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Abstract
In order to evaluate the effect of exogenous applications of phenolic acids in the tomato crop, four
treatments were established: 1) an absolute control; 2) plants inoculated with Clavibacter
michiganensis subsp. Michiganensis (Cmm); 3) plants inoculated with Clavibacter michiganensis
subsp. michiganensis and with application of phenolic acids; and 4) plants only with application of
phenolic acids. The applications were made with intervals of one week to accumulate a total of 10
applications during the crop cycle. The results indicate that the application of phenolic acids did
not promote effects in the agronomic variables of the crop, however, if a significant decrease in
severity of Cmm was observed. In addition, it was demonstrated that the application of phenolic
acids modifies the density and stomatal index and in combination with biotic stress induces a
smaller size of stomata. In the histological variables, it was found that with the application of
phenolic acids the palisane palisade decreased its length, also induced a smaller number and area
of xylem vessels in leaf and root respectively and a greater length of cortex in the root. The results
showed that the application of phenolic acids can be a viable alternative for the control of Cmm.
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Introduction
Tomato (Solanum lycopersicum L.) is a crop that in economic terms represents 72% of the value
of the production of fresh vegetables worldwide (Hanssen et al., 2010). It is one of the most
cultivated vegetables with the highest economic value in the world, since its demand increases
steadily (Ortega-Martínez et al., 2010). However, the development of this crop can be affected by
different factors that can be biotic or abiotic. Among the biotic factors are viruses, bacteria, fungi
and nematodes that cause devastating diseases causing great economic losses in the tomato crop
(Arshad et al., 2014).
Particularly bacterial diseases are a problem of great relevance in the production both in greenhouse
and in the open field (Balestra et al., 2009). The bacterium Clavibacter michiganensis subsp.
michiganensis (Cmm), which causes bacterial cancer, considerably affects the tomato crop
(Cooksey, 1990; Hadas et al., 2005; Yuliar et al., 2015), and is present in all the producing areas
of the world, and is considered as severe (Chang et al., 1991). The Cmm epidemics have been
reported in tomato crops in several countries such as Israel, Japan, Spain and Mexico, causing
production losses between 80 and 100% (Borboa-Flores et al., 2009; EPPO, 2010; De Leon et al.,
2011). This causes a need to reduce the effects caused by pathogens, which together with the
interest of increasing productivity and agricultural quality, has led to an excessive use of chemical
products, creating problems such as environmental pollution (Arredondo, 2017).
For their part, the plants have generated defense mechanisms that allow them to tolerate the
damages caused by pathogens (Harman et al., 2004; Nawrocka and Malolepsza, 2013). One of
these mechanisms is the systemic defense that includes the generation of secondary metabolites,
which are compounds that do not have an apparent function within the primary metabolism, but
that have an important role in biotic interactions such as chemical defense against herbivores and
pathogens (Neilson, 2013).
Phenolic compounds are necessary for the survival of plants in situations of stress imposed by both
biotic and abiotic factors (Broun, 2005; do Nascimento, 2010). It is known that phenolic
compounds have protective functions against pathogenic microorganisms (Osorio et al., 2010).
There are reports on the use of phenolic compounds as inhibitors of different pathogens, for
example, Mendoza (2013) reports the potential of these compounds against Botrytis cinerea. In the
same way, isolated Veratrum album compounds were reported as active compounds against the
