
Pertanika J. Trop. Agric. Sc. 42 (3): 1097 - 1110 (2019)

© Universiti Putra Malaysia Press

TROPICAL AGRICULTURAL SCIENCE
Journal homepage: http://www.pertanika.upm.edu.my/

Article history:
Received: 07 December 2018
Accepted: 11 July 2019
Published: 19 August 2019

ARTICLE INFO

E-mail addresses:
shilpibiotech147@gmail.com (Shilpi Shilpi)
neha_5935_2405@yahoo.co.in (Neha Bhadauria)
sharmapremdatt1@gmail.com (Prem Datt Sharma)
prabir_kp@rediffmail.com (Prabir Kumar Paul)
* Corresponding author

ISSN: 1511-3701
e-ISSN: 2231-8542   

Biofilm Formation and Survival of Serratia fonticola, Klebsiella 
pneumoniae and Chryseobacterium jejuense on Tomato 
Phylloplane

Shilpi Shilpi1, Neha Bhadauria1, Prem Datt Sharma2 and Prabir Kumar Paul1*
1Cell and Molecular Biology Lab, Amity Institute of Biotechnology, Amity University, Noida, Uttar Pradesh, 
201313, India
2Department of Botany, University of Delhi, New Delhi, Delhi 110007, India

ABSTRACT

Various human enteric pathogens have been isolated from surface of spinach, lettuce, 
sprouts, tomato, radish, berries etc. These microbes are not endemic to plant surface but 
they adapt and survive by mechanism(s) which are still unknown. This study was aimed 
to understand the colonization pattern of Serratia fonticola, Klebsiella pneumoniae and 
Chryseobacterium jejuense by leaf impression method on tomato plants raised under 
aseptic conditions. The biofilm forming ability of these bacteria were also studied. The 
study revealed that the population of these enteric pathogens were significantly high (89 
CFU/cm2) on phylloplane of tomato after 96 hours of incubation. Each of these microbes 
had a distinct colonization pattern and could successfully form biofilm.  The study throws 
light on the ability of human enteric pathogens to colonize phylloplane possibly aided 
by their biofilm forming capability on leaf surface. The study is significant since it shall 
enhance understanding of association of human enteric pathogens with plants to design 
strategies for their survival.

Keywords: Biofilm, Chryseobacterium jejuense, colonization, cross talk, human enteric pathogen, Klebsiella 

pneumoniae, Serratia fonticola

INTRODUCTION

Increas ing  number  o f  food  borne 
gastrointestinal outbreaks is a global concern.   
Consumption of fresh produce as a part of 
organic and healthy diet has been reported to 
be associated with gastrointestinal disorders 
(Brandl & Mandrell, 2002; Martínez-Vaz 
et al., 2014). Important sources of human 
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enteric pathogens are irrigation water 
and untreated organic manure in pre and 
post-harvest environment. Escherchia coli 
O157:H7 and Salmonella enterica have 
been reported to contaminate leafy greens 
(Bolton et al., 2011; Buchholz et al., 2012; 
Talley et al., 2009; Wachtel & Charkowski, 
2002; Wasala et al., 2009). Other human 
pathogenic bacteria isolated from surface of 
tomato and radish include Serratia fonticola, 
Klebsiella pneumoniae, Enterobacter 
ludwigi, Chryseobacterium jejuense and 
Stenotrophomonas maltophilia (Gaur et al., 
2016). A number of environmental factors 
affect the colonization and internalization 
of these bacteria on phylloplane. These 
factors include poor nutrient availability 
and aerobic conditions, exposure to ultra 
violet radiations. Further, presence of curli 
and fimbriae on bacteria facilitates their 
adhesion on the leaf surface (Brandl et al., 
2005; Dinu & Bach, 2011; Erickson et al., 
2010; Linden et al., 2013).

Bacteria which enter the plant system 
communicate and exhibit  a density 
dependent behaviour. This environmental 
sensing system, which is used by bacteria 
to monitor their growth, is called quorum 
sensing (Fuqua et al., 1994). This system 
is established through small signaling 
molecules called autoinducers (Brelles-
Mariño & Bedmar, 2001; Gowda et al., 
2013; Holden et al., 2002). Gram negative 
bacteria secrete acylated homoserine 
lactone molecules (Waters & Bassler, 
2005) and Gram positive bacteria secrete 
cyclic peptides as quorum sensing signals 
(Kleerebezem et al., 1997).

In the present study, bacteria isolated 
from phylloplane of tomato namely Serratia 
fonticola, Klebsiella pneumoniae and 
Chryseobacterium jejuense have been 
chosen for study of colonization and biofilm 
forming capabilities. These bacteria have 
been reported to be potent human pathogens 
and cause severe diseases in immune-
compromised individuals (Aljorayid et al., 
2016; Caprioli et al., 2005; Gavini et al., 
1979; Lopes et al., 2005). These bacteria 
have also been found to be resistant against 
broad range of antibiotics. 

