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RÉSUMÉ

On s’intéresse aux impacts des pesticides sur la microflore des plantes surtout dans
le contexte des légumes contaminés par des agents pathogènes. Le but de cette étude est
d'évaluer l'impact de certains pesticides sur la persistance de micro-organismes indicateurs
et pathogènes. En laboratoire, la persistance d’E. coli et de Salmonella en présence de
quatre pesticides (Ripcord 400EC, Copper 53W, Bioprotec CAF, Serenade MAX) a été
étudiée. Les plaques de Pétrifilm et le milieu sélectif XLD sont utilisés pour énumérer les
populations d’E. coli et de Salmonella. Il a été démontré que le Serenade MAX favorisait la
croissance microbienne, le Bioprotec CAF et le Ripcord 400EC soutenaient la survie
microbienne et le Copper 53W inhibait la croissance, à la fois d’E. coli et de Salmonella.
En conditions terrain, Ripcord 400EC, Copper 53W, Bioprotec CAF ont été étudiés sur une
culture de brocoli irriguée avec de l'eau expérimentalement contaminée par E. coli. Dans
tous les traitements, un impact de l’irrigation a été observé sur les populations de levures et
de moisissures (diminution) et les bactéries aérobies totales (augmentation). Une
prévalence supérieure d’E. coli a été observée dans les parcelles traitées avec le Bioprotec
CAF comparativement aux traitements au Copper 53W, ce qui est en accord avec les
résultats observés lors de l'essai en laboratoire. Cependant, l'analyse statistique n'a montré
aucune différence significative entre les traitements appliqués. Les effets directs des
pesticides sur les micro-organismes sont confirmés dans des conditions de laboratoire mais
demeurent méconnus dans les conditions expérimentales au champ.
Mots-clés : Pesticides, persistance, E. coli, Salmonella, microflore des plantes, brocoli.
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SUMMARY

There is a concern about the impact of pesticide on plant microflora, especially in
the context of vegetables contaminated with pathogens. The aim of this study was to
evaluate the impact of various pesticides on indicator and pathogenic microorganisms’
persistence. In laboratory, survival of E. coli and Salmonella in four pesticides (Ripcord
400EC, Copper 53W, Bioprotec CAF, Serenade MAX) was evaluated. Petrifilm count
plates and XLD agar were used to enumerate E. coli and Salmonella counts. Results
showed a direct effect of various pesticides on microorganisms: Serenade MAX promoted
microbial growth; Bioprotec CAF and Ripcord 400EC supported microbial survival; and
Copper 53W inhibited both E. coli and Salmonella growth. In field conditions, three
pesticides (Ripcord 400EC, Copper 53W, Bioprotec CAF) were studied on broccoli
irrigated with E. coli - contaminated water. Broccoli samples were analyzed to determine E.
coli, mold and yeast, and total aerobic counts. Irrigation resulted in mold and yeast counts
decline but aerobic bacteria populations increased slightly in all treatments. Higher E. coli
prevalence in Bioprotec CAF treatments compared to Copper 53W treatments was
consistent with results observed during the laboratory assay. However, statistical analysis
showed no significant difference between treatments. The direct effect of pesticides on
microorganisms under laboratory conditions was demonstrated but it is still unclear under
experimental field conditions.
Keywords: Pesticides, persistence, E. coli, Salmonella, plant microflora, broccoli
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Chapter 1. INTRODUCTION

The presence of human pathogens on edible plants can be a source of human
illnesses. Many human pathogen outbreaks associated with the consumption of fruits and
vegetables have been documented in which the causative agents could be E. coli and
Salmonella. In the US, 21% of E. coli O157:H7 outbreaks were linked to vegetable
products from 1991 to 2002 (Rangel et al., 2005), and from 1996 to 2007, 33 outbreaks
were associated with Salmonella-contaminated fruits and vegetables (Callaway, 2008).
Multistate outbreaks of Salmonella infections linked to tomatoes occurred in 2004 in the
US and Canada (CDC, 2005a).

Vegetables can be contaminated by human pathogens during any stage of
production. Potential pre-harvest sources of contamination include soil, feces, irrigation
water, water used for pesticide applications, dust, insects, inadequately composted manure,
wild and domestic animals, and human handling (Beuchat, 1996). Human pathogens can be
recovered on harvested products and many among them are consumed raw. In Mexico,
5.8% of vegetable samples were found contaminated with Salmonella (Quiroz-Santiago et
al., 2009). This percentage is higher in countries where adequate sanitation practices are not
applied. For example, up to 76% of vegetable samples were found to be E. coli-positive in
Vietnam (Ha et al, 2008).

