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A B S T R A C T

Contamination of vegetables and fruits is the result of presence of human pathogen bacteria which can con-
taminate products in any part of production chain. There is an evidence of presence of: Salmonella spp. on the
fresh vegetables and Salmonellosis is connected with tomato, sprouts, cantaloupe etc.

The goal of this research is transmission of pathogen bacteria from irrigation water to plants and studying/
monitoring the ability of the Salmonella spp. to colonize the surface and interior (endophytic colonization) of root
at different vegetable species.

Transmission of three Salmonella spp. strains from irrigation water to plants, as well as colonization of plants
by these bacteria was investigated by using Fluorescence In Situ Hybridization (FISH) in combination with confocal
laser scanning microscopy (CLSM).

All tested Salmonella spp. strains showed ability to more or less colonize the surface and interior niches of the
root, stem and leaf of the investigated plant species. These bacteria also were found in plant cells cytoplasm,
although the mechanism of their entrance has not been clarified yet.

1. Introduction

The consumption of vegetables is essential for healthy nutrition and
it is an integral part of many diets which are recommended by various
health organizations [61,65]. Since fresh produce is one of the major
components, such as essential vitamins, minerals, and fiber, the con-
sumption of fresh produce has increased worldwide in recent years
[6,23].

The number of outbreaks associated with the consumption of con-
taminated fresh produce, especially those caused by Salmonella, has
also increased. In EU countries excluding Spain, a total of 37
Salmonellosis outbreaks have been linked to the consumption of food of
non-animal origin including fresh produce have been reported between
2007 and 2011 [21].

The vegetables could become contaminated [8] in contact with soil,
manure, compost, irrigation water, contaminated water for washing
and etc. Irrigation water contaminated with manure or animal waste is
a common environmental source for the transmission of microorgan-
isms into fresh produce [53].

The Salmonella is an important human and animal pathogen
worldwide, mainly transmitted to humans through contaminated food

[41]. Each year, nontyphoidal Salmonella spp. have been estimated to be
responsible for 1.0 million [56] and 80.3 million human salmonellosis
cases [48] in the United States and globally, respectively. The pre-
harvest contamination vegetables by human pathogen is the most often
cause of presence microbiologically unsafe products on the market
[14,28,54,60]. There is evidence that outbreak of tomato-associated
salmonellosis was caused by Salmonella Newport. This strain was iso-
lated from water which was used for irrigation tomato plants [31]. Also,
it was happened salmonellosis outbreak which was linked to con-
sumption of alfalfa sprouts contaminated by Salmonella Newport in
2010. This Salmonella strain was isolated from seed which was con-
sidered as a source of outbreak. The similar outbreak was happened in
2010. with Salmonella enterica – contaminated alfalfa sprout, but the
source of this Salmonella strain was run-off water (environmental
sample) [16].

The Salmonella Saintpaul – outbreak, which was happened in more
states, resulted in more than 1400 infected people in the USDA. This is
an example how complicated it could be to detect source of con-
tamination [15]. It was initially suspected that contaminated tomatoes
are source of the outbreak, but investigation by CDC and FDA revealed
that main source of Salmonella Saintpaul were jalapeno and serrano
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peppers [44]. This failure resulted in huge economic loss to tomato
growers. Also, some authors found out that about 86% of cases linked
with eating raw jalapeno pepper and other similar food at Mexican
restaurants [5].

The products might be contaminated during preharvest as well as
postharvest process of production. Some authors examined routs of
colonization tomato fruits in preharvest process by S. enterica [4,32,36].
Their point of view is that irrigation water could be a potential source
of colonization fruit by pathogen bacteria. The entrance of S. enterica
into the tomato plants through irrigation water is still inconsistent.
There is evidence that Salmonella enterica serovar Newport could con-
taminate different tomato plant tissue via irrigation water [36]. The
Salmonella-contaminated water was applied only in root zone and Sal-
monella was detected at tomato plants in different plant growth stages.

[32] showed that Salmonella typhimurium could colonize interior
spaces of tomato plants via leaves and it can lead to high concentration
of Salmonella in plant fruits but there are not any visible symptoms on
the tomato plants.