Although studies for Gram negative 
quorum sensing have been reported from 
plant associated bacteria, but the ability of 
human enteric pathogens to form biofilms on 
plant surface is not well elucidated. Tomato 
being the largest cultivated vegetable crop 
is widely consumed as fresh salad has been 
used in this study. The study is aimed to 
understand the biofilm forming capability 
of the selected human enteric pathogens 
which were found to be colonizing aerial 
parts of plants. Biofilms help microbes to 
adapt and survive on the substratum they 
colonize. The study of biofilm is important 
because effective formation of biofilm 
by a microbe ensures its survival under 
various conditions. In the present study, 
understanding the biofilm formation would 
help to unravel the intrinsic underlined 
aspects of its colonization on plant surface. 
The results would help us to device ways 
and means to disrupt the biofilm formation 
thereby making fresh farm produce safe 
for human consumption.  The study would 
help to identify the capacity of these 
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microbes so that the colonization potential 
of these formidable human pathogens 
could be drastically reduced by disrupting 
their biofilm forming capacity or biofilm 
formation. This would enhance the safety of 
food products for human consumption. The 
procedure is unique as it provides a direct 
insight into the biofilm formation by human 
enteric pathogens on plants.    

MATERIALS AND METHODS  
Plant Material

Seeds of Solanum lycoperscicum (var. 
Pusa Ruby) were procured from National 
Seed Corporation, New Delhi, India. Seeds 
were surface sterilized using 0.1% Sodium 
hypochlorite solution followed by washing 
with sterilized distilled water to remove 
traces of hypochlorite. Seeds were sown in 
sterilized soilrite in plastic trays (35cm × 25 
cm × 6cm; L × W × H). Plants were grown 
at 25±1ºC and 70% relative humidity with 
12 hour (L/D) photoperiod under aseptic 
conditions. Plants were watered daily with 
sterile distilled water and weekly with 
sterilized 100% Hoagland’s solution.

Bacterial Cultures 

Inoculum of Serratia fonticola, Klebsiella 
pneumoniae  and  Chryseobacterium 
jejuense were prepared from glycerol 
stocks maintained at -20ºC. These bacteria 
were isolated from the fruits and leaves 
surface of field grown tomato, which 
used organic manure and underground 
water for irrigation. Fifty mL of sterilized 
Nutrient broth was inoculated with 1 
mL each of the selected pathogens and 

incubated overnight at 37±1ºC on an orbital 
shaker incubator. The inocula of Serratia 
fonticola, Klebsiella pneumoniae and 
Chryseobacterium jejuense were prepared 
from this overnight stock of cultures by 
adjusting their concentration to 108cells/mL 
(optical density of 0.1 at 600nm), according 
to the method described by Cottenye 
(2010). Combination of bacterial cultures 
was prepared by mixing respective cultures 
(1:1) and 0.1 OD maintained at 600 nm (108 

cells/mL).

Treatment and Sampling of Plants

Eight-weeks-old plants were chosen for 
the study. Plants were divided into seven 
groups. Experiment was conducted with 
three replicates. Each replicate had 25 
plants:

Group 1- inoculated with Serratia 
fonticola 
Group 2 - inoculated with Klebsiella 
pneumoniae 
G r o u p  3  -  i n o c u l a t e d  w i t h 
Chryseobacterium jejuense 
Group 4- inoculated with combination 
of Serratia fonticola and Klebsiella 
pneumoniae 
G r o u p  5  -  i n o c u l a t e d  w i t h 
combination of Serratia fonticola and 
Chryseobacterium jejuense
Group 6 - inoculated with combination 
of Serratia fonticola ,  Klebsiella 
pneumoniae and Chryseobacterium 
jejuense
 Group 7 - sprayed with sterile distilled 
water (control).
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The plants of each group were inoculated 
with 50 mL suspension of the bacteria using 
sterile atomizer. The treatment was carried 
out under aseptic condition.

Colonization Assay

The third node leaf from both control and 
treated plants were sampled at 0, 24, 48, 
72 and 96 hours post inoculation (hpi) and 
placed in sterile polythene bags. Five leaf 
samples from each replicate were collected 
and colonization pattern was studied by leaf 
impression techniques as described by Aneja 
(2003). Nutrient agar media was prepared, 
sterilized and plated in petri dishes (9 cm 
diameter). 

The adaxial and abaxial surfaces of the 
sampled leaves were pressed on surface 
of media. The leaves were subsequently 
removed. The plates were incubated at 
37±1ºC for overnight in an orbital shaker 
incubator. The process was repeated for 
each sample of each replicate for sampling 
intervals of each group. Colonies were 
counted and results were expressed as CFU/
cm2 of leaf. Statistical test for significance 
was carried out by GraphPad software. 
Number of CFU observed were analysed for 
statistical significance using t- test. Average 
of triplicates was calculated followed by 
standard error. The two tailed P values were 
calculated at 95% level of confidence.