In the field, pesticides are dissolved and diluted in water and sprayed to ensure crop
coverage. Study results show that pesticide application does not only control pests, but also
2

influences the population of non-targeted microorganisms. Pesticides can have a direct
effect on human pathogens by promoting or inhibiting their growth and survival (Peter et
al., 2005; Guan et al., 2001, 2005). The ability of some pesticides to promote microbial
growth reinforces concerns that pesticide application can be associated with human
pathogens after using contaminated water to prepare pesticide solutions.

On the other hand, under field conditions, pesticides can also have an indirect effect
on human pathogen persistence by affecting plant microflora, which includes many
different genera of bacteria, filamentous fungi and yeasts (Lindow and Brandl, 2003).
Pesticide application can alter the microbial biomass and microbial community structure on
plants by providing carbon and nitrogen - energy sources for microorganisms - or by
reducing plant microflora population or diversity (Zhang et al., 2008, 2009a, 2009b). These
changes could have an effect on the competitions between human pathogens and other
microorganisms in the plant microflora (Brandl, 2006; Aruscavage, 2006), result in the
changes of the human pathogen persistence on crops. Carlin et al., (1996) determined that
the increase or decrease of the microflora population on minimally processed fresh broadleaved endive by chemical disinfection can affect the persistence of human pathogens such
as Listeria monocytogenes.

Very few studies focused on the effect of pesticide application on human pathogen
persistence and in addition, in the field where continuous interactions between pathogens
3

and plant indigenous microflora are present, the effect of pesticides on pathogen survival is
still unclear. Therefore, the objectives of this study were (1) to evaluate the survival of E.
coli and Salmonella in four pesticides solutions (Ripcord 400EC, Copper 53W, Serenade
MAX, and Bioprotec CAF) under laboratory conditions; and (2) to study the persistence of
E. coli (used as a fecal contamination indicator) on broccoli crops exposed to three
pesticides (Ripcord 400EC, Copper 53W, and Bioprotec CAF). Expected results were to be
able to observe the effects of pesticides on the survival and growth of E. coli and
Salmonella under laboratory conditions and also to clarify the effects of pesticides on E.
coli under in field conditions.
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Chapter 2. LITERATURE REVIEW

2.1 Human pathogens associated with vegetable

Human pathogens associated with vegetable can be divided into several groups such
as: bacteria including Campylobacter jejuni, Clostridium botulinum, Escherichia coli O157
and other Shiga-toxin producing Escherichia coli (STEC), Listeria monocytogenes,
Salmonella spp., Shigella spp., Staphylococcus aureus, Vibrio cholerae, Yersinia
enterocolitica; protozoa including Cyclospora cayetanensis, Cryptosporidium parvum,
Giardia lamblia; and viruses including hepatitis A and Norwalklike viruses (Steel and
Odumeru, 2004). These pathogens can be transmitted to humans through consume
vegetables contaminated. According to the report of FAO/WHO (2008), E. coli O157 and
Salmonella are among the pathogens most commonly associated with fresh fruit and
vegetable.

2.1.1 Escherichia coli

2.1.1.1 Features, history

Escherichia coli (E. coli) is a member of the Enterobacteriaceae family. It is a
Gram-negative, non-sporulating, facultative anaerobic, rod-shaped bacterium, about 1.1-1.5
x 2.0-6.0 μm in size. E. coli can live on a wide variety of substrates and obtains carbon and
energy through oxidizing organic compounds (Schulze et al., 2006). The suitable
6

temperature for the development of E. coli is around 37 °C, but some strains can grow at
temperatures of up to 49 °C (Fotadar et al., 2005). In optimal growing conditions, the rate
of cell division of the E. coli bacteria is very fast; the number of bacterial cells can double
every 20 minutes (Schulze et al., 2006).

E. coli can be isolated from the intestines of humans and animals, but represent less
than 1% of the total intestinal bacterial biomass of humans and warm blooded animals
(Todar, 2007). The bacterium is ingested in foods, water or obtained directly from other
individuals. Because it is ubiquitous in human and animal feces and is also able to survive
outside the body, the presence of E. coli is considered to be an indicator of fecal
contamination (Bopp et al., 2005). Its detection indicates the presence of fecal
contamination, and therefore the possible presence of other pathogenic microorganisms.