[38] showed that using S. typhimurium-contaminated irrigation
water can lead to contamination carrot and radish during the har-
vesting crops and S. typhimurium could survive 203 days in the soil after
its due date. The S. enterica serovar Thompson can colonize whole leaves
of coriander after 6 days of inoculation but the pathogen concentration
on leaves largely depends on temperature and relative humidity [11]
[51]. detected S. enterica Typhimurium in the leaves of rocket after 17
weeks of growing in the manure-contaminated soil. In the field growing
conditions, S. enterica serovar Typhimurium can survive 63 days on
lettuce and 231 days on parsley if the plants are irrigated with con-
taminated water and the similar results are obtained with carrot and
radish [38] [39]. showed that S. typhimurium could entry in plant tissue.
After surface sterilization plants, they used indirect method for quan-
tification number of S. typhimurium inside plant tissue. The positive
plant samples were appeared 9 days after inoculation plants, but
number of S. typhimurium was not so high. The experiments of [3]
showed that S. enterica strains easier adhere alfalfa sprouts than E. coli
O157:H7. The tomato plants which were grown in hydroponic condi-
tions could be colonized by Salmonella spp. if the water is contaminated
with these bacteria. The one day after exposing tomato root to Salmo-
nella spp.-contaminated water, the number of bacteria on hypocotyls,
cotyledons and stem reaches 3,01 CFU/log10 - 3,40 CFU/log10 per
gram [35].

Some experiments showed colonization plant damaged seed coat
edge during the seed germination by S. enterica. The S. enterica is able to
make huge microcolony (aggregations) on the alfalfa root hairs [17]. It
is known that bacterial cells aggregation is associated with synthesis of
cellulose fibrils [59]. The S. enterica also has ability to synthesize cel-
lulose fibrils, but their function is not related with bacterial adherence
or aggregation in the rhizosphere [66].

There is an experiment about localization human pathogen on the
root of inoculated plants which are grown in the soil in lab conditions.
During the colonization Arabidopsis thaliana root by E. coli Ol57:H7 and
S. enterica, these bacteria were concentrated on the root top and in the
places of branching lateral roots at an early stage of plant development.
The Arabidopsis thaliana root was colonized by these bacteria uniformly
at a later stage of plant development [18]. Same authors did seed in-
oculation by S. enterica mutants with reduced flagella number and ob-
served much less colonization which means that bacterial motility has a
significant role in plant colonization.

Confocal laser scanning micrographs showed ability of S. enterica
serovar Stanley to enter inside undamaged alfalfa sprouts [25] [63].
detected endophytic colonization vascular system of bean sprouts by S.
enterica after surface sterilization of plant samples and in situ staining
plants. According to their opinion, bacteria enter in plant through the
cracks in epidermis and place the growth of lateral roots. Some other
researchers also showed interaction between alfalfa seedling and dif-
ferent S. enterica serotypes. The alfalfa seedlings were the most

colonized by bacteria on the places the growth of lateral roots. Also, it
was noticed differences in endophytic colonization at different S. en-
terica serotypes, which indicates a specificity of strain for adherence to
plants [19].

[34,35] inoculated tomato plants at the stage before and after the
start of flowering by S. enterica. They tested tomato fruit and out of 30
samples, 11 were positive for the presence of pathogen. The inner
content of the tomato fruit in 6 out of 11 samples was contaminated by
S. enterica which indicates the movement of the pathogen through the
tomato plant. The same authors showed colonization tomato plants by
S. enterica in hydroponic growing conditions. After 9 days of growing
plants, the number of S. enterica was so high in leaves, stems, hypo-
cotyls and cotyledons of seedlings. This indicates that Salmonella sp.
could be transmitted into the plants if the plants are grown in con-
taminated environment.

The goal of this study is transmission of pathogen bacteria from
irrigation water to plants and monitoring the ability of the Salmonella
spp. to colonize the root surface and interior of different vegetable
species.

