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Abstract: Wild species are widely used as potential sources of resistance of
tomato to late blight (LB) (causal agent Phytophthora infestans). The bio-
chemical response of wild and cultivated tomato genotypes with different
levels of resistance to P. infestans was assessed through the total phenolic and
flavonoid content and antioxidative capacity. In total, six genotypes were inc-
luded in the research — three cultivated tomato varieties and three wild species.
The wild genotypes Solanum pimpinellifolium S 220 and Solanum habro-
chaites had a significantly lower infection rate compared to the other tested
genotypes. After disease assessment on the leaves, biochemical analyses were
performed. Grouping of the wild accessions according to principal component
analysis (PCA) analysis indicated similar reaction to LB infection. Further-
more, late blight trait is closer to cultivated genotypes. Although the phenolics
and flavonoids have high importance in the reaction of tomato plants to late
blight infection, these traits are not closely related to wild species and the
disease. According to this study, the antioxidative tests that indicate a response
of wild species to late blight infection are total antioxidant activity (TAA),
ferric-reducing antioxidant power (FRAP) and radical cation scavenging acti-
vity (ABTYS).
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INTRODUCTION

Phytophthora infestans (Mont.) de Bary, an oomycete causing late blight, is
the primary agent of tomato yield losses,! =3 and it can cause severe crop damage.
Additionally, in locations where sexual reproduction occurs, oospores of the
genus Phytophthora can survive for months or years in the absence of living
hosts.# The disease is favoured by cool temperatures and humid conditions.5-
This pathogen can spread in a very short period and the entire plant may collapse
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in 5 to 10 days.” Chemical treatments can be ineffective under environmental
conditions favourable for disease development.® Identification of tomato geno-
types resistant to late blight is the most efficient manner of disease control.

Plants have developed effective defence mechanisms against pathogenic
microorganisms, mostly structural and chemical barriers, in order to prevent
pathogen progression.® The oxidative burst or rapid and transient production of a
large amount of reactive oxygen species (ROS) are the fastest and the earliest
active defence responses to a microbial infection known in plants.10 ROS play an
important role in plant response to pathogen attack, but they are also extremely
reactive. To overcome ROS toxicity, plants produce enzymatic and non-enzym-
atic antioxidants that scavenge oxygen species.!!

Increased levels of ROS, antioxidative activity and content of phenolics indi-
cate an activated plant defence system as a response against pathogens.!2 Def-
ence systems are involved in ROS elimination or prevention of their production.
Different phenols are present in the plant before the pathogen infection, pro-
viding plants with a certain degree of resistance.!3 On the other hand, phenols are
also involved in the first line of defence by their accumulation at the infection
site and induction of a hypersensitivity reaction.!4

Flavonoids also play an important role in plant resistance to pathogenic bac-
teria and fungi.!3 These bioactive compounds have been related to the mech-
anisms of cross-linking and inhibition of pathogen enzymes and the formation of
crystalline structures as a physical barrier against pathogen attacks.!> These com-
pounds quench ROS, which are generated both by the pathogens and the plant as
a result of an infection.16

The antioxidative activity of plants extract is the capability to scavenge free
radicals in order to avoid their harmful effects.!4 Different antioxidative tests
represent the level of non-enzymatic antioxidative properties of plant species.
The antioxidative capacity of infected leaves could show the reaction of tomato
genotypes to P. infestans.

The aim of this study was to screen the intensity of ROS formation and non-
enzymatic antioxidative activity in leaves of different tomato genotypes (wild
and cultivated) against the oomycete P. infestans.

EXPERIMENTAL

Field trial. A field trial was conducted at the experimental field of the Institute of Field
and Vegetable Crops, Vegetable Crops Department at Rimski Sanéevi, Vojvodina, Serbia, in
2014. The trial was designed in three replicates with ten plants in each replicate. A list of the
genotypes (from the collection of Vegetable Crops Department) included in the trial is given
in Table 1. Sowing for seedlings production in a glass house was performed on 3™ of April
and the plants were transplanted on 27th of May into the open field. The between-row spacing
was 140 cm, and within-row spacing was 50 cm. There was no fungicide application and
Phytophthora infestans natural infection was evaluated.
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The first evaluation of the early blight on leaves was performed on 41 of August, the
second on 18™ of August and the last assessment was realized on 8t of September. Per each
sampling date, ten fully expanded leaves per replicate were taken from the top of different
plants and the intensity of the late blight infection was assessed. Evaluation of the disease
intensity on leaves was performed according to the EPPO modified scale: 0 - without infect-
ion, 1 —less than 5 % of leaf affected, 2 — spots covering 5-10 %, 3 — spots covering 10—
—25 %, 4 — spots covering 25-50 %, 5 — spots covering more than 50 % of the leaf.!”

