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ABSTRACT
Eight Solanum lycopersicum var. cerasiforme accessions from Mexico were evaluated for total 
phenolics (TP) and flavonoids (TF), phenolic profiles (UPLC-DAD-MS), antioxidant capacity (AC) 
(ABTS, DPPH, and FRAP), and expression of transcription factors (MYB12 and MYB14) and target 
genes (PAL, CHS and CHI) by RT-qPCR. The AC (mmol TE/kg fw; TE, Trolox Equivalents) by ABTS 
(5.27–11.81), DPPH (1.43–3.67), and FRAP (4.41–9.22) correlated with TP (0.53–1.20 g GAE/kg fw; 
GAE, Gallic Acid Equivalents), TF (1.03–2.10 g QE/kg; QE, Quercetin Equivalents), and the levels of 
chlorogenic and dicaffeoylquinic acids and rutin. The expression of MYB12 and MYB14 correlated 
with that of PAL and CHS, while CHI was only associated with MYB12. The accessions Tumbisca and 
Kilim showed the highest gene expression, phenolics content, and AC, suggesting they can be used 
in breeding programs to produce tomatoes with better AC.

Expresión de factores de transcripción MYB y genes diana y su asociación con el 

contenido de fenólicos y actividad antioxidante en una selección de accesiones 

de Solanum lycopersicum var. cerasiforme de México

RESUMEN
Ocho accesiones de Solanum lycopersicum var. cerasiforme de México se evaluaron en contenido de 
fenólicos totales (FT), flavonoides totales (FLT), perfil de fenólicos (UPLC-DAD-MS), capacidad anti-
oxidante (CAox) (ABTS, DPPH y FRAP) y expresión de factores de transcripción (MYB12 y MYB14) 
y genes diana (PAL, CHS y CHI) por RT-qPCR. La CAox (mmol ET/kg pf; ET, Equivalentes de Trolox) por 
ABTS (5.27-11.81), DPPH (1.43-3.67) y FRAP (4.41-9.22) se correlacionó con FT (0.53-1.20 g EAG/kg pf; 
EAG, Equivalentes de Ácido Gálico), FLT (1.03-2.10 g EQ/kg; EQ, Equivalentes de Quercetina) y los 
niveles de ácido clorogénico y dicafeoilquínico y rutina. La expresión de MYB12 y MYB14 
correlacionó con la de PAL y CHS, mientras que CHI solo mostró asociación con MYB12. Las 
accesiones Tumbisca y Kilim mostraron la mayor expresión génica, contenido de fenólicos 
y CAox, sugiriendo que pueden ser usadas en programas de mejoramiento para producir tomates 
con mejor CAox.
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1. Introduction

The wild cherry tomato Solanum lycopersicum var. cerasi-
forme represents an important source of compounds with 
nutritional and biological activities (Adalid et al., 2010; 
Boches et al., 2011; Hanson et al., 2004). S. lycopersicum 
var. cerasiforme is widely distributed in Mexico and the 
accessions show significant variations in fruit quality (e.g., 
color, lycopene and vitamin C content) (Crisanto-Juárez 
et al., 2010; Juárez-López et al., 2009), as well as in the 
content of phenolic compounds and antioxidant and anti-
mutagenic activities (Delgado-Vargas et al., 2018), character-
istics that can be used to improve nutraceutical 
characteristics of tomato cultivars.

The synthesis of phenylpropanoids is regulated by MYB 
transcription factors and several researchers have used bio-
technological strategies to improve the levels of bioactive 

compounds in tomato. The overexpression of AtMYB12 (Luo 
et al., 2008; Pandey et al., 2015) and AtMYB11 (Li et al., 2015) 
in tomato fruit increased significantly the synthesis of caf-
feoyl quinic acids and flavonols, which has been associated 
with the up-regulation of genes involved in the synthesis of 
phenylpropanoids (Ding et al., 2022; Li et al., 2021; Pandey 
et al., 2015).