2. Material and method

The ability of the surface and endophytic colonization of different
plants by Salmonella strains was investigated in laboratory conditions
with ’’monoxenic’’ model growing conditions. (one plant species in-
oculated by one bacterial strain).

2.1. Bacterial strains and plant species

The three strains of Salmonella enterica serotype typhimurium (LT2,
S1 and ATCC14028) were used in this experiment. These strains are
part of bacterial culture collection of Helmholtz Zentrum Munchen,
German Research Center for Environmental Health (GmbH), Research
Unit Microbe-Plant Interactions. The strain Salmonella typhimurium LT2
is commonly used in laboratory experiments and S. typhimurium S1
strain is isolated from organic waste of plants.

The experimental plants were: lettuce (Lactuca sativa) sort 2476;
spinach (Spinacia oleracea), parsley (Petroselinum crispum); carrot
(Daucus carota subsp. sativus); celery (Apium graveolens); tomato
(Lycopersicon esculentum); sweet corn (Zea mays var. saccharata).

2.2. Inoculation experiments in an axenic model system

The Salmonella strains were cultivated on Xyline-Lysine-
Desoxycholate Agar and SS Agar (Merck, Germany) and incubated on
37 °C overnight. After incubation, Salmonella typhimurium strains ap-
peared as typical black colonies (Photo 1). The one single colony for
each strain is transferred in separate falconen tube with 20ml Luria
Bertani Broth and incubated with shaking on 37 °C overnight. The tubes
with incubated strains are centrifuged on 5000 rpm for 3min, the su-
pernatant is removed and added 20ml PBS 1× and each tube is vor-
texed. This step is repeated three times in total. The bacterial con-
centration (OD) is measured on spectrophotometer on 436 nm
wavelength. The bacterial suspension is adjusted by PBS 1× to reach≈
108 CFU/ml. The final concentrations for S. typhimurium LT2 and S.
typhimurium S1 were ≈ 108 CFU/ml PBS (OD436=0.846/ml and
OD436=0.846/ml) and for S. typhimurium ATCC14028 ≈ 107 CFU/ml
PBS (OD436=0.710/ml).

It was used certified seeds (Germany) for this experiment. The
surface sterilization of seeds was done according to the [12].

The sterile seeds (without washing) incubated in Petri-dishes with
Nutrient Agar and LB Agar (Sigma-Aldrich) on 30 °C during the 24 - 48h

to start germination of seeds (appear cotyledons) and check its sterility
before bacterial inoculation and planting (Photo 2).

The plants were grown in sterile quartz sand (particle size
1.0–2.5mm) with Basal Salt Mixture (SIGMA). Basal Salt Mixture:
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4.3 gMS powder dissolved in 1000ml H2Odem and autoclaved on
121 °C, 1.5 at, 20min. The 200 g sterile quartz sand was placed in each
sterile plastic dish with cap (SIGMA) and it is added 20ml Basal Salt
Mixture dilution. It was planted five same seedlings in one dish and
after one day, the seedlings were inoculated by 1ml of Salmonella sp.
suspensions. The bacterial suspension was placed on the quartz sand
surface close to seedlings. The control dishes with seedlings were in-
oculated by 1ml sterile PBS dilution. The sweet corn seedlings were
grown in large sterile glass tubes (3 cm width x 20 cm length) with
sterile quartz sand (the tube was filled 7 cm in length) and 10ml Basal
Salt Mixture dilution was added. The one seedling was planted in each
tube and inoculated by 1ml bacterial suspension and tube is covered by
sterile cap (Photo 3).

The inoculated plants were grown 21 days in absolute sterile con-
ditions at room temperature and normal light mode.

After 21 days, the plants carefully removed from sand in sterile
conditions without damaging the root system and root was cut. The
attached quartz sand particles and weak attached bacterial cells were
removed by washing root in sterile Phosphate-buffered saline dilution.
The inoculated plant root samples were ready for Fluorescence In Situ
Hybridization (FISH).