TABLE I. List of tested tomato genotypes; plant growth type according to UPOV descriptors:
1 —determinate, 2 — indeterminate

Collection number Genotype Origin grO\I:vltinttype magllrlirtl;,tgays
S 340 Rutgers USA 2 130
S 468 AT-70/11 Denmark 1 120
S 32 Bull’s heart? Serbia 2 140
S 120 Solanum pimpinellifolium - 2 110
S 220 Solanum pimpinellifolium - 2 112
S 214 Solanum habrochaites — 2 130

“Local population

Analysis of biochemical parameters. After disease assessment, the biochemical para-
meters were determined in the Laboratory for Biochemistry, Faculty of Agriculture, Novi Sad,
Serbia, during 2015. The measurements were performed per each genotype and sampling date
in triplicate. The average values of each repetition were statistically analysed. Plant material
(200 mg) was extracted with 70 % aqueous acetone solution (50 ml) by sonication for 20 min
in an ultrasonic bath at ambient temperature. The extracts were rapidly vacuum-filtered
through a sintered glass funnel and kept refrigerated until assayed.

The total phenolic content was determined using the Folin—Ciocalteu colorimetric
method.!8 The results are expressed in milligrams of quercetin equivalents per 1 g of dry leaf
weight (mg GA equivalents (g DW) ™).

The total flavonoid content was determined spectrophotometrically.!® The amount of fla-
vonoids was calculated as a quercetin equivalent (QF) from the calibration curve of quercetin
standard solutions.

Measurement of antioxidative activity. Scavenging of free radicals was tested in a 2,2-
diphenyl-1-picrylhydrazyl (DPPH) acetone solution.?’ The scavenging efficiency of the added
substance is indicated by the degree of decolouration of the solution. The ferric-reducing
antioxidant power (FRAP) assay was performed according to the standard procedure.! The
results are expressed as mg Trolox equivalents per g of leaf dry weight (mg TE (g DW)™).
The 2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) assay was based on a
method developed by Miller.22 A methanolic solution of known Trolox concentrations was
used for calibration and the results are expressed as mg Trolox equivalents per g of dry leaf
weight (mg TE (g DW)™). The total antioxidant activity of the leaf extracts was evaluated by
the phosphormolybdenum method.2? The standard curve for total antioxidant activity was
plotted using Trolox solution. A reducing power assay (total reduction capacity) was per-
formed by the method of Saha et al.!” Trolox was used as a standard. The superoxide free
radical scavenging activity was performed by the NBT (Nitroblue tetrazolium) test.> The
percent inhibition of the superoxide anion generated was calculated using the formula:
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Scavenging activity, % = 100(1 — absorbance of sample/absorbance of control)

Statistical analysis. The obtained data were analysed using Statistica 13.2 (Dell Inc.,
USA). The values for leaf tomato infection were analysed by the nonparametric statistics
Kruskal-Wallis test. The results for biochemical parameters were tested by analysis of vari-
ance followed by a comparison of means by the Bonferroni test (P < 0.01). Correlation coef-
ficients were calculated according to Spearman. Principal component analysis (PCA) was
used to identify the most significant traits. All data per genotype, sampling date and replic-
ation were used for the PCA with non-linear iterative partial least squares (NIPALS) algo-
rithm and the components over eigenvalues 1 were interpreted.