E. coli strains are essentially avirulent and are part of the intestinal flora (Todar,
2007), but some strains such as serotype O157: H7 are virulent and can cause serious food
poisoning in humans (Vogt and Dippold, 2005). In 1945, Enteropathogenic E. coli was first
isolated after a massive diarrhea outbreak in children in Great Britain (Kaper et al., 2004).
Since then, a series of E. coli strains have been isolated and classified into categories of
virulence. Enterotoxigenic E. coli was recognized as a cause of human diarrheal illness in
the 1960s. Enteroinvasive E. coli strains were first shown to be capable of causing diarrhea
in volunteer studies conducted in 1971 (Nataro and Kaper, 1998). Enterohaemorrhagic E.
7

coli or Shiga toxin producing E. coli was recognized as a distinct category of intestinal
pathogenic E. coli in 1982 (Kaper et al., 2004). Enteroaggregative E. coli and diffusely
adherent E. coli have been more recently isolated.

2.1.1.2 Effects on human health

E. coli was first detected as the cause of a diarrheal outbreak in children in 1935 and
it was many years later considered to be a commensal organism of the intestinal microflora
(Todar, 2007). Human diseases caused by pathogenic E. coli strains are divided into three
types based on the infection they can result in: intestinal diseases, urinary tract infections,
and neonatal meningitis. Although E. coli is best known for its ability to cause intestinal
diseases, uropathogenic E. coli causes 90% of the urinary tract infections that affect
millions of people each year (Todar, 2007) and meningitis-causing E. coli produces
meningitis in neonates that cause many newborns die and who survive sustain permanent
brain damage (Tiskumara et al., 2009).

Enterotoxigenic E. coli (ETEC) is considered as a major bacterial pathogenic cause
of diarrhea in travelers and children in developing countries. Approximately 200 million
diarrhea cases and several of thousands of deaths each year are linked to ETEC (Qadri et
al., 2005). ETEC usually enters the body through the consumption of food or contaminated
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drinking water. It causes watery diarrhea that lasts for 3 to 7 days on average and
sometimes longer resulting in dehydration and malnutrition in infants (WHO, 2009).

Enteropathogenic E. coli (EPEC) strains remain the most prevalent enteropathogen
isolated from children under 2 years old in low income countries (Nguyen et al., 2006). It
can cause persistent diarrhea that lasts for two weeks or more, leading to weight loss,
malnutrition and even death (CIDRAP, 2006). These bacteria spread to humans through
contact with contaminated water or infected animals.

E. coli O157:H7 and other serotypes belong to Shiga toxin producing E. coli (STEC
also known as enterohemorrhagic E. coli). E. coli O157 causes at least 80% of the cases of
hemolytic uremic syndrome in North America and they are the main cause of bloody
diarrhea in developed countries (Lynn et al., 2005). Food containing raw milk, sausage,
roast beef, untreated water, apple cider, raw vegetable, salads and mayonnaise are common
sources of infection. Illness caused by STEC often results in bloody diarrhea, from mild to
severe (Bopp et al., 2005).

Enteroinvasive E. coli (EIEC) strains invade colon cells and produce a generally
watery but occasionally bloody diarrhea. EIEC is very rare in North America and is much
less common than ETEC or EPEC in developing countries (Kaper et al., 2004). Human has
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been known as a reservoir for this pathotype and contaminated food has been considered as
one among the vectors.

Enteroaggregative E. coli (EAEC) was isolated from children with diarrhea during
an outbreak in Japan (Itoh et al., 1997). It was also involved in a massive diarrheal outbreak
in children in Chile, Mexico, Kenya and India and associated with chronic diarrhea among
human immunodeficiency virus infected patients (Cennimo et al., 2007). Exposure to
contaminated food and person-to-person contact are the causes of EAEC diarrheal illness.

Diffusely adherent E. coli (DAEC) also causes diarrhea in the developing world,
particularly among children through consumption of contaminated food, drinking water or
contact with people who are carrying the pathogens (Kaper et al., 2004).