Quantification of Biofilm Formation 

Biofilm formation was determined and 
quantified by microtiter plate method 
(Boddey et al., 2006). Bacterial cultures 
grown overnight at 37±1°C with shaking 

were used for the estimation. 1 mL of 
nutrient broth media was added into the 
wells of 96-well plate and 10µL of cultures 
of S. fonticola, K. pneumoniae and C. 
jejuense respectively were added singly 
and in combination into the respective wells 
containing media. The plate was incubated 
at 37±1°C for 18 hours. After incubation, a 
fresh polystyrene plate was taken and 1 mL 
media was added. Ten (10)µL of respective 
bacteria from each well was transferred 
into the triplicate wells of the fresh plate 
containing media and incubated at 37°C for 
24 hours without shaking. Wells containing 
only media served as control. After 24 
hours the supernatant from the wells was 
carefully removed and 1% crystal violet was 
added to stain the wells and kept at room 
temperature for 30 minutes. Then stain was 
removed and wells were washed carefully 
twice with 175µL of deionized water 
followed by addition of 175µL dimethyl 
sulfoxide (DMSO) to solubilize the crystal 
violet. Then absorbance was recorded 
spectrophotometrically using ELISA reader 
at a wavelength of 570 nm. The assay was 
run separately for each strain in independent 
experiments.

RESULTS AND DISCUSSION

Colonization Assay

The study revealed that each bacterial 
species and their combinations had a unique 
colonization pattern on tomato leaves. No 
morphological or pathological changes 
were observed on the plants (Figure 1). 
The findings of the study strongly suggest 
that human enteric pathogens are able to 
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effectively colonize plant parts and thereby 
significantly increase the potential entry 
into humans through consumption of such 
contaminated fresh farm produce. The 
abaxial surface of leaf was more populated 
than adaxial surface. The colonies were 
concentrated around the midrib and veins 
of leaf (Figure 2). CFU count of  Serratia 
fonticola was maximum at 24 hour post 
inoculation which  gradually decreased with 
time and was found to be minimum at 96 
hour post inoculation (Figure 3a). The CFU 
count at  24 hours was 91 CFU per cm2 

Figure 2. Bacterial colonization by leaf impression technique

Figure 1. Plants inoculated with selected human 
pathogens. No pathological changes were observed 
on the plants
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(p ≤ 0.0001), which decreased significantly 
(46 CFU per cm2) at 96 hours (p ≤ 0.0001). 
However in Klebsiella pneumoniae and 
Chryseobacterium jejuense, CFU count 
gradually increased throughout the sampling 
period (Figures 3b and 3c). In K. pneumoniae, 
CFU count was 56 CFU per cm2 at 24 hpi 
(p ≤ 0.0001) and increased to 89 CFU per 
cm2 at 96 hpi (p ≤ 0.0001). For C. jejuense, 
it was found to be 42 CFU per cm2 at 24 hpi 
(p ≤ 0.0001) which increased to 60 CFU 
per cm2 at 96 hpi (p ≤ 0.0001). Inoculation 
of mixed bacterial colonies resulted in 
similar colonization pattern. Combination 
of S. fonticola and C. jejuense as well as 
that of S. fonticola, K. pneumoniae and C. 
jejuense showed similar pattern (Figures 3e 
and 3f). In both the combinations, maximum 
CFU was recorded after 96 hours post 
inoculation. However, the combination of S. 
fonticola and K. pneumoniae had a different 
pattern of colonization. (Figure 3d). CFU 
count initially increased during 24 to 48 hr 
sampling and then gradually decreased (72 
to 96 hours post inoculation). The count was 
50 CFU (p ≤ 0.0001) and 103 CFU per cm2 
at 24 and 48 hpi respectively (p ≤ 0.0001) 
and then decreased to 66 CFU and 61 
CFU per cm2 at 72 and 96 hpi (p ≤ 0.0001) 
respectively. Bacterial inoculation either 
singly or in combination had varying results. 
More number of colonies were located on 
abaxial surface than on adaxial surface. 
Most of the colonies were around midrib 
and veins. It supports the fact that abaxial 
surface has more stomata which are the sites 
of leakage and accumulation of nutrients. 
Microbes generally tend to colonize where 
nutrients are available. Leben (1988) had 

also reported similar observations. Results 
suggest that bacteria are able to successfully 
colonize and significantly multiply on the 
phylloplane. It suggests that these human 
enteric pathogens have mechanisms to 
successfully adapt and colonize plant 
surfaces. Though these bacteria were 
isolated from the same niche, but all of 
them were found to have varying adaptation 
characteristics, when inoculated either 
single and in combination. The protocol 
followed for study is unique because it 
strictly helps in isolation and enumeration of 
human enteric pathogens from plant surface 
under aseptic conditions.