2.3. Fluorescence in SITU hybridization (FISH) and confocal laser scanning
microscopy (CLSM)

The FISH was done for all plant root samples inoculated by
Salmonella sp. strains (Salmonella typhimurium LT2; Salmonella typhi-
murium ATCC14028; Salmonella typhimurium S1).

The root samples were fixed in 4% (w/v) paraformaldehyde solution
for 1.5h at 4 °C [1]. The probe Salm-63-Cy3 used in this experiment and
the strength of the deionized form amide used in the hybridization
buffer and probe specificity is given in Table 1. The probe was syn-
thesized and purchased from Thermo Electron, Division Interactiva
(Ulm, Germany). Hybridization with fluorochrome-labelled oligonu-
cleotide probe (Cy3) was performed according to the standard FISH
protocol [2,49].

The confocal laser scanning microscopy LSM-510-META (Zeiss,
Germany) was used for three-dimensional microscopic analyses of plant
root system. The He–Ne laser provided excitation wavelength of 543 nm
for Cy3 excitation with LP 560 long-pass filter. The Cy3 fluorescent dye
is shown with its red fluorescence color. The Ar ion laser with 488 nm
excitation wavelength and with BP 500–550 band-pass filter was used
to show auto fluorescence and thus the structure of plant roots.

The number of Salmonella sp. which colonizes plant roots (surface
and endophytic colonization) was determined by direct counting in 3D-
micrographs by using Zeiss LSM Image Browser software. It was de-
termined volume of plant roots and bacterial cells were counted on the
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Fig. 1. The number of Salmonella typhimurium LT2 cells in the surface
and interior layers of vegetable roots ( root surface root in-
terior).
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Fig. 2. The number of Salmonella typhimurium S1 cells in the surface
and interior layers of vegetable roots ( root surface root in-
terior).
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surface and inside plant roots. It was taken root depth 0-5 μm as the
surface area while the interior of the root was taken depth greater than
5 μm. The number of Salmonella sp. was calculated per unit volume and
was shown as the number of cells/mm3 absolutely dry plant root.

2.4. Statistical analyses

The statistical analyses were done by non-parametric Kruskal-Wallis
Test. This test is alternative to the One-Way ANOVA test and it is able to
assess if samples come from populations with the same median. The
significance level α was 0.05 and the number of degrees of freedom was
2. This test is very useful when not all ANOVA assumptions are met. The
reason for using Kruskal-Wallis Test is that our data (variables) were
measured at the ordinal level and the assumption of normality was not
met. In this test, it was used a null and the alternative hypothesis. The
null hypothesis was that all measured samples have same medians. It
means that there are not differences in colonization plant roots by
different strains of Salmonella. The alternative hypothesis was that there
are differences in colonization plant roots by different strains of
Salmonella. It means that medians are unequal in all population.

3. Results

The detection of Salmonella cells was done using Zeiss LSM Image
Browser software and all results are presented in Figs. 1–3. The ob-
tained results showed ability of Salmonella strains for surface and en-
dophytic colonization plant roots in the monoxenic model growing
plants. Also, the micrographs of roots showed location of Salmonella
cells on the surface and inside plant roots.

3.1. Inoculation experiments in the axenic system

The Salmonella typhimurium LT2 colonized root surface of lettuce in
the highest degree (5.08×105 cells/mm3 absolutely dry root). The
high degree of surface root colonization was also detected at tomato
and sweet corn roots (3.76× 105 cells/mm3 and 3.42× 105 cells/mm3

absolutely dry root). The roots of sweet corn (1.99× 105 cells/mm3),
lettuce (1.59× 105 cells/mm3) and tomato (1.12×105 cells/mm3 ab-
solutely dry root) were the most endophiticly colonized by S. typhi-
murium LT2 (Fig. 1).

The surface and endophytic colonization plant roots by Salmonella
typhimurium S1 was the largest at celery and tomato. The number of
bacteria at celery root surface and interior was 7.45× 105 cells/mm3

and 2.07× 105 cells/mm3 absolutely dry root. Also, it was detected
7.44×105 cells/mm3 (root surface) and 1.64×105 cells/mm3 abso-
lutely dry root (root interior) at tomato. The huge number of S. typhi-
murium S1 cells was detected on the lettuce root surface
(5.17×105 cells/mm3 absolutely dry root). The lowest level of colo-
nization by this strain was noticed at spinach and sweet corn roots
(Fig. 2).