RESULTS AND DISCUSSION

The first assessment of late blight on leaves was performed at the beginning
of August. The average infection rate (medians) varied from 0-3. The infection
rate was the lowest on the wild genotypes: S. pimpinellifolium S 120, S. pimpin-
ellifolium S 220 and S. habrochaites, while the other examined genotypes had a
significantly higher intensity of infection on the leaves (Fig. 1A). In the second
assessment, the disease intensity varied from 0-2. On the wild species, a lower
disease intensity was registered. However, only S. habrochaites showed lower
susceptibility compared to all tested genotypes, except for the local population
(Bull’s heart, Fig. 1B).
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Fig. 1. The first (A) and the second (B) assessment of late blight intensity.

A similar situation was observed in the final assessment, but the infection
rate was higher, which was expected (Fig. 2). Wild genotypes S. pimpinellifolium
S 220 and S. habrochaites had a significantly lower infection rate compared to
the other tested genotypes. The median values for the genotypes with higher sus-
ceptibility were from 3 to 4, which mean that the infection intensity varied from
25-50 %.

So far, genetic resources for resistance to late blight have been identified
within the tomato wild species — in particular, S. pimpinellifolium and S. habro-
chaites.2* However, the inconsistency between data in the literature about resist-
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ance to P. infestans even in lines of S. pimpinellifolium and S. habrochaites,
make it difficult for tomato breeders to use resistant germplasms.2> The lines
derived from L. pimpinellifolium L3708 (syn. S. pimpinellifolium) have stronger
resistance than those derived from L. hirsutum LA 1033-2 (syn. S. habro-
chaites).26 S. pimpinellifolium is more closely related and highly cross-compat-
ible to the cultivated tomato.2” Furthermore, recent late blight resistance res-
earch?® (including S. pimpinellifolium and S. habrochaites) resulted in only one
resistant line of S. arcanum. The findings in this study showed almost the same
level of resistance for S. pimpinellifolium S 220 and S. habrochaites accessions.

[KW-H(5:180) = 91 5568; p = 0.0000]
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Genotype Fig. 2. The final assessment of late blight.

Differences between the intensity of late blight in tomato genotypes indicate
that there could be variability in the biochemical response of these genotypes to
late blight infection. The antioxidant activity of the plant was measured through
several tests and the linkage between the level of infection and antioxidant
activity is shown in Table II. According to ANOVA, genotype, sampling date
and interaction of these two factors have a significant influence on all measured
biochemical parameters in the leaves (Table II).

TABLE II. F values for the biochemical parameters in tomato leaves; d.f. — degree of free-
dom; all data are significant at 1 % level, n = 3; QE — quercetin; DW — dry weight; TP— total
phenolic content; TF — total flavonoid content; DPPH — radical cation scavenging activity;
ABTS — radical cation scavenging activity; FRAP — ferric-reducing antioxidant power; NBT
test — Nitroblue tetrazolium test; TRC — total reduction capacity; TAA — total antioxidant
activity

Parameter df. TP TF  DPPH ABTS FRAP Scavenging TRC TAA

mg QE mg Trolox activity (NBT  mg Trolox
(gDW)'! (gDW)'! test), % (gDW)!
Genotype (G) 5 1043.1 4794 1593.2 516.0 648.2 658.4 476.9 161.8
Sampling 2  8405.9 12111.8 8340.8 3996.8 864.7 2294.5 277 6304
date (S)
GxS 10 291.3 1703 6259 638.8 1603.7 184.0 200.6 35.7
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Generally, half of the measured biochemical parameters (7P, TF, DPPH,
and NBT) had the highest values in the second sampling date, then in the first and
in the third sampling date (Fig. 3). Wild species and local population of Bull’s
heart had the highest phenolic and flavonoid content in the second sampling date
when the lowest level of infection was observed.

The Bull’s heart population had the highest level of TP, TF and DPPH,
although, when comparing its susceptibility to late blight, this genotype is placed
between wild species and other cultivated genotypes tested in this trial.

Spearman coefficient for three sampling dates jointly showed that six out of
eight biochemical parameters are in strong negative correlation with late blight
infection (Table III).

However, the situation is different for the correlation for each sampling date
separately. In the first two sampling dates, DPPH, FRAP and TRC are in signific-
ant positive correlation with late blight infection, while TP is in positive correl-
ation with disease infection in the first sampling date (Table IV). This indicates
that at the beginning of the infection, the plants defend themselves by increasing
the antioxidative activity measured by selected assays. However, a strong negat-
ive correlation between disease intensity and biochemical parameters in the third
sampling date implies that the disease progression throughout the vegetation
period leads to a decrease in the scavenging activity.

