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Tomato (Lycopersicon esculentum Mill.) com-
pose one of the most precious horticultural products, 
not only because of its economic significance but 
also for its sensory qualities and nutritional value. 
It is consumed in the form of fresh as well as pro-
cessed products. More than 75% of tomatoes grown 
throughout the world are processed into products 
such as sauces, juices, ketchups, canned tomatos, 
stews, and soups. These all products are rich in nutri-
ents and vitamins [Fraser and Bramley 2004, Bilalis 
et al. 2018, Sabijon and Sudaria 2018]. 

During tomato fruit ripening the colour of the 
pericarp changes from green to red as chlorophyll is 
degraded and carotenoids accumulate, and softening 
of fruit takes place. During these processes, chloro-
plasts are transformed into chromoplasts, the content 
of chlorophyll gradually decreases to traces, and the 
content of carotenoids, mainly lycopene, increases 
[Carrillo-Lopez and Yahia 2013, Liu et al. 2015, Su 
et al. 2015]. These changes are related to the increase 
in ethylene biosynthesis, the intensity of respiratory 
processes, and modulate of many enzymes activity 
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absTracT

We examined the response of maturing tomato fruit exposed for 7 days to fluridone (1-methyl-3-phenyl-5- 
-[3-trifluoromethyl(phenyl)]-4(1H)-pyridinone). Fluridone was applied in lanolin paste in the form of  
a 2–3 mm wide strip from the top to the base of the fruit. As a control, a similar stripe of lanolin was 
applied in the same way on the opposite side of the same fruit. The content of major carotenoids, as well as 
flavonoids, and free and bound phenolic acids were determined using a HPLC and HPLC-MS-MS methods. 
Fluridone almost completely blocked the biosynthesis of lycopene and substantial declined content of 
ß-carotene and lutein in the tomato fruit. The fluridone caused a decreased content of quercetin, rutin and 
naringenin, and increased level of epicatechin. The herbicide did not affect the content of p-coumaric acid, 
but reduced the level of caffeic acid, both free and ester form, and declined the content of free ferulic and 
chlorogenic acids. Changes in phenolics composition observed for the first time indicate that fluridone 
interferes with the biosynthesis of further products of the metabolism of p-coumaric acid, both flavonoids 
and phenolic acids.
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[Hoffman and Yang 1980, Alexander and Grierson 
2002, Barry and Giovannoni 2007]. In ripe and over-
ripe tomato fruits, ethylene production is limited due 
to the low activity of 1-aminocyclopropane-1-car-
boxylic acid oxidase [Hoffman and Yang 1980].

Tomato carotenoids are generally considered to be 
important health ingredients, and have therefore been 
the subject of hundreds biochemical and genetic stud-
ies [Moise et al. 2014, Liu et al. 2015, Su et al. 2015, 
Bilalis et al. 2018, Sabijon and Sudaria 2018]. Another 
group of compounds present in tomatoes, which are 
essential to our health, are phenolics [Slimestad and 
Verheul 2009]. Phenolic compounds have been ex-
tensively characterized in tomato fruits [Le Gal et al. 
2003, Gomez-Romero et al. 2010, Barros et al. 2012, 
Carrillo-Lopez and Yahia 2013, Choi et al. 2014]. Like 
lycopene, most of them are antioxidants that remove 
free radicals and reactive oxygen species in the human 
body [Martinez-Valverde et al. 2002, Slimestad and 
Verheul 2009, Zanfini et al. 2017]. The accumulation 
of reactive oxygen species is also associated with fruit 
ripening and overripening of tomato fruits, and pres-
ence of elevated level of phenolics can extend its shelf 
life [Jimenez et al. 2002, Mondal et al. 2004, Zhang et 
al. 2015]. 

Fluridone (1-methyl-3-phenyl-5-[3-trifluorometh-
yl(phenyl)]-4(1H)-pyridinone), is a systemic herbi-
cide that strongly interferes with the biosynthesis of 
carotenoids by inhibiting phytoene desaturase activity, 
resulting in inhibition of phytofluene synthesis [Bar-
tels and Watson 1978]. Fluridone also inhibits the bio-
synthesis of abscisic acid (ABA) and strigolactones 
[Rassmussen et al. 1997, Jamil et al. 2010]. In tomato, 
treatment with fluridone delayed ripening while ABA 
application enhances the process [Zhang et al. 2009]. 