The high level of colonization roots by Salmonella typhimurium ATCC
14028 was found out at leafy and fruitful vegetables but this strain
colonized root-tuber plants less than others. Thus, the largest number of
S. typhimurium ATCC 14028 was detected on the surface parts of lettuce
and sweet corn roots (1.01× 106 cells/mm3 and 1.02× 106 cells/mm3

absolutely dry root). Also, these plants were endophytic colonized by
this strain. In terms of root-tuber vegetables, the S. typhimurium ATCC
14028 colonized in the highest degree carrot root surface
(4.98×105 cells/mm3 absolutely dry root) and carrot root interior
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Fig. 3. The number of Salmonella typhimurium ATCC 14028 cells in
the surface and interior layers of vegetable roots ( root surface
root interior).

Photo 1. The characteristic black colonies of Salmonella
typhimurium S1 strain on XLD Agar (left) and SS Agar (right)
which was used for plant inoculation.
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(1.48×105 cells/mm3 absolutely dry root) (Fig. 3).

3.2. FISH/CLSM analysis of inoculated roots

In the interior spaces of the lettuce root, the Salmonella typhimurium
LT2 cells were seen as single or in the form of microcolonies. The
bacterial cells were also located in intercellular spaces (niches) and they
were found very close to vascular system of lettuce root (Micrograph 1).
Also, it was detected that Salmonella typhimurium LT2 cells can reach
very deep layers of interior at tomato and sweet corn roots. The bac-
terial cells were able to come close to root xylem (Micrograph 1). The
Salmonella typhimurium LT2 cells could colonize root hairs and root
surface in the very high degree (Fig. 1 and Micrograph 2).

The CLSM micrographs showed that Salmonella typhimurium S1 cells
appeared in the form of microcolonies, aggregations in the intercellular
niches at lettuce and parsley roots (Micrograph 3).

The Salmonella typhimurium ATCC 14028 cells formed aggregations
on the sweet corn root hairs and appeared like biofilm. In the deeper
layers of sweet corn root, bacterial cells were single and they were lo-
cated in intracellular niches (Micrograph 4). It has been determined
that bacterial cells formed microcolonies in the intercellular spaces that
were located very close to xylem system of lettuce root. At the spinach
root, Salmonella cells were predominantly attached to root hairs and
they appeared in biofilm form (Micrograph 4). Regarding root-tuber
plants, Salmonella typhimurium ATCC 14028 cells were dominantly lo-
cated on the parsley root surface, but they were rarely found on root
hairs. The bacterial cells also were found out in deep layers of carrot
and celery root (intercellular niches) and they were located close to root
xylem (Micrograph 5).

Photo 2. The seed germination in Petri-dishes with Nutrient
Agar and checking of seed sterility (a – tomato seeds; b –
carrot seeds).

Photo 3. The plastic dishes and glass tubes with experi-
mental plants inoculated by Salmonella strains (a – sweet
corn in glass tubs; b – growing plants; c – tomato plants; d –
spinach plants).

Table 1
The characteristics and specificity of oligonucleotide probes and the strength of the deionized formamide used in the hybridization buffer.

Bacteria Probe Specificity Binding position Sequence 50-30 % FA Reference

Target (rRNA) E. coli

S. typhimurium Salm-63 Salmonella sp.
Plesiomonas
shigelloides

23 S 1742–1760 GCTGCCTCCCGTAGGAGT 35 W.Ludwig
(not pablished)

All bacteria EUB-338 Bacteria 16 S 338–355 GCTGCCTCCCGTAGGAGT 35 [1]
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3.3. Statistic test and decision about the null hypothesis

