis of ascorbate and, indirectly, for protection from stress 
factors, primarily from photostress. 

Ana l y s i s  o f  t h e  e xp r e s s i on  o f  GME1 homo lo gou s  g ene s. 

Since the structural analysis of the sequences of GME1 homologues genes did not 

reveal polymorphisms correlated with the accumulation of ascorbate, we assumed 

that the effect of the GME1 enzyme on the biosynthesis of ascorbate could occur 

at the transcriptional level. 

When studying the organ-spec-

ificity of the transcriptional activity of 

GME1 homologous genes, we com-

pared the transcriptional activity of this 

gene in four organs (root, leaf, flower, 

and fruit at the stage of biological ripe-

ness) in S. lycopersicum plants of the 

Silvestre recordo cultivar and a sample 

of the wild species S. peruvianum with 

a contrasting content of ascorbate in 

fruits (see Table. 1, Fig. 5). 

The analysis revealed the highest 

transcriptional activity of GME1 in leaves 

regardless of the tomato species and the 

accumulation of ascorbate in fruits. The 

result is anticipated, since the leaves are 

most susceptible to photooxidative stress. 

The lowest level of GME1 gene expression 

was observed in fruits (see Fig. 5). 

However, it is the content of 

ascorbate in fruits (and in particular, the 

elucidation of the mechanisms that en-

sure the formation of this trait) that is of the greatest practical interest. To study 

in more detail the possible relationship between the accumulation of ascorbate in 

commercial products and the number of GME1 transcripts, we determined the 

level of GME1 expression in fruits of biological ripeness in five samples, the veg-

etable tomato S. lycopersicum var. Silvestre recordo, Bychye serdtse, and Yellow 

belorus, and samples of wild species S. lycopersicum var. humboldtii and S. peruvi-

anum (Fig. 6, A). These samples are contrasting in the ascorbate content in fruits 

 

Fig. 5. Expression of homologous GME1 genes in 

organs of two tomato species with a contrasting 

content of ascorbate in fruits : A — Solanum ly-
copersicum (var. Silvestre recordo), B — S. peru-
vianum; R — root, L — leaf, Fl — flower, Fr — 
fruit in biological ripening phase. Expression was 
normalized using two standard reference genes, 
the Expressed and Actin 2/7. 
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and represented both varieties and a wild-growing sample of a cultivated red-

fruited species and a wild-growing green-fruited species. In the same five samples, 

we annotated the expression of GME1 in mature fruits (see Fig. 6, B). 
 

 

Fig. 6. Comparison of the ascorbate content (A) and GME1 expression (B) in fruits at the stage of 

biological maturity of tomato lines and cultivars Solanum lycopersicum Yellow belorus (1), Bychye 
serdtse (2), Silvestre recordo (3) and wild species S. peruvianum (4), and S. lycopersicum var. humboldtii 
(5). Expression was normalized using two standard reference genes, the Expressed and Actin 2/7. 

 

Comparison of the results of GME1 gene expression and biochemical 

analysis (see Fig. 6) does not reveal a clear correlation between the obtained 

indicators; we can only speak of a weak inverse relationship between gene 

expression in mature fruits and the content of ascorbate in them. It can also 

be assumed that the final ascorbate content in the ripe fruit in the analyzed 

tomato species may be influenced not by the intensity of GME1 expression at 

the last stage of fruit ripening, but by the extent to which this gene was active 

at earlier stages of ripening, which was shown earlier for S. lycopersicum cv. 

West Virginia 106 [38]. To confirm or to refute this assumption, it is necessary 

to study the activity of GME1 in the process of fruit ripening. In addition, 

possible alternative metabolic pathways for the accumulation of ascorbate in 

ripe tomato fruits should be considered, for example, the L-galactose pathway, 

which uses polysaccharides from the fetal cell wall as a substrate. 

The biochemical analysis of the ascorbate content in mature fruits in the 

studied species of tomato did not show a correlation with the levels of GME1 

transcription (see Fig. 6) or identified SNPs. A possible explanation, in addition 

to the hypothesis formulated above that the transcriptional activity of the GME1 

gene can affect the ascorbate content in fetuses at stages preceding full maturity, 

is that GME1, in addition to biosynthesis of ascorbate, is actively involved in cell 

wall synthesis during fruit growth [38]. It should also be taken into account that, 

in addition to the L-galactose pathway, other alternative pathways of biosynthesis, 

for example, myo-inositol pathway can be used for the formation of ascorbate in 

tomato fruits [39]. 

Thus, in this work, we were the first to obtain and analyze the sequences 

of GME1 homologous genes in 11 species of cultivated and wild tomato. The 

performed structural and functional analysis showed an extremely high conserva-

tism of GME1 homologous genes and proteins encoded by them both in the evo-

lutionarily more ancient green-fruited species and evolutionarily younger red-

fruited tomatoes. In the GME1 homologous genes, 28 SNPs were found that are 

characteristic of self-pollinated tomato species, which can be used in breeding 

work. No correlation was found between the content of ascorbate in mature fruits, 

on the one hand, and the detected SNPs or levels of the GME1 transcription, on 

the other hand. The results of this study show that the GME1 protein in the 

studied tomato species does not have a significant effect on the accumulation of 
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ascorbate in ripe fruits and indirectly confirm that the biosynthesis of ascorbate in 

tomato fruits can be provided by other alternative pathways, such as myo-inositol 

or L-galactose. 
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