Neonatal meningitis E. coli causes meningitis in neonates. They are transferred from
the mother to the neonate during birth, and can trigger meningitis in the newborn child. The
majority of cases of E. coli meningitis are associated with a serotype of E. coli that contains
a capsular antigen called K1 (Tiskumara et al., 2009).
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2.1.2 Salmonella

2.1.2.1 Features, history

Salmonella is a member of the Enterobacteriaceae family, a Gram-negative, nonsporulating, rod-shaped, facultative anaerobic, with a diameter of about 0.7-1.5 μm, and a
length of about 2.0-5.0 μm. The optimal growth temperature of Salmonella is between 3537oC. They are chemoorganotrophs which oxidize organic substances to obtain carbon and
energy (Bopp et al., 2005). Salmonella is found in the intestines of humans and animals,
and also in water, soil and plants. Sometimes it can be found in food, particularly meat and
eggs (CIDRAP, 2006). Salmonella organisms can survive in water or in soil from several
weeks to years if conditions of temperature, humidity, and pH are favorable (Todar, 2007).

Currently, there are three species recognized in the genus Salmonella: Salmonella
enteric, Salmonella bongori, and Salmonella subterranea. Salmonella enterica has six
subspecies: S. enterica subsp. enterica, S. enterica subsp. salamae, S. enterica subsp.
arizonae, S. enterica subsp. diarizonae, S. enterica subsp. houtenae, S. enterica subsp.
indica (Euzéby, 2005). These subspecies are differentiated on the basis of biochemical
traits and genomic similarities and contain multiple serotypes (Bopp et al., 2005). The
DNA of the Salmonella genus is closely related to another genus of the Enterobacteriaceae
family: Escherichia (Todar, 2007).
11

There are over 2579 Salmonella serotypes based on the presence of three major
types of antigens: somatic (O) or cell wall antigens; flagellar (H) antigens; and surface
antigens (Todar, 2007 ). More than 99.5% of the Salmonella strains isolated from humans
and other warm blooded animals belong to S. enterica subsp. enterica strains. S. enterica
subspecies and S. bongori are isolated from cold blooded animals and the environment
(Josefsen et al., 2011).

2.1.2.2 Effects on human health

In humans, Salmonella is the cause of diseases called salmonellosis: typhoid
resulting from bacterial invasion of the bloodstream, and acute gastroenteritis resulting
from a foodborne infection (Josefsen et al., 2011).

Typhoid fever is a serious bloodstream infection associated with S. Typhi. The
symptoms often present as prolonged high fever, fatigue, weakness, and headache, without
diarrhea. It is transmitted through contact with an infected person or fecal contaminated
food or water (Pegues et al., 2005). Typhoid fever is endemic in poor and developing
countries. In fact, 80% of reported cases come from Bangladesh, China, India, Indonesia,
Laos, Nepal, Pakistan, and Vietnam (Chau et al., 2007). In North America, most cases of
typhoid fever are linked to international traveling (Lynch et al., 2009).
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Non-typhoidal Salmonella usually causes gastroenteritis similar to that caused by
other bacterial enteric pathogens with symptoms like abdominal cramps, diarrhea, and fever
occurring within 8 to 72 hours after contaminated food is eaten (Klotchko and Wallace,
2009). Symptoms are usually mild, however for those at risk such as infants, the elderly
and those with weakened immune systems, Salmonella infections can become very serious
and lead to death. Some common isolates are S. Enteritidis, S. Typhimurium, S. Newport, S.
Javiana, S. Heidelberg, S Montevideo. The main reservoirs for non-typhoidal Salmonella
are animals such as poultry, livestock, pests and reptiles. Salmonella infection is usually
related to the consumption of food or water contaminated by animal feces. An estimated
96% of all Salmonella cases are caused by foods (Mead et al., 1999).

2.2 Plant indigenous microflora

Plants provide habitats for many species of microorganisms such as bacteria, yeasts
and filamentous fungi (Lindow and Brandl, 2003). Bacteria density is often found in the
range of 106 to 107 cells/cm2 of leaf (Andrews and Harris, 2000). Yeasts that also often
colonize in this habitat have density lower than bacteria. Filamentous fungi are not
regularly present. Gram-positive bacteria are more numerous than Gram-negative bacteria
(Zhang et al., 2010). Most of these bacteria are non-pathogenic organisms and often play
important roles in influencing the environment and the health of the host plant, even
contributing to carbon and nitrogen cycles. The distribution of bacterial populations on
13

plants is different depending on crop and bacterial species. For example, pigmented
bacteria colonize leaf surfaces to access the sunlight necessary for their activity. For this
reason, they are rarely found in the rhizosphere (Lindow and Brandl, 2003). According to
Zhang et al (2010), bacterial populations on spinach and rape phyllosphere were larger
compared to celery, broccoli, and cauliflower.