According to the obtained results, DPPH positively correlates with all phen-
olic compounds. Similar results were obtained when the reaction of tomato fruits
against early blight was tested.2?

ABTS and FRAP tests are in correlation with the content of flavonoids in the
samples. Although flavonoids are a subclass of phenols, these tests are not in the
correlation with total phenols (Table III). Flavonoids have an important role in
many biological processes, particularly in plant response to biotic and abiotic
stress. The antioxidative activity of flavonoids, as widespread polyphenolic sec-
ondary metabolites, depends on their structure.393! The hypersensitive reaction
in the site of infection can also be induced by accumulation of flavonoid com-
pounds, which is the earliest defence mechanism in infected plants.!4

A non-enzymatic defence system in plants beside phenolics includes other
hydro and liposoluble compounds as strong scavengers of free radicals. Vitamin
C, vitamin E, plant polyphenols, carotenoids and glutathione are a few examples
of non-enzymatic antioxidants.32:33 According to correlation coefficient results
(Tables III and 1V), the antioxidative capacity of the samples depends not only on
the total phenolic content but also on other bioactive components in the essay.

Synthesis of phenolics in the cell wall, besides rapid cell collapse and death,
accumulation of antimicrobial compounds and the synthesis of hydrolytic enz-
ymes, is one of the early responses of the plant defence system.34 Phenolic com-
pounds play an important role in the defence of potato and tomato plants against
P. infestans by inhibition of pathogen hyphal penetration.”-35
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Fig. 3. A) Total polyphenol content in tomato leaves; B) total flavonoid content in tomato
leaves; antioxidant activity in tomato leaves measured by: C) radical cation scavenging
activity (DPPH test); D) radical cation scavenging activity (4BTYS); E) ferric-reducing
antioxidant power (FRAP); F) Nitroblue tetrazolium test (NBT test); G) total reduction
capacity (TRC); H) total antioxidant activity (744). Means of three independent experiments
with three replicates; the bars represent standard errors. sd 1 — sampling date 1;
sd-2 — sampling date 2; sd-3 — sampling date 3.

Different authors observed a direct link between the availability of phenolics
and the strength of the cell walls of potato tubers.36:37 Although under stress con-
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ditions, the biosynthesis of phenolic compounds that are precursors of lignin int-
ensifies, and lignin provides a physical barrier against initial pathogen coloniz-
ation.38:39 The accumulation of lignin to a higher level in resistant potato culti-
vars does not necessarily mean that these compounds are involved in disease res-
istance.35 The oxidative burst triggered by the infection that results in an increase
of total phenolic content sometimes is not strong enough to hinder pathogen
penetration into the host tissue.!040 This can be the explanation for the highest
level of TP and TF in local population Bull’s heart, although the disease infection
was much higher than in wild species.

TABLE III. The correlation coefficient between biochemical parameters and leaf infection for
three sampling dates jointly; QE — quercetin, DW — dry weight; DI — disease intensity; 7P —
total phenolic content; TF — total flavonoid content; DPPH — radical cation scavenging
activity; ABTS — radical cation scavenging activity; FRAP — ferric-reducing antioxidant
power; NBT test — Nitroblue tetrazolium test; TRC — total reduction capacity; 744 — total
antioxidant activity; ** — significant at 1 % level

Variable P TF DPPH ABTS FRAP Scavenging TRC TAA
mg QE mg Trolox activity (NBT  mg Trolox

(gDW)! (g DW)'! test), % (g DW)!

DI —0.57** —0.73** —0.42** —0.46** —0.18 —0.57**  0.42%* —(0.76%*

a.u.

TP 0.90** 0.79**  0.27 0.14 0.46** 0.11 0.37**

mg QE (g DW)!

TF 0.80** 0.46** (.35*%* 0.61** 0.09 0.53**

mg QE (g DW)!