fungi Erysiphe necator, Plasmopara viticola and B. cinerea in the vine culture (Alonso-Villaverde
et al., 2011; Adrian and Jeandet, 2012; Wu et al., 2013).
This shows that phenolic compounds can be a potential alternative to chemical control for the
management of phytopathogenic bacteria, and that the development of natural antibacterials will
help to diminish the negative effects of chemical control (Riviera et al., 2014) which will impact
positively to the environment.
The objective of the work was to evaluate the foliar application of phenolic acids in the tomato
crop and its effect on tolerance to Clavibacter michiganesis subsp. michiganensis, as well as to
determine the changes in the agronomic, physiological and histological characteristics.
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Materials and methods
Establishment of the crop
The crop was established in a tunnel-type greenhouse with dimensions of 20 x 8 m with 30% shade
from the Horticulture Department of the Antonio Narro Autonomous Agrarian University. Tomato
seed of the variety “Rio Grande” type saladete and of determined growth was used. It was
transplanted in black polyethylene bags with a capacity of 10 liters. As substrate, a mixture of
perlite: peat moss ratio 1:1 (v:v) was used. The crop was handled to a single stem with the help of
tutoring. Nutrition was administered through a directed irrigation system using the Steiner solution
(Steiner, 1961), which was applied at different concentrations: 25% in vegetative stage, 50% in
flowering, 75% in fruit mooring, and 100 % in fruit filling and harvest.
Application of treatments
The treatments consisted of the application of phenolic acids using as a source the Defense Gr®
product (10 000 ppm phenolic acids in the form of soluble granules). A total of four treatments
were applied, which are described below: 1) an absolute control (T0); 2) plants inoculated with
Clavibacter michiganensis subsp. michiganensis (Cmm); 3) plants inoculated with Cmm and
application of phenolic acids (Cmm + AF); and 4) plants only with application of phenolic acids
(AF).
The applications of the phenolic acids were at a dose of 1 kg ha, starting seven days after the
transplant (DDT), a total of 10 applications were made during the cultivation cycle every seven
days.
Inoculation of Clavibacter michiganensis subsp. Michiganensis
The bacterium Clavibacter michiganensis subsp. michiganensis was isolated from tomato plants
with symptoms attributable to it. Sap was obtained from the collected plants by means of a
macerated porcelain mortar. The sap was seeded in Petri dishes with NBY culture medium and
incubated at 29 °C for 48 h. Later they were reseeded for purification. The colonies obtained were
subjected to morphological and biochemical tests for their identification.
The bacterium was increased in Petri dishes with NBY culture medium (nutritive broth 0.8%, yeast
extract 0.2%, K2HPO4 0.2 %, KH2PO4 0.025%, agar 1.5%) (Borboa, 2009). The Petri dishes were
incubated at 28 °C for 48 h, after which a bacterial growth wash was carried out, adjusting to the
concentration and volume required, this was done in the Physiology Laboratory of the Department
of Horticulture.
The plants corresponding to the treatments with biotic stress were inoculated with Clavibacter
michiganensis subsp. michiganensis (Cmm) at 21 DDT, and using a concentration of 1X106 colony
forming units (UFC) per milliliter. For the inoculation of the tomato plants with Cmm, slices were
made in the leaves and they were submerged in 30 mL of bacterial solution for 5 min, the remainder
was sprinkled on the foliage.
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Agronomic analyzes
To determine the effect on the vigor of tomato plants the following agronomic variables were
studied: plant height (AP), number of leaves (NH), stem diameter (DT), number of leaves (NH),
number of bunches (R) at 75 days after transplantation (DDT), fresh weight aerial part (PFPA) and
fresh root weight (PFR) at 85 DDT. After drying in a drying oven at a constant temperature of 80