The findings are unique because 
the microbes are evolutionarily adapted 
to colonise human gut, but are able to 
successfully colonise, multiply and survive 
on phylloplane. The study highlights the 
possibility of HEPs entering human system 
through consumption of raw fruits and 
vegetables and thereby becoming major 
health hazard. E. coli O157:H7 has been 
reported on Alfalfa which persisted for 
long period (Cools et al., 2001; Gagliardi 
& Karns, 2002) but survival of S. fonticola, 
K. pneumoniae and C. jejuense on plant 
surfaces have not been studied much. The 
colonization of various enteric bacteria 
under field conditions is governed by 
numerous environmental factors like nutrient 
availability, fluctuation of temperature 
and humidity (Beattie & Lindow, 1994; 
Suslow, 2002). Short term changes in 
the weather conditions at the microscale 
level of leaves were earlier thought to 
be the reason for variation in population 
size of various bacteria on phylloplane. 
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(a) (b)

(c) (d)

(e) (f)

Figure 3. CFU count of (a) Serratia fonticola; (b) Klebsiella pneumoniae; (c) Chryseobacterium jejuense; 
(d) Serratia fonticola and Klebsiella pneumoniae; (e) Serratia fonticola and Chryseobacterium jejuense; 
and (f) Serratia fonticola, Klebsiella pneumoniae and Chryseobacterium jejuense
Vertical bars represent standard error

Therefore modifications and optimum 
growth conditions on specific sites on leaves 
allow microbes to persist on plant for long 
time (Hirano & Upper, 2000). Similarly, 

in field grown parsley, the inoculum of 
E. coli and S. enterica, could colonize the 
plant surface for up to 177 and 231 days 
respectively (Islam et al., 2004). In lettuce 
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leaves the colonization and persistence of 
enteric pathogens was reported for upto 30 
days (Solomon et al., 2003).

These human enteric pathogens modify 
the environment of the leaf surface, thereby 
making it suitable for their own colonization 
(Kwan et al., 2013; Potnis et al., 2015). 
The resident bacteria which are natural 
colonizers of phylloplane also influence 
the colonization of phylloplane by HEPs 
(Pollard et al., 2014; Poza-Carrion et al., 
2013). Colonization of enteric pathogens is 
also regulated by expression of a number 
of genes. Barak et al. (2007) had reported 
that Salmonella enterica mutant which 
lacked bcsA gene, which was responsible 
for cellulose synthase production had a 
poor colonization than wild type strains. 
This is possibly because cellulose is one of 
the components for formation of biofilms. 
Any drop in biofilm formation would 
impact the colonization potential of the 
microbe. Lim et al. (2014) and Roy et al. 
(2013) had reported that differential gene 
expression was exhibited by different 
bacteria, in order to colonize plant surface. 
Hence in the present study, colonization by 
the pathogenic bacteria at certain specific 
sites is supported by the fact that these 
bacteria can modify the local environment 
so that they can persist and replicate on 
the phyllosphere. Gilbert et al. (2003) had 
proposed that microbial population of <103 
on any edible plant surface were considered 
to be within the safe limits. According to 
this parameter, pathogens in present study 
colonize and persist on tomato phylloplane 
beyond the threshold concentration. 

Quantification of Biofilm Formation 

Colonization has been further studied 
by the ability of these human enteric 
pathogens to form biofilms. Bacteria which 
colonize on leaf surface, establish cell to cell 
communication through quorum sensing, 
which leads to aggressive growth of bacterial 
cells even after 96 hours post inoculation. 
Quantification of biofilm formation 
demonstrated that all the three bacterial 
species used in the present study could 
significantly form biofilm. Among the three 
bacterial isolates, Serratia fonticola had a 
significantly higher biofilm forming capacity 
as compared to Klebsiella pneumoniae 
and Chryseobacterium jejuense. The 
combination of Serratia fonticola, Klebsiella 
pneumoniae and Chryseobacterium jejuense 
exhibited highest biofilm formation capacity 
as compared to any individual species. 
Absorbance recorded for S. fonticola after 
24 hours of incubation was 0.159 (p ≤ 
0.0001), while those for K. pneumoniae 
and C. jejuense was 0.122 (p ≤ 0.0001) and 
0.123 (p ≤ 0.0001) respectively. However 
absorbance recorded for combination of 
three bacteria was 0.168 (p ≤ 0.0001). 
Biofilm formation was found to be highest 
after 48 hours of incubation as compared to 
24 hours (Figure 4a). Absorbance recorded 
for S. fonticola after 24 hours of incubation 
was 0.188 (p ≤ 0.0001), while those for K. 
pneumoniae and C. jejuense was 0.169 (p ≤ 
0.0001) and 0.147 (p ≤ 0.0001) respectively. 
After 48 hours, Serratia fonticola could 
significantly form biofilm as compared 
to the other two bacteria (Figure 4b). 
Absorbance recorded for combination of 



Biofilm Enhances HEP Survival

1105Pertanika J. Trop. Agric. Sc. 42 (3): 1097 - 1110 (2019)

three bacteria was 0.225(p ≤ 0.0001), which 
was found to be highest among all. Results 
were found to be statistically significant.