Our previous studies have shown that fluridone, in 
addition to the strong inhibition of lycopene biosyn-
thesis, did not affect the firmness of ripening tomato 
fruits and the production of ethylene and delayed deg-
radation of chlorophyll [Góraj-Koniarska et al. 2017]. 
There is no information in the available literature re-
garding the impact of fluridone on phenylpropanoids. 
Therefore it seems to be important question if fluridone 
cause any interaction between the carotenoids and oth-
er metabolites during maturation of tomato fruit. The 
present research concerns the assessment of the effect 
of fluridone on the level of major carotenoids as well 

as phenolic acids and flavonoids, both free forms and 
chemically bound. 

maTerial and meThods

Mature green tomato fruits cv. Altadena F1 (Syn-
genta) were used for the experiments. Tomato plants 
were cultivated in a greenhouse in controlled tempera-
ture, 18°C at night and 20°C during the day. The fruits 
were treated with fluridone (Duchefa, Netherlands) at 
concentrations of 1.0% w/w in lanolin paste contain-
ing 30% of water. Fluridone was applied to the fruit 
in the form of a 2–3 mm wide strip from the top to 
the base of the fruit. As a control a similar stripe of 
lanolin was applied in the same way on the opposite 
side of the same fruit. During the 7-day experiments, 
the tomato fruits were stored at ambient temperature 
(18–20°C) under natural light in greenhouse condi-
tions. Pericarp slices from fruit halves treated with flu-
ridone and those without the herbicide (control) were 
taken for chemical analysis. Before the analysis, the 
fruit samples were freeze-dried. 

The content of particular carotenoids, flavonoids as 
well as free and bound phenolic acids were measured 
in the samples. The analysis were carried out in four 
or five replicates. Statistical evaluation of results were 
achieved with the t-test, and significant differences in 
relation to the control plants were indicated with *,  
p < 0.05 or **, p < 0.01. Means marked with an aster-
isk * and ** were considered statistically significant in 
comparison to control at p < 0.05 and 0.01, respective-
ly. Lack of the asterisk means no significant difference 
in comparison to control.

The profile and content of carotenoids in toma-
to fruits were determined according to the modified 
method of Czaplicki et al. [2016]. Dried and pulver-
ized samples were mixed with solution of hexane/ac-
etone/absolute alcohol/toluene (10/7/6/7, v/v/v/v) and 
β-Apo-8’-carotenal as an internal standard. Next, the 
samples were saponified for 16 h with 40% methano-
lic KOH solution in a shaker at room temperature in 
darkness. After the saponification, a solution of 10% 
Na2SO4 was added and carotenoids were three times 
extracted with hexane. The hexane was evaporated 
under a stream of nitrogen and residue was dissolved 
in solution of methanol/dichloromethane (45/55, v/v). 
After centrifugation, to HPLC analyses a YMC C30 
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column (3 μm particles, 250 mm × 2.1 mm, YMC, Ja-
pan) at 30°C was used. The elution solvents were A 
(methanol) and B (methyl tert-butyl ether) at a flow 
rate of 0.2 mL∙ min–1. The gradient was used as fol-
lows: 5% B for 5 min, 5–28% B in 23 min, 28–95% B 
in 8 min, 95–5% B in 7 min and 5% B for 20 min. The 
UV-Vis detector was set at the wavelength of 450 nm, 
and the eluted carotenoids were identified, based on 
retention times of available standards and the UV-Vis 
absorption spectra. 

The profile and content of phenolic acids and fla-
vonoids were determined according to the modified 
method of Weidner et al. [2000]. Briefly, a crude ex-
tract was obtained from dried and pulverized samples 
by extraction with sonication with 80% methanol. 
The extraction was repeated 5 times, and the obtained 
crude extracts were collected. Phenolic acids and fla-
vonoids (free and those released from soluble esters 
and glycosides) were isolated from the crude extracts. 
Free forms were isolated with diethyl after adjusting 
the initial extract to pH 2 with 6 M HCl. Esters were 
hydrolyzed in nitrogen atmosphere for 4 h at room 
temperature with 4 M NaOH. Subsequently, glyco-
sides was hydrolyzed in the residues with 6 M HCl for 
1 h at 100°C. After adjusting to pH 2, phenolic acids 