°C for 72 h, the aerial part dry weight (PSPA) and the root dry weight (PSR) were obtained. In
addition, the number of harvested fruits (NFC) and weight of harvested fruits (PFC) per plant was
quantified.
Analysis in leaves and fruits
In the leaves SPAD (US) units were measured three times throughout the crop, at 30, 75 and 105
DDT, for which a SPAD chlorophyll meter (Minolta 502) was used. The measurement was made
on the first physiologically mature leaf. The content of Vitamin C (VC) was also determined by
the titration method with 2,6-dichlorophenolindophenol (Padayatt et al., 2001). The results are
expressed in mg 100 g-1 fresh weight.
For these variables evaluated in fruit a total of five tomatoes were taken per treatment, with a degree
of maturity 5 (Light red): red to pink color between 60-90% of the fruit, according to the color
chart proposed by Boyette (1997) with a scale of 1-6 (1) Green, 2) Breakers, 3) Turning, 4) Pink,
5) Light red and 5) red). In these fruits the total soluble solids (TSS) were determined with a manual
Atago refractometer (Master-T) and the titratable acidity (AT) was determined according to the
methodology of the AOAC (2000). The electrical conductivity (CE) was obtained with a HI 98130
potentiometer (Hanna Instruments) and the measurement was made in 10 g of completely
macerated fruit.
The firmness (F) (kg cm-2) was determined with a FDK-20 manual penetrometer (Wagner
Instruments), for these three measurements were taken per fruit. The maturity index (IM) was
calculated by means of the relation total soluble solids/titrable acidity (Casierra-Posada, 2008). The
content of Lycopene (L) was determined by the methodology of Fish et al., (2002). The hydrogen
potential (pH) was determined with a HI 98130 potentiometer (Hanna Instruments) in 10 g of
completely macerated fruit. The content of vitamin C (VC) was determined by the titration method
with 2,6-dichlorophenolindophenol (Padayatt et al., 2001). The equatorial diameter (DE) and polar
diameter (DP) were determined with a digital vernier. These variables were determined in the
Physiology Laboratory of the Department of Horticulture.
Incidence and severity of Clavibacter michiganensis subsp. Michiganensis
The incidence of Cmm was determined at 30, 45, 60, 75, 90 days after inoculation (DDI) and was
expressed as the percentage of plants that presented symptoms (Anfoka, 2000). While the visual
scale of Baysal et al. (2003). This scale has values of 0-5: (0: the leaves show no signs of wilting,
1: 1-10% of the leaves show mild marginal wilting, 2: 11-25% of the leaves withered, 3: 26-49 %
of leaves have wilt associated with chlorosis, wilt in sectorized form, 4: 50-74% of leaves show
wilting, excessive leaf fall, and 5: all wilted leaves). On the other hand, the severity index was
calculated using the formula described by Raupach et al., (1996) as follows:
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𝐼𝑆 = [∑(NC x NPC) x 100%]/(NTP x CMA)
Where: IS= severity index; NC= classification number; NPC= number of plants in the
classification; NTP= total number of plants; CMA= highest classification.
Stoma analysis
To determine changes in the stomata, a sampling was made at 75 DDT, where six plants were
used per treatment. A fully expanded leaf of the same and with the same orientation was taken
per plant. From the middle part of this sheet an epidermal impression of the beam (adaxial) and
another of the lower surface (abaxial) was taken using polystyrene-xylol in liquid form, which
was applied on the leaf surface with a brush. Once the film dried, it was removed with clear
tape and placed on a slide. For each impression, three 100X microscopic fields were observed
at random, in which the number of stomata and epidermal cells was determined. Three
microphotographs were taken for each impression and the width and length (µm) of the
occlusive cells of two stomata were measured for each one. The stomatal density was obtained
in the following way:
𝐷𝐸 (stoma 𝑏𝑦 𝑚𝑚? ) =