Biofilms have been found to be 
associated with several molecules like acyl 
homoserine lactones, oligopeptides and 
amino acids (Loehfelm et al., 2007; McLean 
et al., 1997). Gram negative bacteria are able 
to produce acyl homoserine lactones which 
have been reported to control several genes 

for colonization (Costerton et al., 1999). 
Brandl and Mandrell (2002) had reported 
that bacteria formed biofilm or aggregates. 
Microbial biofilms can be formed on leaves 
roots, intercellular spaces of plant tissues. 
The microbes form biofilms to prevent 
themselves from desiccation, environmental 
stress, antimicrobial compounds etc. On 
the phyllosphere, biofilms impact the 
epiphytic fitness of the microbes (Costerton 

Figure 4. Biofilm formation by bacterial isolates (a) after 24 hours; and (b) after 48 hours
Vertical bars represent standard error
Note:. KP = Klebsiella pneumoniae; SF = Serratia fonticola; CJ = Chryseobacterium jejuense; KP+SF+CJ = 
Combination of Klebsiella pneumoniae, Serratia fonticola and Chryseobacterium jejuense]

(a)

(b)
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et al., 1987; Morris et al., 1997; Zottola 
& Sasahara, 1994).  It has been reported 
that biofilm help in their stability and 
persistence on phylloplane making them 
fit to survive. The studies reported so far, 
do not characterize the quorum sensing 
molecules produced by these human enteric 
pathogens on plant surface through the 
biofilm forming capacity exhibited by these 
human pathogenic bacteria is of a concern 
for the society as it possibly enhances 
their adaptability on plants and thereby 
enhance their survival in an otherwise harsh 
environment on leaf surface.

Niemira and Cooke (2010) reported 
that some human pathogenic bacteria were 
capable of modulating gene expression 
involved in biofilm formation. Certain 
biofilm forming components like curli and 
cellulose are involved in the quorum sensing. 
Bacteria produce signal molecules which 
diffuse from cells and get accumulated 
in the extracellular environment. Upon 
reaching a threshold concentration, these 
signals regulate the expression of certain 
genes for LuxR/LuxI, in turn regulating 
their transcription (Fuqua et al., 1996; Gray, 
1997; Hardman et al., 1998).

In the present study, all three human 
pathogenic bacteria namely Serratia 
fonticola, Klebsiella pneumoniae and 
Chryseobacterium jejuense have been found 
to form microbial biofilms. Identification 
of these molecules would help in limiting 
the bacterial colonization on phylloplane. 
Quorum sensing mechanisms of these 
bacteria are involved in antibiotic resistance 
against a broad spectrum of antibiotics 

and elimination of competitors from same 
niche (Brelles-Mariño & Bedmar, 2001). 
Pathogens like Pseudomonas aeruginosa 
have been studied for quorum sensing 
mechanism and virulence factors have been 
isolated and studied (Anzai et al., 2000). 

The study of such factors in plant 
system would lead to limit the pathogen 
load on fresh produce. Developing quorum 
sensing inhibitors can prove to be a rational 
approach towards food safety. 

CONCLUSION

The study revealed that human enteric 
pathogens namely, Serratia fonticola, 
Klebsiella pneumoiae and Chryseobacterium 
jejuense were able to form biofilm on 
the phylloplane of tomato. This possibly 
adapts them to survive and establish on the 
phylloplane and cause severe disorders.

ACKNOWLEDGEMENT

Authors sincerely thank Amity Institute 
of Biotechnology, Amity University for 
providing necessary infrastructure facilities 
to carry out the research work.

REFERENCES
Aljorayid, A., Viau, R., Castellino, L., & Jump, 

R. L. (2016). Serratia fonticola, pathogen or 
bystander? A case series and review of the 
literature. IDCases, 5, 6-8. doi: 10.1016/j.
idcr.2016.05.003

Aneja, K., R. (2003). Isolation of microorganisms from 
phyllosphere (Phylloplane). In Experimental 
microbiology, plant pathology and biotechnology 
(pp. 176-178). New Delhi, India: New Age 
International Publishers.



Biofilm Enhances HEP Survival

1107Pertanika J. Trop. Agric. Sc. 42 (3): 1097 - 1110 (2019)

Anzai, Y., Kim, H., Park, J. Y., Wakabayashi, H., 
& Oyaizu, H. (2000). Phylogenetic affiliation 
of the pseudomonads based on 16S rRNA 
sequence. International Journal of Systematic 
and Evolutionary Microbiology, 50(4), 1563-
1589. doi: 10.1099/00207713-50-4-1563

Barak, J. D., Jahn, C. E., Gibson, D. L., & Charkowski, 
A. O. (2007). The role of cellulose and O-antigen 
capsule in the colonization of plants by 
Salmonella enterica. Molecular Plant-Microbe 
Interaction, 20(9), 1083-1091. doi: 10.1094/
MPMI-20-9-1083

Beattie, G. A., & Lindow, S. E. (1994). Epiphytic 
fitness of phytopathogenic bacteria: Physiological 
adaptations for growth and survival. In Bacterial 
pathogenesis of plants and animals (pp. 1-27). 
Heidelberg, Germany: Springer.