Based on experimental data, it was calculated the sum of ranks for
each of the samples of surface colonization plant roots by Salmonella
strains: R1= 864 (Salmonella enterica serotype typhimurium LT2);
R2= 924 (Salmonella enterica serotype typhimurium S1); R3= 1062
(Salmonella enterica serotype typhimurium ATCC14028). The rejection
region for this Chi-Square test was R= χ2: χ2 > 5.991 (α=0.05;
df= 3–1= 2). The result of Kruskal-Wallis Test was obtained ac-
cording to formula:

Hs=12 / N (N+1) (R1
2/n1 + R2

2/n2 +⋯+Rk
2 / nk) – 3(N+1)= 12

/ 75 (75 + 1) (8642/31 + 9242/20 + 10622/24) – 3
(75 + 1) = 11.501

It is observed that χ2= 11.501 > χ2
R= 5.991, and it means that

the null hypothesis is rejected. Also, the p-value is p= .0032, and since
p= .0032 < 0.05, it could be concluded that the null hypothesis is
rejected. There is statistical evidence about differences between in-
vestigated Salmonella strains in surface colonization plant roots at
α=0.05 significance level.

The sum of ranks for samples of colonization interior spaces of plant
roots by Salmonella strains are: R4= 741 (Salmonella enterica serotype
typhimurium LT2); R5= 859 (Salmonella enterica serotype typhimurium
S1); R6= 956 (Salmonella enterica serotype typhimurium ATCC14028).
The rejection region for χ2-Test was R= χ2: χ2 > 5.991 for α=0.05
and df= 3–1=2. The result of Kruskal-Wallis Test was:

Hi=12 / N (N+1) (R4
2/n1 + R5

2/n2 +⋯+Rk
2 / nk) – 3(N+1) = 12

/ 71 (71 + 1) (7412/28 + 8592/19 + 9562/24) – 3 (71 + 1) = 10.588

The Kruskal-Wallis Test showed that χ2= 10.588 > χ2
R= 5.991,

and the null hypothesis must be rejected. The p-value is p= .005, and
since p= .005 < 0.05, it means that the null hypothesis is rejected.
The statistical test showed significant differences between investigated
Salmonella strains in interior colonization plant roots at α=0.05 sig-
nificance level.

4. Discussion

Our experiments showed that tested Salmonella spp. strains have
different ability for plant colonization. Thus, Salmonella enterica ser-
otype typhimurium LT2 has the maximum capacity for surface and
endophytic lettuce root colonization but the same strain has the
weakest ability to colonize carrot root (Fig. 1). The obtained results
showed that human pathogen, Salmonela enterica serovar typhimurium
(S. typhimurium) could endophytic colonize different plant species very
efficiently and also, these bacteria can actively enter into the root tissue
and multiply in the intercellular niches of plant root.

There is evidence that Salmonella may exist epiphytically on the
plants but it is also able to enter plant through different wounds, root,
stomata, hydrathodes. The Salmonella could be found in fruits and seeds
after contaminations plant flowers [33].). Also, trichomes, stomata,
hydratodes allow presence of Salmonella into plant leaves [4,32,33].

Schikora et al. (2008.) showed that Salmonella typhimurium reaches
in interior of plant cells Arabidopsis thaliana and multiply in them.
Although the infection of Arabidopsis thaliana activates plant immune
response, which is similar as well as with other phitopathogen bacteria,
it seems that S. typhimurium is able to overcome the host plant defense
mechanisms and reproduces in plant. Our results are in accordance with
literature and they unequivocally showed that Salmonella typhimurium
could be typical plant endopathogen.

Micrograph 1. Colonization lettuce root (left), tomato root (middle), sweet corn root (right) by S. typhimurium LT2. The white arrows show bacterial microcolony (left picture) and single
bacterial cells (middle and right picture) inside plant root. The bacterial cells are visible in yellow color.

Micrograph 2. Colonization celery root (left) and carrot
root (right) by Salmonella typhimurium LT2. The left picture
is orthogonal view of celery root and white arrows show
single bacterial cells which is attached to root hair. The
attachment Salmonella cells to the surface of carrot root is
visible on right picture. The Salmonella cells are visible in
yellow color.
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The native microbial population in the environment could have
positive influence on ability of Salmonella to colonize plants. So, plant
pathogens (viruses, fungi, and bacteria), wild and domestic animals
could degrade plants and increase possibilities of colonization plants by
Salmonella [27,40].).