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑡𝑜𝑚𝑎
𝐴𝐶

Where: AC= 0.0254 mm2.
While the following formula was used to obtain the stomatal index (Wilkinson, 1979):
𝐼𝐸 =

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑡𝑜𝑚𝑎
𝑋 100
𝑒𝑝𝑖𝑑𝑒𝑟𝑚𝑎𝑙 𝑐𝑒𝑙𝑙𝑠 + 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑡𝑜𝑚𝑎

A compound microscope (Carl Zeiss) with a digital camera (PixeraWinder Pro) was used to
take the photographs and processed in the AxionVision Rel. 4.8 measuring software.
Histological analysis
To verify the changes in the structures of the tomato plants, a histological analysis was also
carried out. For this, a sampling of three plants per treatment was carried out at 90 DDT, from
each plant the following structures were taken: a) stem segments of 1 cm in length taken 3 cm
from the base of the stem; b) root 1 cm long taken at 5 cm from the base of the root; and c) a 1
cm2 foliole fragment taken from the middle part of the fourth leaf. To stop the cellular
metabolism of the tissues, the fixation was made in FAA, which is composed as follows: 5 ml
of formaldehyde at 36-40%, 90 ml of ethyl alcohol at 70% and 5 ml of glacial acetic acid.
They were then dehydrated at one hour intervals in 60%, 70%, 85% and 96% alcohol, and in
absolute alcohol-xylol mixtures in 3:1, 1:1 and 1:3 ratios. After this the samples were included in
paraffin, in aluminum molds with the following dimensions 8.2 x 9.4 of base and 5 cm of height.
The 20 µm thick sections were made with a rotating microtome and adhered to a slide with Haupt
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adhesive. The tissues were stained with safranin and fast green (Rivero et al., 2007). A compound
microscope (Carl Zeiss) with a digital camera (PixeraWinder Pro) was used for its observation, and
microphotographs of three fields were taken by cutting the stem, root and leaf in 10 X and 40 X
magnification. The measurements of the tissue images were made with the Axion Vision Rel 4.8
software.
For its part, the description of the anatomical characters was made according to the terminology of
Evert (2006). The variables that were determined were the following: upper leaf epidermis (ESH),
lower leaf epidermis (EIH), palisaw leaf palisach (PEH), number of xylem vessels in leaf (NVXH),
root cortex (CR), number of xylem vessels in root (NVXR), root xylem vessel area (AVXR), stem
epidermis (ET), number of stem xylem vessels (NVXT) and stem xylem vessel area (AVXT ). This
work was carried out in the Cytogenetics Laboratory of the Plant Breeding Department.
Statistical analysis
The experimental design for the field work was randomized complete blocks. While for the rest of
the analyzes a completely random design was used. An analysis of variance and a comparison test
of means were performed according to the Fisher LSD test (p≤ 0.05) with the InfoStat program,
version 2016.

Results and discussion
In the Table 1 shows the results obtained from the agronomic variables evaluated. The application
of phenolic acids with or without stress did not cause changes in the agronomic variables, since no
statistical differences were found between treatments. However, a trend of lower values is observed
in the treatment with biotic stress, which may be due to the fact that the plant activates the defense
mechanisms against stress (Conrath, 2006) and synthesizes secondary metabolites, which translates
into an expense energy (Brown, 2003, Cipollini, 2003, Lattanzio et al., 2013). Villanueva-Couoh
(2009) observed in chrysanthemum plants sprinkled with phenolic compounds higher height, larger
stem diameter and higher biomass production (San Miguel et al., 2003), results that are different
from those observed in this work.
Table 1. Agronomic variables evaluated in tomato plants.
Trat

AP

NH

T0

104 a

17.6 a

10.13 a 14.67 a 304.6 a 51.4 a 83.8 a 12.3 a

19.27 a
18.2 a

10.2 a
9.87 a

Cmm
102.8 a
Cmm+AF 100.4 a
AF

98.53 a

CV (%)

11.88

DT

R

7.17

PFR

PSPA

PSR

NFC

PFC

28 a

1461.1 a

11.03 a 234 a 55.6 a 75.4 a 12.1 a 28.1 a 1633.3 a
16.23 a 294.7 a 62 a 82.9 a 13.9 a 27.4 a 1542.7 a

16.87 a 10.13 a 13.73 a
11.74

PFPA

40.75

275 a

57.8 a 66.9 a 12.9 a 28.6 a 1692.8 a

28.1

23.66

15.78

13.46

10.6

14.9

T0= control; Cmm= C. michiganensis; AF= phenolic acids; AP= plant height (cm); NH= number of leaves; DT=
stem diameter (mm); R= clusters; PFPA= fresh weight aerial part (g); PFR= fresh root weight (g); PSPA= dry
weight aerial part (g); PSR= root dry weight (g); NFC= number of fruits harvested per plant; PFC= weight of
harvested fruits per plant (g). Different letters per column indicate statistical differences according to Fisher LSD
(p≤ 0.05).
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The foliar application of phenolic compounds increased the biomass of soybean plants (GutiérrezCoronado et al., 1998) and wheat yield (López-Tejeda et al., 1998). In addition, it extends the
banana shelf life (Srivastava and Dwivedi, 2000). In the tomatillo, almost all the variables
responded negatively with the application of benzoic acid and salicylic acid so they do not show a
response pattern (Valdez, 2015). These results show that the effect of phenolic compound
applications will not always be positive.
The results obtained from the measurements made in the leaves are in Table 2. In the measurement
of SPAD units that were made at 30, 75 and 105 DDT, no statistical difference was found by the
application of phenolic acids. However, the treatment with phenolic acids (AF) induced between 1
to 5% more units SPAD with respect to T0, contrary to what happens in the treatment AF+Cmm
since it has lower values with respect to T0 which range from 1 to 9%.
Table 2. Measurements made on the leaves of tomato plants.