Boddey, J. A., Flegg, C. P., Day, C. J., Beacham, I. 
R., & Peak, I. R. (2006). Temperature-regulated 
microcolony formation by Burkholderia 
pseudomallei requires pila and enhances 
association with cultured human cells. Infection 
and Immunity, 74(9), 5374-5381. doi: 10.1128/
iai.00569-06

Bolton, D., Monaghan, A., Byrne, B., Fanning, S., 
Sweeney, T., & Mcdowell, D. (2011). Incidence 
and survival of non-O157 verocytotoxigenic 
Escherichia coli in soil. Journal of Applied 
Microb io logy ,  111 (2 ) ,  484 -490 .  do i : 
10.1111/j.1365-2672.2011.05057.x

Brandl, M. T., & Mandrell, R. E. (2002). Fitness 
of Salmonella enterica serovar Thompson 
in the cilantro phyllosphere. Applied and 
Environmental Microbiology, 68(7), 3614-3621. 
doi: 10.1128/aem.68.7.3614-3621.2002

Brandl, M. T., Rosenthal, B. M., Haxo, A. F., & 
Berk, S. G. (2005). Enhanced survival of 
Salmonella enterica in vesicles released by a 
soilborne Tetrahymena species. Applied and 
Environmental Microbiology, 71(3), 1562-1569. 
doi: 10.1128/aem.71.3.1562-1569.2005

Brelles-Mariño, G., & Bedmar, E. J. (2001). Detection, 
purification and characterisation of quorum-
sensing signal molecules in plant-associated 
bacteria. Journal of Biotechnology, 91(2-3), 
197-209. doi: 10.1016/s0168-1656(01)00330-3

Buchholz, A. L., Davidson, G. R., Marks, B. P., Todd, E. 
C., & Ryser, E. T. (2012). Transfer of Escherichia 
coli O157:H7 from equipment surfaces to fresh-
cut leafy greens during processing in a model 
pilot-plant production line with sanitizer-free 
water. Journal of Food Protection, 75(11), 1920-
1929. doi: 10.4315/0362-028x.jfp-11-558

Caprioli, A., Morabito, S., Brugère, H., & Oswald, E. 
(2005). Enterohaemorrhagic Escherichia coli: 
Emerging issues on virulence and modes of 
transmission. Veterinary Research, 36(3), 289-
311. doi: 10.1051/vetres:2005002

Cools, D., Merckx, R., Vlassak, K., & Verhaegen, 
J. (2001). Survival of E. coli and Enterococcus 
spp. derived from pig slurry in soils of different 
texture. Applied Soil Ecology, 17(1), 53-62. doi: 
10.1016/s0929-1393(00)00133-5

Costerton, J. W., Cheng, K. J., Geesy, G. G., Ladd, T. 
I., Nickel, J. C., Dasgupta, M., & Marrie, T. J. 
(1987). Bacterial biofilms in nature and disease. 
Annual Review of Microbiology, 41(1), 435-464. 
doi: 10.1146/annurev.mi.41.100187.002251

Costerton, J. W., Stewart, P. S., & Greenberg, E. P. 
(1999). Bacterial biofilms: A common cause of 
persistent infections. Science, 284(5418), 1318-
1322. doi: 10.1126/science.284.5418.1318

Cottenye, N. (2010). Antimicrobial surfaces based 
on self-assembled nanoreactors: From block 
copolymer synthesis to bacterial adhesion 
studies. Retrieved December 6, 2018, from 
https://tel.archives-ouvertes.fr/tel-00598560/
document 

Dinu, L. D., & Bach, S. (2011). Induction of 
viable but nonculturable Escherichia coli 
O157:H7 in the phyllosphere of lettuce: A food 
safety risk factor. Applied and Environmental 



Shilpi Shilpi, Neha Bhadauria, Prem Datt Sharma and Prabir Kumar Paul

1108 Pertanika J. Trop. Agric. Sc. 42 (3): 1097 - 1110 (2019)

Microbiology, 77(23), 8295-8302. doi: 10.1128/
aem.05020-11

Erickson, M. C., Webb, C. C., Diaz-Perez, J. C., Phatak, 
S. C., Silvoy, J. J., Davey, L., . . . Doyle, M. P. 
(2010). Surface and internalized Escherichia 
coli O157:H7 on field-grown spinach and lettuce 
treated with spray-contaminated irrigation 
water. Journal of Food Protection, 73(6), 1023-
1029. doi: 10.4315/0362-028x-73.6.1023

Fuqua, W. C., Winans, S. C., & Greenberg, E. P. (1994). 
Quorum sensing in bacteria: The LuxR-LuxI 
family of cell density-responsive transcriptional 
regulators. Journal of Bacteriology, 176(2), 269-
275. doi: 10.1128/jb.176.2.269-275.1994

Fuqua, W. C., Winans, S. C., & Greenberg, E. P. 
(1996). Census and consensus in bacterial 
ecosystems: The LuxR-LuxI family of quorum-
sensing transcriptional regulators. Annual 
Review of Microbiology, 50(1), 727-751. doi: 
10.1146/annurev.micro.50.1.727

Gagliardi, J., & Karns, S. J. (2002). Persistence of 
Escherichia coli O157:H7 in Soil and on plant 
roots. Environmental Microbiology, 4(2), 89-96.           
doi: 10.1046/j.1462-2920.2002.00273.x.

Gaur, I., Sharma, P. D., & Paul, P. K. (2016). 
Human pathogenic bacteria associated with field 
grown Tomato and Radish. Asian Journal of 
Microbiology, Biotechnology and Environmental 
Sciences, 18(3), 753- 761. 