Delgado-Vargas et al. (2018) previously showed that the 
levels of phenolic compounds in some S. lycopersicum var. 
cerasiforme accessions from Mexico were close to those of 
transgenic tomato fruit overexpressing MYB transcription 
factors (Li et al., 2015; Luo et al., 2008), suggesting that the 
synthesis of phenylpropanoids is up-regulated in these 
tomato genotypes. The aim of this study was to analyze 
the expression of MYB transcription factors and target 
genes and its association with the levels of phenolic 
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the phenylpropanoids pathway, the expression of the tran-
scription factors MYB12 and MYB14 and the target genes 
PAL, CHS and CHI was evaluated (Figure 3). The expression 
of MYB12 varied significantly among the accessions and was 
higher than that of the Moneymaker variety; Kilim and 
Tumbisca showed the highest expression levels and corre-
sponded with the highest phenolic and flavonoid content in 
these materials (Tables 2 and 3). AtMYB12 is a key regulator 
of flavonoid biosynthesis in Arabidopsis thaliana and its 
expression in tomato increases significantly the content of 
phenylpropanoids such as chlorogenic acid and caffeoylqui-
nic acids (Luo et al., 2008; Pandey et al., 2015). These results 
correspond with the correlation observed in the present 
study between the expression levels of MYB12 and the con-
tent of the main phenolic compounds: chlorogenic acid (r =  
0.41; p ≤ 0.05) and dicaffeoylquinic acid I (r = 0.45; p ≤ 0.05). 
The expression of MYB12 also correlated with the AC by the 
three methods (r = 0.43–0.51; p ≤ 0.05) (Supplementary 
Table S2).

Wang et al. (2018) overexpressed SlMYB12 in three cherry 
tomato varieties and observed significant increases in the 
content of flavonols and the expression of genes involved in 
their biosynthesis, suggesting the potential use of SlMYB12 
as a marker for the accumulation of flavonoids in tomato.

MYB14 showed, in general, lower relative expression 
values than MYB12 in the accessions (Figure 3). The highest 
transcript levels were observed in Kilim, followed by 
Tumbisca and Altamirano, which corresponded with the 
high content of the major phenolics observed in these 
accessions (Tables 2 and 3). The expression levels of MYB14 
correlated significantly with the content of chlorogenic acid 
(r = 0.73; p ≤ 0.001), rutin (r = 0.68; p ≤ 0.001) and dicaffeoyl-
quinic acids (r = 0.58–0.65; p ≤ 0.01) and the AC (r = 0.44– 
0.49; p < 0.05) in the tomato accessions (Supplementary 
Table S2). Consistent with the possible role of MYB14 in the 
modulation of phenylpropanoids pathway, the overexpres-
sion of this gene in tomato plants increased the transcript 

levels of several genes associated with flavonoid biosynth-
esis (Li et al., 2021).

Phenylalanine ammonia-lyase (PAL), chalcone synthase 
(CHS), and chalcone isomerase (CHI) catalyze key steps in 
the phenylpropanoid pathway and the genes encoding 
these enzymes are targets of MYB transcription factors. The 
fruit-specific expression of AtMYB12 in tomato increased up 
to 18, 16 and 10 times the transcript levels of PAL, CHS and 
CHI, respectively (Ding et al., 2022; Zhang et al., 2015). In this 
regard, the expression of PAL varied significantly among the 
accessions (Figure 3) and correlated with the transcript levels 
of MYB12 (r = 0.69; p ≤ 0.001) and MYB14 (r = 0.59; p ≤ 0.01). 
The expression levels of PAL also correlated with the content 
of chlorogenic acid (r = 0.58; p ≤ 0.01), dicaffeoylquinic acids 
(r = 0.69–0.79; p ≤ 0.001), rutin (r = 0.54; p ≤ 0.01) and narin-
genin chalcone (0.84; p ≤ 0.001), and the AC by the three 
methods (r = 0.68–0.71; p ≤ 0.001) (Supplementary Table S2).

CHS is the first committed enzyme in flavonoid biosynthesis 
and its coding gene is activated by AtMYB12, which binds 
directly to the promoter region (Zhang et al., 2015). The expres-
sion of CHS in the accessions Kilim and Tumbisca was 3.1 and 4.2 
times higher than that of Moneymaker (Figure 3). The transcript 
levels of this gene correlated with those of MYB12 (r = 0.61; p ≤  
0.001) and MYB14 (r = 0.57; p ≤ 0.001). The expression of CHS 
also showed a highly significant correlation with the content of 
naringenin chalcone (r = 0.80; p ≤ 0.001) and the AC (r = 0.79– 
0.88; p ≤ 0.001) (Supplementary Table S2). These results agree 
with the key role of CHS in the synthesis of flavonoids.