2.3 Interaction between human pathogens and plant indigenous microflora

Human pathogens, principally, E. coli O157:H7 and Salmonella are transient
residents of plants. To survive and grow in the plant environment, human pathogens have
to compete with indigenous members of plant microbial communities (Brandl, 2006) for
nutrition, energy and colonization on the host. In this competition, the advantage belongs to
the microorganisms that have the ability to absorb nutrients more quickly, to cope with
more extreme conditions or be able to restrict the activities of other antagonistic
microorganisms (Beattie and Lindow, 1994).

Study results in the laboratory found that the interation between pathogens and other
members of plant indigenous microflora can result in an inhibition or an enhancement of
their growth. In many cases, interaction of human pathogens with the members of plant
pathogens is beneficial to their growth on plants. Cladosporium spp and Alternaria
alternata enhances the growth of S. enterica in tomatoes (Wade and Beuchat, 2003). Well
14

and Butterfield (1997) observed an increase of S. Typhimurium numbers in samples of
rotten potatoes, carrots, and peppers caused by Pseudomonas viridiflava and Erwinia
carotovora. After an incubation time of 72 hours at room temperature, S.Typhimurium
numbers in these samples were higher than in healthy samples by approximately 3 and 10
times, respectively.

Conversely, the growth of human pathogens can be inhibited by the interaction with
plant microflora. Janisiewski et al (1999) observed that high concentrations of
Pseudomonas syringae limited the proliferation of E. coli O157 in plant lesions due to
competition for carbon and energy sources. When Pseudomonas syringae was not present,
there was at least a 2-log increase in the numbers of E. coli O157. Pseudomonas strains also
acted as growths inhibitors for one or more of the following pathogens: Staphylococcus
aureus, E. coli O157, S. Montevideo, and Listeria monocytogenes on shredded lettuce
(Schuenzel and Harrison, 2002). Liao and Fett (2001) tested 120 strains of indigenous
microflora from green bell peppers, romaine lettuce, pre-peeled baby carrots and sprouting
seeds (alfalfa and clover) for their ability to inhibit the growth of Salmonella Chester,
Listeria monocytogenes, Escherichia coli, or Erwinia carotovora. They found that six
isolates had the ability to inhibit the growth of one or more pathogens: Bacillus spp. (3
strains), Pseudomonas aeruginosa (1 strain), Pseudomonas fluorescens, and yeast.
Pseudomonas fluorescens and yeast reduced the growth of S. Chester and Listeria
monocytogenes by 1 and 2 logs respectively over a period of 3 days.
15

In the same conditions, the interactions between members of plant microflora can
cause diverse effects. Riordan et al (2000) found that the presence of Penicillium expansum
in apple wounds inoculated with E. coli O157:H7 made the levels of this strain decline
from 3 to less than 1 log at 4oC or room temperature. However, in the presence of
Glomerella cingulata at room temperature, E. coli O157:H7 numbers increased from 3.18
to 6.81 log (Riordan et al., 2000). Listeria monocytogenes was co-inoculated with one of
four plant pathogens (Pseudomonas fluorescens, Pseudomonas viridiflava, Erwinia
carotovora and Xanthomonas campestris) on potato tuber slices. The growth of Listeria
monocytogenes was strongly inhibited by Pseudomonas fluorescens and Pseudomonas
viridiflava but was not affected by Erwinia carotovora or Xanthomonas campestris.
Competition for iron via production of siderophores was suggested as a possible
mechanism for the antagonism of Pseudomonas (Liao and Sapers, 1999).

The interaction between the microorganisms of plant microflora can be affected by
the application of chemicals. For example, the application of hydrogen peroxide reduced
the commensal microflora of broad leaved endive (Carlin et al., 1996), leading to an
increase in Listeria monocytogenes populations. Abamectin, an insecticide, significantly
affected the bacterial community on broccoli leaves. It decreased bacterial biomass and
altered the proportion of Gram-negative and Gram-positive bacteria, favouring the Gramnegative ones (Zhang et al., 2009b).
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2.4 Factors affecting persistence of human pathogens on vegetables

The survival and growth of human pathogens on vegetables depends on many
factors such as temperature, pH, moisture, sunlight, vegetable type, chemicals disinfections,
and competition with other microorganisms on vegetable.