TABLE IV. The correlation coefficients between biochemical parameters and intensity of late
blight leaf infection (LB) for different sampling dates; QE — quercetin; DW — dry weight;
sd-1: 4™ of August; sd-2: 18™ of August; sd-3: 8th of September; * — significant at 5 % level,
** — significant at 1 % level

Biochemical parameter DI/a.u.

sd-1 sd-2 sd-3
Total phenolic content, mg QE (g DW)! 0.81%*  —0.52% —-0.15
Total flavonoid content, mg QE (g DW)'! 0.37 —0.60%** —0.90**
DPPH Radical scavenging activity, mg Trolox (g DW)!  0.68** 0.65%* 0.07
ABTS Radical scavenging activity, mg Trolox (g DW)1 —0.69** 0.51* —0.82%*
Ferric-reducing antioxidant power, mg Trolox (g DW)!  0.69** 0.51%* —0.83%*
Scavenging activity (Nitroblue tetrazolium test), % —0.19 —0.04 —0.68%*
Total reduction capacity, mg Trolox (g DW)! 0.84** 0.78** —0.73%*
Total antioxidant activity, mg Trolox (g DW)! —0.77** 0.09 —0.86%*

Even though phenolics and flavonoids are highly important in the variability
of the evaluated genotypes (Fig. 4), these traits are not closely related to late
blight response detected in wild species. The PCA analysis confirmed the fact
that in the reaction of tomato wild species to late blight, beside 7P and TF, other
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compounds also play an important role. Recent findings#! provide evidence that
different preformed flavonoids and terpenoids in potato may play important roles
in its defence or susceptibility to P. infestans. According to these authors, the
accumulation of phenolic compounds, such as flavonone P3 and rutin, in suscep-
tible potato genotypes does not help the plant to stop the development of the late
blight infection process. On the other hand, accumulation of terpenoids (T1)
helps a moderately resistant cultivar to keep its resistance. If the primary defence
system fails, plants activate the second system of resistance that leads to pro-
grammed cell death and pathogen growth restriction.42:43

1.0
0.8 TRC
° DpuPHTP
o
06 Bull's Heart
AT-70/11 9 T
° o
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g 02 LB Rutgers
a, H
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Fig. 4. PCA biplot of tested tomato genotypes and evaluated parameters.

According to the PCA, wild genotypes have more similarities between each
other than the cultivated ones. It could be noted that 3 wild accessions grouped
closely, showing a clear distinction from cultivated genotypes (Fig. 4). Such
grouping of the wild accessions indicates a similar reaction to LB infection. The
traits which express the related response of wild genotypes are 744, FRAP, and
ABTS (Fig. 4). Furthermore, late blight trait is on the distal side of the graph,
closer to cultivated tomatoes (Fig. 4).

Since the first four principal components (PC) were over eigenvalue 1, only
those were interpreted (Table V). The principal component analysis found two
major PCs explaining 47.51 % of the total variance. The most important positive
variables-traits (over 0.40) in the first two PC were TF, NBT test, 744, DPPH
and TRC while the negative was late blight leaf infection (Table VI). Although
TF, NBT test, DPPH and TRC had high influence on the first two main compo-
nents (PC1 and PC2), these traits are not close to the evaluated genotypes on the
PCA graph. However, only TAA is close to the wild species, which means its
higher influence in their reaction to leaf blight infection.
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TABLE V. Eigenvalues and variance of the first four principal components

Component Eigenvalue Total variance Cumulative eigenvalue, % Cumulative variance, %

1 4.33 28.89 433 28.89
2 2.79 18.63 7.13 47.51
3 1.60 10.64 8.72 58.16
4 1.45 9.64 10.17 67.79

TABLE VI. Principal component analysis of evaluated parameters and tomato genotypes; QE
— quercetin; DW — dry weight

Variable PC1 PC2 PC3 PC4
Total phenolic content, mg QE (g DW)! 0.30 039 -0.13 -0.16
Total flavonoid content, mg QE (g DW)'! 0.42 025 -0.14 -0.03

DPPH Radical scavenging activity, mg Trolox (g DW)!  0.20 0.42 0.01 0.28
ABTS Radical scavenging activity, mg Trolox (g DW)! 023 -0.25 -0.13 -0.05
Ferric-reducing antioxidant power, mg Trolox (g DW)!  0.07 006 040 028