The Salmonella characteristics, like genetic features, presence of
T3SS (type III secretion system), chemotaxis, motility, forming biofilm
are very important in survival bacteria in the environment and colo-
nization plants [58]. The experiment [58] showed that T3SS is essential
for efficient plant colonization.

The plant root surface colonization by Salmonella enterica serovar
typhimurium S1 was the most prominent at tomato, lettuce and celery
(more than 105 cells/mm3 absolutely dry root) but this colonization was

the smallest at spinach root. The root endophytic colonization by this
strain was also the largest at tomato and celery and, it was detected
more than 104 cells/mm3 inside of spinach root (Fig. 2).

The results of other authors showed that Salmonella is able for co-
lonization tomato plants through root system and leaves [32,36]. The
entrance Salmonella cells through leaf surfaces (even they are modified
with carborundum and surfactants) confirm that it is way for internal
plant contamination [32].

In contrast, the experiment of [26] showed poorly colonization all
tomato plant parts by S. typhimurium that suggest that contamination
could be result of postharvest handling.

The literature data shows that S. typhimurium LT2 and DT104 strains
are able to endophytic colonize seedlings and sprouts of barley which

Micrograph 3. Colonization lettuce root (left) and parsley
root by S. typhimurium S1. The white arrows show presence
of Salmonella cells in intercellular spaces inside plant roots
and bacteria cells are visible in yellow color.

Micrograph 4. Colonization sweet corn root (left), lettuce root (middle), spinach root (right) by S. typhimurium ATCC 14028. On the left picture, the Salmonella cells are clear visible as
single inside sweet corn root and like microcolomies on the root hairs. On the middle picture, the bacterial cells are visible in deep layers of lettuce root very close to xylem. The right
picture shows attachment Salmonella cells to spinach root hairs.

Micrograph 5. Colonization parsley (left) carrot (middle), celery (right) by S. typhimurium ATCC 14028. The white arrows show surface attachment bacterial cells to parsley and celery
root (left and right picture). On the middle picture, the Salmonella cells are visible deeply inside carrot root.
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are grown in axenic model conditions. Using the FISH analysis,
Salomonella typhimurium cells were detected inside plant tissue [46].
The investigations which were related to lettuce (Lactuca sativa) im-
mune response to colonization by Salmonella enterica serovar Dublin
showed that 43% surface sterilized and 93% none disinfected lettuce
plants were colonized by this strain [43].

The Salmonella enterica serovar typhimurium ATCC14028 has
proven to be a very good in colonization root of investigated plant
species. The highest number of bacterial cells was found out on the root
surface at lettuce and sweet corn (106 cells/mm3 absolutely dry root),
but the large number of Salmonella cells was also detected at spinach,
tomato and carrot root surface (> 105 cells/mm3 absolutely dry root).
The weakest root surface colonization was noticed at parsley and
celery. It was detected ≈105 Salmonella cells/mm3 absolutely dry root,
which colonized lettuce and sweet corn root endophyticaly. Also, inside
the celery root, it was noted ≈104 cells/mm3 absolutely dry root
(Fig. 3).

The Salmonella is able to form microcolonies near stomata and
enter in mesophyll tissue of lettuce and arugula leaves. The lower de-
gree of colonization was detected at red-lettuce and basil leaves but the
marginal colonization was noticed at parsley and tomato leaves [29]. It
is known that hydratodes and trichomes are very helpful in colonization
leaves by Salmonella [4,32,33].

By studying colonization over time [43], found out that the highest
number of bacteria was detected the twelfth day after beginning of
inoculation. The same authors noticed the highest degree of bacterial
colonization eighteenth day after inoculation at non disinfected plants.

Our research showed that Salmonella typhimurium was able to co-
lonize all investigated plants (Figs. 1–3; Micrographs 1-5).