Gavini, F., Ferragut, C., Izard, D., Trinel, P. A., Leclerc, 
H., Lefebvre, B., & Mossel, D. A. (1979). Serratia 
fonticola, a new species from water. International 
Journal of Systematic Bacteriology, 29(2), 92-
101. doi:10.1099/00207713-29-2-92

Gilbert, P., McBain, A. J., & Rickard, A. H. (2003). 
Formation of microbial biofilm in hygienic 
situations: A problem of control. International 
Biodeterioration and Biodegradation, 51(4), 
245-248. doi: 10.1016/S0964-8305(03)00043-X

Gowda, K. L., John, J., Marie, M. A., Sangeetha, 
G., & Bindurani, S. R. (2013). Isolation and 
characterization of quorum-sensing signalling 
molecules in Pseudomonas aeruginosa 
i s o l a t e s  r e c o v e r e d  f r o m  n o s o c o m i a l 
infections. Journal of Pathology, Microbiology 
and Immunology, 121(9), 886-889. doi: 10.1111/
apm.12047

Gray, K. M. (1997). Intercellular communication 
and group behavior in bacteria. Trends in 
Microbiology, 5(5), 184-188. doi: 10.1016/
s0966-842x(97)01002-0

Hardman, A. M., Stewart, G. S. A. B., & Williams, 
P. (1998). Quorum sensing and the cell- cell 
communication dependent regulation of gene 
expression in pathogenic and non-pathogenic 
bacteria. Antonie Van Leeuwenhoek, 74(4), 199-
210. doi: 10.1023/A:1001178702503

Hirano, S. S., & Upper, C. D. (2000). Bacteria in the 
leaf ecosystem with emphasis on Pseudomonas 
syringae — A pathogen, Ice nucleus, and 
epiphyte. Microbiology and Molecular Biology 
Reviews ,  64(3), 624-653. doi: 10.1128/
MMBR.64.3.624-653.2000  

Holden, M. T., Chhabra, S. R., Nys, R. D., Stead, 
P., Bainton, N. J., Hill, P. J., . . . Williams, P. 
(2002). Quorum-sensing cross talk: Isolation 
and chemical characterization of cyclic 
dipeptides from Pseudomonas aeruginosa 
and other Gram-negative bacteria. Molecular 
Microbiology ,  33 (6) ,  1254-1266.  doi : 
10.1046/j.1365-2958.1999.01577.x

Islam, M., Doyle, M. P., Phatak, S. C., Millner, 
P. ,  & Jiang,  X. (2004).  Persistence of 
enterohemorrhagic Escherichia coli O157: 
H7 in soil and on leaf lettuce and parsley 
grown in fields treated with contaminated 
manure composts or irrigation water. Journal 
of Food Protection, 67(7), 1365-1370. doi: 
10.4315/0362-028X-67.7.1365



Biofilm Enhances HEP Survival

1109Pertanika J. Trop. Agric. Sc. 42 (3): 1097 - 1110 (2019)

Kleerebezem, M., Quadri, L. E., Kuipers, O. P., 
& Vos, W. M. (1997). Quorum sensing by 
peptide pheromones and two-component 
signal-transduction systems in Gram-positive 
bacteria. Molecular Microbiology, 24(5), 895-
904. doi:10.1046/j.1365-2958.1997.4251782.x

Kwan, G., Charkowski, A. O., & Barak, J. D. (2013). 
Salmonella enterica suppresses Pectobacterium 
carotovorum subsp. carotovorum population 
and soft rot progression by acidifying the 
microaerophilic environment. MBio, 4(1), 
e00557-12. doi:10.1128/mbio.00557-12

Leben, C. (1988). Relative humidity and the survival 
of epiphytic bacteria with buds and leaves of 
cucumber plants. Phytopathology, 78(2), 179-
185. doi: 10.1094/phyto-78-179

Lim, J., Lee, D. H., & Heu, S. (2014). The interaction 
of human enteric pathogens with plants. The 
Plant Pathology Journal, 30(2), 109-116. doi: 
10.5423/ppj.rw.04.2014.0036

Linden, I. V., Cottyn, B., Uyttendaele, M., Vlaemynck, 
G., Maes, M., & Heyndrickx, M. (2013). Long-
term survival of Escherichia coli O157:H7 
and Salmonella enterica on butter head lettuce 
seeds, and their subsequent survival and growth 
on the seedlings. International Journal of Food 
Microbiology, 161(3), 214-219. doi: 10.1016/j.
ijfoodmicro.2012.12.015

Loehfelm, T. W., Luke, N. R., & Campagnari, A. A. 
(2007). Identification and characterization of 
an Acinetobacter baumannii biofilm-associated 
protein. Journal of Bacteriology, 190(3), 1036-
1044. doi: 10.1128/jb.01416-07

Lopes, A. C., Rodrigues, J. F., & Júnior, M. A. (2005). 
Molecular typing of Klebsiella pneumoniae 
isolates from public hospitals in Recife, 
Brazil. Microbiological Research, 160(1), 37-
46. doi: 10.1016/j.micres.2004.09.007