released from glycosides were extracted with diethyl 
ether. The all extractions were carried out in triplicates 
by use of sonication and centrifugation, and the ob-
tained ether extracts were evaporated to dryness un-
der stream of nitrogen at 35°C. The phenolics, both 
free and released form bound forms, were dissolved 
in 80% methanol, centrifuged and subjected to HPLC-
MS analysis. Aliquots of extracts were injected into a 
HPLC system equipped with a HALO C18 column (2.7 
µm particles, 0.5 × 50 mm, Eksigent, USA) at 45°C at 

a flow rate of 15 µL ∙ min–1. The elution solvents were 
A (water/formic acid; 99.05/0.95; v/v) and B (aceto-
nitrile/formic acid, 99.05/0.95, v/v). The gradient was 
used as follows: 5% B for 0.1 min, 5–90% B in 1.9 
min, 90% B for 0.5 min, 90–5% B in 0.2 min and 5% 
B for 0.3 min. For HPLC-MS/MS analysis a QTRAP 
5500 ion trap mass spectrometer (AB SCIEX, USA) 
was used. Optimal ESI-MS/MS conditions including 
nitrogen curtain gas, collision gas, ion spray source 
voltage, temperature, nebulizer gas, and turbo gas were 
as follows: 25 L ∙ min–1, 9 L ∙ min–1, –4500 V, 350°C, 
35 L∙ min–1, and 30 L ∙ min–1, respectively. Qualitative 
and quantitative analysis were made using Multiple 
Reaction Monitoring (MRM) method for appropriate 
external standards. 

resulTs

After seven days of treatment with fluridone the 
halves of the tomato fruits became yellow, while the 
halves without fluridone (control) turned red. The yel-
low color occurred both on the top layer of the tomato 
fruit (exocarp) but also in the deeper layer (mesocarp 
and endocarp). The content of lycopene in the parts of 
fruits treated with fluridone was 165 times lower than 

in the control tissues, which indicates complete inhi-
bition of its biosynthesis. This herbicide also inhibited 
the accumulation of other carotenoids, ß-carotene and 
lutein, but this phenomenon was not as dramatic as in 
the case of lycopene (Tab. 1, Fig. 1).

In the pericarp of tomato fruit, quercetin, naringen-
in, rutin and epicatechin were identified (Tab. 2). Appli-
cation of fluridone reduced the level of rutin and narin-
genin, did not significantly affect the content of querce-
tin and significantly increased the level of epicatechin.

  
Table 1. Effect of fluridone treatment on content of carotenoids (µg · g–1 d.w. ± SD) in tomato fruit 

Analysed carotenoid Control (lanoline) 
Treated with fluridone  

in lanoline 
Control/treated ratio 

Lycopene 3806 ±65 23.0 ±15.3** 165.5 
ß-carotene 1034 ±164 148.4 ±20.6** 7.0 
Lutein 29.4 ±2.9 10.2 ±1.3** 2.9 

Means marked with an asterisk ** were considered statistically significant in comparison to control at p < 0.01  
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The presence of hydroxycinnamic acids (p-couma-
ric, caffeic, ferulic), caffeic acid derivatives (chloro-
genic and iso-chlorogenic acids) and protocatechuic 
acid have been detected in tomato fruits (Tab. 3). 
Among the acids, the ester forms of caffeic acid were 
the most abundant. In the pericarp of tomato fruit, fe-
rulic, chlorogenic and iso-chlorogenic acids occurred 
mainly in free form. p-Coumaric acid occurs in to-
mato pericarp as free and bound forms, and fluridone 

did not affect the content of these compounds. Caffe-
ic acid in tomato occurs mainly in the form of esters 
and in small amounts as free and glycosides (Tab. 3). 
Fluridone caused a reduction in the level of both the 
ester form and free acid. The use of herbicide slight-
ly reduced the level of free chlorogenic acid, but did 
not affect the iso-chlorogenic and protocatechuic acid 
content (Tab. 3). The protocatechuic acid was found in 
pericarp of tomato fruit only in the form of glycosides, 

fig. 1. Examples of carotenoid chromatograms in control tissue of tomato fruits (the upper bold line) and treated with fluri-
done (the lower narrow line)

  
 

Table 2. Effect of fluridone treatment on content of flavonoids (µg · g–1 d.w. ± SD) in tomato fruit 