CHI catalyzes the conversion of naringenin chalcone to nar-
ingenin and its expression appears to be modulated by MYB12 
since the silencing of this transcription factor decreased the 
accumulation of naringenin chalcone in tomato fruit (Ballester 
et al., 2010). In this study, the expression of CHI varied signifi-
cantly among the accessions (Figure 3) and correlated with the 
levels of MYB12 (r = 0.46; p ≤ 0.05) and the AC (r = 0.57–0.63; p ≤  
0.001) (Supplementary Table S2). The content of naringenin 
chalcone also correlated with the transcript levels of MYB12 (r  

Figure 1. UPLC-DAD phenolic profile of the methanol extract from the pericarp of Solanum lycopersicum var. cerasiforme accession Rincon. Similar profiles with 
quantitative variations were obtained for the other accessions. Peaks were identified as caffeoyl hexose I (1), cis-p-coumaric hexose acid (2), trans-p-coumaric 
hexose acid (3), chlorogenic acid (4), dicaffeoylquinic acid II (5), rutin hexose (6), rutin pentoside (7), rutin (8), quercetin dihexose pentoside deoxyhexose (9), 
naringenin chalcone hexose I (10), dicaffeoylquinic acid III (11), naringenin-O-hexose (12), naringenin chalcone hexose II (13), naringenin chalcone hexose III 
(14), tricaffeoylquinic acid (15), naringenin chalcone (16). Sinapic acid was used as internal standard (IS). 

Figura 1. Perfil de fenólicos por UPLC-DAD del extracto metanólico del pericarpio de la accesión Rincon de Solanum lycopersicum var. cerasiforme. Todas las 
accesiones mostraron perfiles similares con variaciones cuantitativas. Los picos fueron identificados como cafeoil hexosa I (1), ácido cis-p-coumárico hexosa (2), 
ácido trans-p-coumárico hexosa (3), ácido clorogénico (4), ácido dicafeolquinico II (5), rutina hexosa (6), rutina pentósido (7), rutina (8), quercetina dihexosa 
pentósido desoxihexosa (9), naringenina chalcona hexosa I (10), ácido dicafeoilquínico III (11), naringenina-O-hexosa (12), naringenina chalcona hexosa II (13), 
naringenina chalcona hexosa III (14), ácido tricafeoilquínico (15), naringenina chalcona (16). El ácido sinápico fue usado como estándar interno (IS).
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Figure 3. Relative expression of MYB transcription factors and target genes in the pericarp of Solanum lycopersicum var. cerasiforme accessions. The UBI3 gene 
was used as control and the expression values are relative to that of the commercial tomato Moneymaker. Bars indicate the LSD (α = 0.05). Means are 
significantly different when the bars do not horizontally overlap. MYB12 and MYB14: Transcription factors; PAL: Phenylalanine ammonia-lyase; CHS: Chalcone 
synthase; CHI: Chalcone isomerase. 

Figura 3. Expresión relativa de factores de transcripción MYB y genes diana en el pericarpio de accesiones de Solanum lycopersicum var. cerasiforme. Se usó el 
gen UBI3 como control y los valores de expresión son relativos al de la variedad comercial de tomate Moneymaker. Las barras indican LSD (α = 0.05). Las medias 
son significativamente diferentes cuando las barras no se traslapan horizontalmente. MYB12 y MYB14: Factores de transcription; PAL: Fenilalanina amonio liasa; 
CHS: Chalcona sintasa; CHI: Chalcona isomerasa.

Figure 2. Principal component analysis of eight wild tomato (Solanum lycopersicum var. cerasiforme) accessions and the commercial variety Moneymaker using 
the content of phenolics and the antioxidant activity (ABTS, DPPH, FRAP). 

Figura 2. Análisis de componentes principales de ocho accesiones de tomate silvestre (Solanum lycopersicum var. cerasiforme) y la variedad comercial 
Moneymaker usando el contenido de compuestos fenólicos y la actividad antioxidante (ABTS, DPPH, FRAP).
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= 0.71; p ≤ 0.001), MYB14 (r = 0.90; p ≤ 0.001) and CHI (r = 0.39; 
p ≤ 0.05), suggesting that higher expression levels of MYB12 and 
MYB14 could be increasing the content of this compound as an 
intermediate for the synthesis of flavonoids.

6. Conclusions

The methanol extracts from the pericarp of Solanum lycopersi-
cum var. cerasiforme accessions showed high antioxidant capa-
city mainly associated with caffeoylquinic acids and rutin. The 
phenolic content and antioxidant capacity of the accessions 
showed positive correlation with the expression levels of the 
transcription factors MYB12 and MYB14 and their target genes 
PAL, CHS, and CHI. In this regard, the accessions Tumbisca and 
Kilim showed the highest levels of gene expression and phe-
nolics content, suggesting they can be used in breeding pro-
grams to produce functional tomatoes with high levels of 
phenylpropanoids derivatives and antioxidant capacity.
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