Martínez-Vaz, B. M., Fink, R. C., Diez-Gonzalez, F., 
& Sadowsky, M. J. (2014). Enteric pathogen-

plant interactions: molecular connections leading 
to colonization and growth and implications for 
food safety. Microbes and Environments, 29(2), 
123-135. doi: 10.1264/jsme2.me13139

McLean, R. J. C., Whiteley, M., Stickler, D. J., & 
Fuqua, W. C. (1997). Evidence of autoinducer 
activity in naturally occurring biofilms. FEMS 
Microbiology Letters, 154(2), 259-263. doi: 
10.1016/s0378-1097(97)00336-4

Morris, C. E., Monier, J., & Jacques, M. (1997). 
Methods for observing microbial biofilms 
directly on leaf surfaces and recovering them for 
isolation of culturable microorganisms. Applied 
and Environmental Microbiology, 63(4), 1570-6. 

Niemira, B. A., & Cooke, P. H. (2010). Escherichia 
coli O157:H7 biofilm formation on romaine 
lettuce and spinach leaf surfaces reduces 
efficacy of irradiation and sodium hypochlorite 
washes. Journal of Food Science, 75(5), 
M 2 7 0 - M 2 7 7 .  d o i :  1 0 . 1 1 1 1 / j . 1 7 5 0 -
3841.2010.01650.x

Pollard, S., Barak, J., Boyer, R., Reiter, M., Gu, G., 
& Rideout, S. (2014). Potential interactions 
between Salmonella enterica and Ralstonia 
solanacearum in tomato plants. Journal of Food 
Protection, 77(2), 320-324. doi: 10.4315/0362-
028x.jfp-13-209

Potnis, N., Colee, J., Jones, J. B., & Barak, J. D. 
(2015). Plant pathogen-induced water-soaking 
promotes Salmonella enterica growth on 
tomato leaves. Applied and Environmental 
Microbiology, 81(23), 8126-8134. doi: 10.1128/
aem.01926-15

Poza-Carrion, C., Suslow, T., & Lindow, S. 
(2013). Resident bacteria on leaves enhance 
survival of immigrant cells of Salmonella 
enterica. Phytopathology, 103(4), 341-351. doi: 
10.1094/phyto-09-12-0221-fi

Roy, D., Panchal, S., Rosa, B. A., & Melotto, M. 
(2013). Escherichia coli O157:H7 induces 



Shilpi Shilpi, Neha Bhadauria, Prem Datt Sharma and Prabir Kumar Paul

1110 Pertanika J. Trop. Agric. Sc. 42 (3): 1097 - 1110 (2019)

stronger plant immunity than Salmonella enterica 
Typhimurium SL1344. Phytopathology, 103(4), 
326-332. doi: 10.1094/phyto-09-12-0230-fi

Solomon, E. B., Pang, H. J., & Matthews, K. R. 
(2003). Persistence of Escherichia coli O157:H7 
on lettuce plants following spray irrigation with 
contaminated water. Journal of Food Protection, 
66(12), 2198-2202.                doi: 10.4315/0362-
028X-66.12.2198

Suslow, T. (2002). Production practices affecting 
the potential for persistent contamination of 
plants by microbial food pathogens. In S. E. 
Lindow, E. I. Hecht-Poinar, & V. J. Elliott (Eds.), 
Phyllosphere microbiology (pp 241– 256). St. 
Paul: USA: APS Press.

Talley, J. L., Wayadande, A. C., Wasala, L. P., Gerry, 
A. C., Fletcher, J., Desilva, U., & Gilliland, S. E. 
(2009). Association of Escherichia coli O157:H7 
with filth flies (Muscidae and Calliphoridae) 
captured in leafy greens fields and experimental 
transmission of E. coli O157:H7 to spinach leaves 
by house flies (Diptera: Muscidae). Journal 

of Food Protection, 72(7), 1547-1552. doi: 
10.4315/0362-028x-72.7.1547

Wachtel, M. R., & Charkowski, A. O. (2002). Cross-
contamination of lettuce with Escherichia coli 
O157:H7. Journal of Food Protection, 65(3), 
465-470. doi: 10.4315/0362-028x-65.3.465

Wasala, L., Talley, J. L., Desilva, U., Fletcher, 
J . ,  & Wayadande,  A.  (2013).  Transfer 
of Escherichia coli O157:H7 to spinach 
by house flies, Musca domestica (Diptera: 
Muscidae). Phytopathology, 103(4), 373-380. 
doi: 10.1094/phyto-09-12-0217-fi

Waters, C. M., & Bassler, B. L. (2005). Quorum 
sens ing :  Ce l l - t o -ce l l  communica t ion 
in bacteria. Annual Review of Cell and 
Developmental Biology, 21(1), 319-346. 
doi:10.1146/annurev.cellbio.21.012704.131001

Zottola, E. A., & Sasahara, K. C. (1994). Microbial 
biofilms in the food processing industry - Should 
they be a concern?.  International Journal 
of Food Microbiology, 23(2), 125-148. doi: 
10.1016/0168-1605(94)90047-7