Treatment
T0
Cmm
Cmm+AF
AF
CV (%)

US (30 ddt)
49.25 a
47.15 a
49.29 a
48.80 a
8.19

US (75 ddt)
51.19 a
47.43 a
46.75 a
51.89 a
18.3

US (105 ddt)
44.51 a
44.75 a
44.37 a
46.74 a
13.47

VC (90 ddt)
17.43 a
17.3 a
15.83 a
17.43 a
11.08

T0= control; Cmm= C. michiganensis; AF= phenolic acids; US= SPAD units; VC= vitamin C (mg 100 g-1). Different
letters per column indicate statistical differences according to Fisher LSD (p≤ 0.05).

The results of the variables evaluated in the tomato fruits are presented in Table 3. There was a
difference between treatments in the variables of titratable acidity, lycopene and vitamin c. while
in the variables, electrical conductivity, firmness, maturity index, hydrogen potential, equatorial
and polar diameter, no differences were observed between treatments.
Table 3. Fruit quality variables of tomato plants.
Trat

SST

AT

CE

F

IM

L

pH

T0

3.6 a

0.12 ab

2.2 a

4.9 a

30.9 a

4.9 b

4a

Cmm
Cmm+AF

4.1 a
3.7 a

0.15 a
0.12 ab

2.7 a
2.2 a

4.3 a
4.8 a

28 a
30.3 a

3.9 b
5.3 b

AF

3.8 a

0.11 b

2.8 a

4.8 a

34.8 a

CV (%)

8.87

13.35

30.78

8

16.05

VC

DE

DP

21.9 bc 43.1 a

52.7 a

3.9 a
4a

28.2 a
23.2 b

46.6 a
46.1 a

60.3 a
59.9 a

12.2 a

4a

19.7 c

47.4 a

59.2 a

48.31

6.8

5.93

6.37

6.62

T0= witness; Cmm= C. michiganensis; AF= phenolic acids; SST (°Brix)= total soluble solids; AT (%)= titratable
acidity; CE (mS cm-1)= electrical conductivity; F (kg cm-1)= firmness; IM= maturity index; L (mg kg-1)= lycopene;
pH= hydrogen potential; VC (mg 100 g-1)= vitamin C; DE (mm)= equatorial diameter and DP (mm)= polar diameter.
Different letters per column indicate statistical differences according to Fisher LSD (p≤ 0.05).

In the obtained results, it is observed that the treatment with Cmm (plants with biotic stress)
had the highest concentration of total soluble solids, titratable acidity, electrical conductivity
and vitamin C, being higher than T0 by 13.8, 25, 22.7 and 28.7% respectively. Under conditions
of biotic stress, plants as a defense mechanism synthesize a greater amount of antioxidants, in
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this sense Muñoz (2007) reports a greater antioxidant capacity in different fruits that contained
a higher amount of phenolic compounds. Antioxidants are increased under stress conditions
due to the crucial role they play in inactivating reactive oxygen species, in addition to
influencing gene expression associated with biotic and abiotic stress responses (Tokunaga et
al., 2005).
In relation to the results of Incidence and Severity of Cmm, these are presented in Figures 1a
and 1b. The incidence of Cmm can be seen in Figure 1a, in the measurements made at 50, 65
and 80 days the AF+Cmm treatment had a lower incidence compared to the Cmm treatment,
since it reduced the incidence of Cmm up to 12%. Figure 1b shows the results of Cmm severity,
for this variable the AF+Cmm treatment registered up to 36% lower severity of the disease
with respect to the Cmm treatment, this at 95 DDT. It has been reported that some phenolic
compounds play a key role in the responses of plants to the attack of pathogens or insects
(Kutchan et al., 2005; Muthuswamy et al., 2007; Lattanzio et al., 2008), which corresponds to
the result obtained in the present study where this effect is clearly observed.
The results obtained show that the application of phenolic acids in a foliar way reduces the
incidence and severity of Cmm (Figure 1a and 1b), as mentioned by Cornell (2003) and
Bhattacharya (2010), who highlight its role as protective agents. In addition, the use of phenolic
acids as natural antimicrobial agents has been recommended for showing a degree of inhibition
of the growth of bacteria and fungi (Sivakamim, 2007).