Scavenging activity (Nitroblue tetrazolium test), % 0.40 0.00 0.38 0.04
Total reduction capacity, mg Trolox (g DW)-! —0.11 0.44 036 —0.14
Total antioxidant activity, mg Trolox (g DW)'! 041 -0.16 0.08 0.16
Late blight leaf infection, a.u. -045 0.10 0.10 0.06
Rutgers -0.09 0.07 -0.00 0.77
AT-70/11 -0.17 026 029 -0.21
Bull’s Heart -0.01 031 -044 -0.21
Solanum pimpinellifolium 120 0.13 -0.21 0.40 0.05
S. pimpinellifolium 220 0.09 -0.19 -0.03 -0.23
S. habrochaites 0.05 -025 -0.22 -0.15
CONCLUSIONS

Wild genotypes Solanum pimpinellifolium S 220 and Solanum habrochaites
had a significantly lower infection rate compared to other tested genotypes.
Genotype, sampling date, and interaction of these two factors had a significant
influence on the biochemical parameters measured in the leaves. The Spearman
coefficient for the three sampling dates together showed that six out of eight
biochemical parameters are in a strong negative correlation with late blight inf-
ection. Based on the analysis performed, total antioxidant activity (744), ferric-
reducing antioxidant power (FRAP) and radical cation scavenging activity
(ABTYS) were discriminate for less susceptible wild tomato species.
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U3BOL
BUOXEMHWJCKHU OATOBOP PA3JTMYUTUX TEHOTHUIIOBA ITAPAZTAJ3A HA UHOEKIIUTY
[NTAMEBAYOM
CIIABAHA MEOWE-TIAI', JAPUO JAHOJEBUR', EJAH [TPBYJIOBUR’, COFbA TAHUYUE-KHUBAHOB'
1 JAHKO YEPBEHCKH'
1Hﬂcu7uu7ym 3a pawmapcuieo u ospiuapciueo, Hosu Cag u zYHueepsumem y Hosom Cagy, ITomotipuspegru
paxyniuewi, Hosu Cag
[uB/be BpCTE Ce LIMPOKO KOPHUCTE KAao MOTEHLHWja/IHd W3BOPH OTIOPHOCTH Mapaznaj3a
npeMa IJamMemayd. BHOXeMHjCKH OArOBOP IUB/BUX M TajeHMX TeHOTUIIOBA Ilapajajsa ca
Pa3IMYATHM HHUBOOM OTIIOPHOCTH Npema P. infestans mpollemeH je Kpo3 yKynaH Campikaj
(enona, ¢baBOHOWAHA ¥ aHTUOKCUIATHBHU KamalnureT. JUB/bH T€HOTUIIOBH Solanum pimpi-
nellifolium S 220 w Solanum habrochaites cy UManu 3HA4YajHO HWXKU CTeneH HHpeKUHje y
nopehewy ca APYrMM TECTHUPaHHUM TEeHOTHIOBHMaA. ['pymnucame IUBBHX BpcTa mpema PCA
aHa/IM3H1 yKasyje Ha CIMYHy peakli{jy OBUX IeHOTHIIOBa Npema Iamenadu. Hako cy denonu
U (IaBOHOUAM 0] BEJIMKE BaKHOCTH Y peaklujy Oubaka napazajsa 3apaXeHUX [JIaMehauoM,
oBe OCODMHE HHUCY K/by4YHE y peaklHjud OUB/bHX BpCTa IpemMa Ilamemadd. [ITpema pasynta-
THMa 100HjeHUM y 0BOM HCTpakUBamy, HajBaKHUjH aHTUOKCUIATUBHU TECTOBU KOjU YKa3yjy
Ha peaxknujy IOUWB/BMX BpCTa Mapajaj3a NpeMa IMIaMemayd Cy yKyIHa aHTHOKCHAATHBHA
aktuBHOCT (TAA), ferric-reducing antioxidant power (FRAP) u 2,2'-a3uH0o0HC-(3-eTHI0eH30-
THA30/IMH-6-CyndoHCKa kucenuHa) (ABTS).

(ITpummeno 31. jyna, pesunupano 6. HoBemdpa, npuxsaheno 11. genemdpa 2019)
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