Analysed flavonoid Control (lanoline) Treated with fluridone in lanoline 

Quercetin 1.05 ±0.27 0.68 ±0.34 

Rutin 1.53 ±0.14   0.83 ±0.06** 

Naringenin 2.23 ±0.21  1.40 ±0.21* 

Epicatechin 20.21 ±1.01 32.62 ±3.42** 

Means marked with an asterisk * and ** were considered statistically significant in comparison to control at p < 0.05 and 0.01, respectively. 
Lack of the asterisk means no significant difference in comparison to control 
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 Table 3. Effect of fluridone treatment on content of free and conjugated derivatives of phenolic acids (µg · g–1 d.w. ± SD) 
in tomato fruit 

Analysed type of acid Control (lanoline) Treated with fluridone in lanoline 

p-Coumaric (4-hydroxycinnamic acid) 

Free 12.6 ±1.3 11.0 ±1.3 

Esters 57.0 ±2.5 52.5 ±2.9 

Glycosides 5.05 ±0.95 5.45 ±1.14 

Caffeic (3,4-dihydroxycinnamic acid) 

Free 55.6 ±3.8 38.1 ±7.1* 

Esters 874.2 ±42.0 736.1 ±50.1* 

Glycosides 11.1 ±0.3 12.6 ±2.6 

Ferulic (4-hydroxy-3-methoxycinnamic acid) 

Free 175.0 ±18.3 109.0 ±9.2* 

Esters 13.4 ±2.0 14.6 ±3.4 

Glycosides 1.08 ±0.25 0.78 ±0.05 

Chlorogenic (3-caffeoylquinic acid)  

Free 219.7 ±16.7 173.5 ±8.7* 

Esters 1.60 ±0.47 1.53 ±0.06 

Glycosides 0.40 ±0.09 0.42 ±0.11 

iso-Chlorogenic (3,5-dicaffeoylquinic acid) 

Free 87.4 ±12.8 63.6 ±6.0 

Esters nd nd 

Glycosides nd nd 

Protocatechuic (3,4-dihydroxybenzoic acid) 

Free nd nd 

Esters nd nd 

Glycosides 46.3 ±7.5 41.4 ±8.7 

Means marked with an asterisk * were considered statistically significant in comparison to control at p < 0.05 according to Newman-Keuls test. 
Analyses were carried out for each acid and its type separately. Lack of the asterisk means no significant difference in comparison to control 
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while iso-chlorogenic as unbound form. When com-
paring the effect of fluridone on the total content of 
phenolic acids, it should be noted that a clear reduc-
tion occurred in the case of caffeic acid, chlorogenic 
and ferulic, and affected the remain acids: p-coumaric, 
iso-chlorogenic and protocatechuic (Tab. 4).

discussion

The inhibition of phytoene desaturase by fluridone 
caused that lycopene biosynthesis in tomato fruits was 
almost totally blocked [Góraj-Koniarska et al. 2017]. 
However, substantial decline of ß-carotene and lutein 
was confirmed for the first time in tomato pericarp. 
It is known that in the ripe tomato fruit the content 
of lutein and ß-carotene is much lower than lycopene 
[Giorio et al. 2013]. The cyclization of lycopene is  
a major point in the biosynthesis of further carot-
enoids. Route catalyzed by lycopene ß-cyclase leads 
to ß-carotene, zeaxanthin, violaxanthin, and neoxan-
thin, as well as for the synthesis of ABA and strigo-
lactones. The alternative route as a result of lycopene 
ε-cyclase action leads to biosyntheis of α-carotene and 
lutein. The results obtained in our studies indicate that 
fluridone more effectively inhibits the pathway cata-
lyzed by lycopene ß-cyclase than the latter catalyzed 
by lycopene ε-cyclase. 