Also, our previous experiments with Gfp-transformed bacteria
showed that if human pathogen bacteria get into the interior of plant
leaf, they are able to multiply themselves and this is in accordance with
literature [19,37]. Many studies showed that Salmonella spp. could be
found in apoplast (intercellular spaces) and these bacteria are able to
form biofilm in parsley root [47].

The human and animal infections by S. typhimurium depends on
different factors and today it is known mechanism of penetration this
bacteria in the epithelial cells of the mammalian host [24]. The viability
of Salmonella spp. in the environment without host organism is not still
completely known, but it is evident that these bacteria are very adap-
table to low pH and high temperature [55]. According to [52]; Salmo-
nella spp. is not able to survive in the soil more than 900 days after
inoculation.

There is evidence that plants have response to colonization of
human pathogen bacteria. It includes immune response, expression of
pathogenesis related genes (PRG). The experiment with mutants in
T3SS showed that wild-strain is able to exceed the plant immune re-
sponse [58].

[64] showed that Salmonella attachment to plant surface is the most
important step in colonization. There are some bacterial factors which
are very helpful in this process such as lipopolysaccharides (LPS),
fimbria and nonfimbrial adhesions, flagella.

Also, there is differences in attachment Salmonella typhimurium to
plant leaves and it depends on plant growing stage, better attachment is
at older than at youger leaves [45].

Some research shows that the contaminated soil, for growing crops
which are eaten in raw, could be very serious cause of infections by
pathogenic bacteria [10]. The Salmonella spp. is able to reach soil
mainly through manure, waste water and other waste materials which
have organic origin.

Our results show that plants, which were endophytic colonized by
Salmonela enterica serovar typhimurium, could be good model for further
research of colonization mechanisms and Salmonella spp. pathogenicity
in plants.

Using Gfp-transformed bacteria in previous research as well as ap-
plication FISH analysis, our research has proved surface and endophytic

plant root colonization by Salmonella spp. The FISH method is used to
detect nucleic acid sequences by means of a phylogenetic fluorescently
labelled oligonucleotide probes that specifically hybridize to a com-
plementary target sequence within the bacterial cell [9,22,50].

Some confocal micrographs (Micrograph 4) indicate the presence of
bacterial cells in the interior of the plant root cells (cytoplasm) but the
mechanism of penetration bacteria remains still unknown.

It is not much important surface and interior colonization leaves,
but for consumers, it is important translocation bacteria through plant
and reach the fruits. It was detected translocation bacteria in tomato
plants [32]. These authors showed internalization bacteria in tomato
fruits when the plant is systemically colonized.

It is known huge heterogeneity in colonization different plants by
human pathogen. According to [30]; about 20% of plant population is
colonization by bacteria, but this range could reach from 20% to 100%
and it depends on plant species and bacterial strains.

[4] showed that when it is done inoculation one tomato cultivar
with one Salmonella strain, the interaction between plant and bacteria
could be different and it depends on plant species and bacterial strains.

Based on the experimental results [57], suggest that Salmonella spp.
is able to inhabit the plant cells cytoplasm of Arabidopsis thaliana and
using confocal microscopy, they noticed movement bacteria in the cy-
toplasm of plant cells. They found out Salmonella cells in the root hairs
only 3 h after inoculation and 17 h after inoculation, the bacterial cells
were noticed in rhizodermal plant cells. The caution in interpreting
these results is necessary because it has still not clarified the exact
mechanism of penetration human pathogen bacteria through the cell
wall of plants.

5. Conclusion

All investigated Salmonella strains (Salmonella typhimurium LT2,
Salmonella typhimurium ATCC14028, Salmonella typhimurium S1)
showed ability in colonization vegetable plants. All strains were very
good in surface and endophytic colonization plant roots. The Salmonella
strains were frequently detected in intercellular spaces of roots all in-
vestigated plants. The strain Salmonella typhimurium ATCC 14028 was
detected in the interior root cells at sweet corn but the mechanism of
penetration bacterial cells through the plant cell wall is still unknown.
The future research should be based on the mechanisms of plant re-
sponse for bacterial colonization and mechanisms of bacterial entrance
in plant cells.
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