*

sd

**

60
40

T0
Cmm
AF+Cmm
AF

20

80

sd
**

**

60
40

b)

T0
Cmm
AF+Cmm
AF

100

Severity (%)

Incidence (%)

*

**

100
80

120

a)

120

**
**

20
0

0
50

65

80

DDT

95

110

50

65

80

95

110

DDT

Figure 1. a) incidence and b) severity of Clavibacter michiganensis subsp. michiganensis in tomato
plants. T0= witness; Cmm= C. michiganensis; AF= phenolic acids. Statistical differences
according to Fisher LSD; *= p< 0.05, **= p< 0.01.

In the Table 4 shows the results of the variables evaluated in the stoma analysis. It can be observed
that in the density of stomata and tabloid cells, as well as in the stomatal index, no statistical
difference was found between treatments. However, the application of phenolic acids (AF) induced
on the adaxial surface lower stomatal density and stomatal index in 13 and 28% with respect to T0.
In addition, this same treatment but on the abaxial surface caused lower cell density 86% with
respect to T0.
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Table 4. Evaluated variables related to stomata.
Trat

DEAd

DCAd

DCAb

IEAd

IEAb

T0

118 a

884.6 a 263.3 a 697.6 a

11 a

27.6 a 32.3 a 17.3 a 35.6 a 22.3 a

Cmm
Cmm+AF

DEAb

LEAd AEAd LEAb AEAb

111.3 a 859.6 a 250.6 a 681.3 a 11.3 a 27.3 a

32 a

16.6 a 35.3 a

21 a

117.3 a 940.3 a 260.3 a 684.6 a 11.3 a 27.6 a 31.3 a 17.3 a 33.6 a 21.6 a

AF

85.3 a

CV (%)

29.43

915.6 a 289.6 a
27.01

16.78

99.6 a

9.6 a

29.6 a 33.6 a 17.6 a

37 a

22.3 a

10.76

19.15

13.16

9.28

7.20

11.77

7.91

-2

T0= witness; Cmm= C. michiganensis; AF= phenolic acids; DEAd (Num mm )= adaxial stoma density; DCAd (Num
mm-2)= adaxial cell density; DEAb (Num mm-2)= abaxial stoma density; DCAb (Num mm-2)= abaxial cell density;
IEAd= adaxial stomatal index; IEAb= abaxial stomatal index; LEAd (µm)= adaxial stomatal length; AEAd (µm)=
adaxial stomatal width; LEAb (µm)= length of abaxial stomata; AEAb (µm)= width of abaxial stomata. Different
letters per column indicate statistical differences according to Fisher LSD (p≤ 0.05).

The treatment to which phenolic acids + Cmm were applied had shorter stomata on both surfaces.
The Cmm treatment presented stomata of smaller width in both surfaces, without presenting
statistical difference with respect to the other treatments. The above is an important feature to be
highlighted since the bacteria penetrates the vascular tissues through wounds, stomata, trichomes
and leaf hydatids (Gleason et al., 1993; Ramirez and Sainz, 2006). Particularly the size of stomata
influences the entrance of the bacteria to the plant, larger size will facilitate the entry and vice
versa. The Cmm and AF treatments had a lower number of stomata, which ultimately resulted in a
lower probability of access for the bacteria.

Conclusions
The application of phenolic acids has no effect on the morphology and physiology of the crop since
no significant statistical differences were observed between the treatments evaluated.
However, the above phenolic acids significantly decrease the incidence and severity of Cmm, so
the use of these compounds can be an alternative for the management of Clavibacter michiganensis
in tomato cultivation.
In histological variables, it was clearly observed that the application of phenolic acids induces
changes in the different structures of the plant, which can increase the tolerance to attack of
pathogens such as Clavibacter michiganensis.
We propose the study of phenolic acids in the control of other pathogens in different crops.
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