Phenolic compounds are secondary metabolites 
produced by plants as a part of defense mechanism 
against various stresses. In plants, there are two major 
groups of phenolic compounds, flavonoids and pheno-

lic acids. Both groups are formed from a common sub-
strate, trans-cinnamic acid, produced from l-phenyl-
alanine by phenylalanine ammonia-lyase. According 
to Stewart et al. [2000] tomato skin contains more than 
95% of the fruit flavonoids. The main flavonoids ac-
cumulating there are naringenin and rutin [Bovy et al. 
2002]. Our results indicate that the quercetin, rutin and 
naringenin were present at low levels, and epicatechin 
in much higher concentration in the pericarp of tomato 
fruit. The presence of these flavonoids in tomato fruits 
confirm previously obtained results [Slimestad and 
Verheul 2009, Carrillo-Lopez and Yahia 2013, Zanfini 
et al. 2017]. Fluridone caused a decrease in the content 
of quercetin, rutin and naringenin, but at the same time 
a large increase in the level of epicatechin. In the fla-
vonol biosynthesis (quercetin, rutin), dihydroflavonols 
are transformed by flavonol synthase (FLS). However, 
dihydroflavonol reductase (DFR) and anthocyanidin 
synthase (ANS) use the dihydroflavonols in the syn-
thesis of anthocyanins and epicatechins as well [Muir 
et al. 2001]. Thus, it seems that fluridone stimulates 
the activity DFR and/or ANS or inhibits activity of 
FLS, which leads to such changes in the composition 
of flavonoids. However, this hypothesis requires de-
tailed genetic studies. 

Generally, in plants the free phenolic acids are 
rare, and are common their conjugated forms [Robbins 
2003]. Our results indicate, that in the case of mature 
tomato fruit p-coumaric (4-hydroxycinnamic acid), 
caffeic (3,4-dihydroxycinnamic acid), and protocate-
chuic (3,4-dihydroxybenzoic acid) are present mainly 

 Table 4. Effect of fluridone treatment on content of total forms of phenolic acids (µg · g–1 d.w. ± SD) in tomato fruit 

Analysed acid (chemical name) Control (lanoline) Treated with fluridone in lanoline 

p-Coumaric (4-hydroxycinnamic acid) 74.6 ±2.4 68.9 ±3.0 

Caffeic (3,4-dihydroxycinnamic acid) 940.2 ±39.0 787.3 ±60.1* 

Ferulic (4-hydroxy-3-methoxycinnamic acid) 189.5 ±23.3 124.4 ±6.4* 

Chlorogenic (3-caffeoylquinic acid) 221.7 ±14.8 175.4 ±6.8* 

iso-Chlorogenic (3,5-dicaffeoylquinic acid) 87.4 ±12.8 63.6 ±6.0 

Protocatechuic (3,4-dihydroxybenzoic acid) 46.3 ±7.5 41.4 ±8.7 

Means marked with an asterisk * were considered statistically significant in comparison to control at p < 0.05. Lack of the asterisk means no 
significant difference in comparison to control 
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in bound forms as esters or glycosides. However, free 
forms dominate in ferulic (4-hydroxy-3-methoxycin-
namic acid), chlorogenic (3-caffeoylquinic acid) and 
iso-chlorogenic (3,5-dicaffeoylquinic acid). Similar 
set of phenolic acids and flavonoids was found in to-
mato fruits by Carrillo-Lopez and Yahia [2013]. Us-
ing HPLC coupled to mass spectrometry method they 
identified in exocarp and mesocarp of tomato fruit at 
different ripeness stages several chlorogenic acid, caf-
feic acid, p-coumaric acid, ferulic acid, and rutin. Using 
similar method in fruits of cherry type tomato pheno-
lic acids (gallic, p-hydroxybenzoic, vanillic, protocat-
echuic, chlorogenic, caffeic), and flavonoids (querce-
tin, rutin, kaempferol-3-O-glucoside, naringenin) were 
identified [Zanfini et al. 2017]. 

The metabolic pathway of phenolic acids is as fol-
lows: trans-cinnamic acid → p-coumaric acid → caf-
feic acid → ferulic acid. In the case of epicatechin, the 
shortened version of the pathway is as follows: p-cou-
maric acid → chalcone → naringenine → taxifoline → 
catechin. Fluridone did not affect the content of p-cou-
maric acid, an initial metabolite in the biosynthesis of 
both, phenolic acids and flavonoids. This herbicide sig-
nificantly reduced the level the free and ester form of 
caffeic acid, as well as declined free forms of ferulic and 
chlorogenic acids. This reduction indicates that fluri-
done interferes with the biosynthesis of further products 
of the metabolism of p-coumaric acid, both flavonoids 
and phenolic acids. So far, this phenomenon has been 
observed and described for a first time.
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