In a study on the survival and growth of E. coli O157:H7 on vegetables, the
influence of storage temperature and vegetable type on survival and growth of E. coli
O157:H7 was determined. Populations of E. coli O157:H7 declined 1 to 4 logs on
vegetables stored at 5°C, but increased 1 to 3.3 logs on vegetables stored at 12 and 21°C.
The most rapid increases in O157:H7 populations occurred on lettuce and cucumbers stored
at 21°C. However, no growth was observed on shredded carrots under the same conditions
(Abdul-Raouf et al., 1993).

In another study investigating the effects of storage temperature on growth and
survival of E. coli O157:H7 on vegetables (lettuce, Swedish turnip, dry coleslaw mix,
soybean sprouts), populations of E. coli O157:H7 were found to have increased 1.5 to 2.5
logs during a 12 days storage period on shredded lettuce (8oC). E. coli O157:H7
populations on packaged coleslaw and soybean sprouts increased by 1.5 to 2.5 logs up to
day 5, but declined during subsequent storage at 8oC. Reducing the storage temperature
from 8 to 4oC reduced the growth of E. coli O157:H7 on ready to use packaged vegetables.
17

However, viable populations remained at the end of the storage period at 4oC (Francis and
O’Beirne, 2001).

Cooler temperature promotes the survival of pathogenic microorganisms. In one
study, S. Enteritidis survived in all restaurant-made salsa samples stored at room
temperature (20oC) and survived longer in refrigerated samples (4oC) than in samples
stored at room temperature after 24 hours (Franco et al., 2010). E. coli O157:H7 and
Salmonella can survive on frozen cut pineapple at - 20oC for at least 180 days but did not
grow at each of the studied temperatures (4oC, 12oC, and 23oC) (Strawn and Danyluk,
2010).

Other studies also suggested that bacteria could survive but could grow only slowly
or be inactive at low temperature. S. Montevideo survived on the surfaces of whole
tomatoes stored at 10oC for 18 days, but increased within 7 days and within 1 day when
stored at 20 and 30oC, respectively (Zhuang et al., 1995). This pathogen had remained
unchanged in chopped tomatoes stored at 5oC and at a 4.1 pH for 9 days but increased
significantly after storage for 96 or 22 hours at 20 or 30oC, respectively (Zhuang et al.,
1995).

In a study evaluating the survival and growth of five Salmonella strains on whole
and chopped vegetables at 4, 12, and 21oC for 7 days (Ma et al., 2010), it was found that
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Salmonella did not grow at 4oC, but survived on whole tomatoes and jalapeno peppers.
Significant growth at 12 and 21oC was observed on whole cilantro and on all chopped
vegetables, with chopped jalapeno peppers being the most supportive for Salmonella
growth. Regardless of differences in salsa formulation, no growth of Salmonella was
observed in salsa stored at 4oC.

In a recent study, the persistence of Salmonella spp. and E. coli on whole and sliced
zucchini squash at 25oC and 3 to 5oC was tested. Both Salmonella and E. coli grew when
inoculated onto sliced squash after 24 hours at 25oC. At 3 to 5oC, the bacterial growth was
inhibited but they still survived (Castro et al., 2010).

Low pH in vegetables was found to correlate with decreases in E. coil O157:H7
populations and naturally occurring microflora. E. coli O157:H7 survived well at pH values
of 3.4 to 6.8 at 4oC, but the number of damage cells increased as pH decreased and
incubation time increased. At 37oC, E. coli O157:H7 was inactivated at pH less than or
equal to 3.6, but could grow at pH above 4.7 (Han and Linton, 2004).

The shorter survival times of pathogenic bacteria on crops in comparison to survival
time in water and soil, reflect the increased exposure to sunlight and subsequent desiccation
of pathogens on crop surfaces (Steel and Odumeru, 2004). Survival of S. Montevideo on
leaves of tomato plants was greatly affected by relative humidity. Reductions of 3-4 log
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CFU/leaf occurred when leaves were dried after inoculation. When leaves growth was
supported by a hydroponic nutrient medium and incubated at 100 percent relative humidity,
there was no significant reduction (Rathinasabapathi, 2004).

Chemicals disinfections also affect the persistence of human pathogens. The
mixture of copper and sodium hypochlorite can reduce by 5 logs Listeria monocytogenes
and E. coli O157:H7 counts (Rodgers and Ryser, 2004).

2.5 Outbreaks of human pathogens associated with vegetables

Although fresh fruits and vegetables are implicated less frequently than meat, meat
products, eggs, dairy products and seafood in outbreaks, E. coli and Salmonella infection
from consumption of fruits and vegetables have been often documented.

Most recently, a large outbreak occurred in Europe where German scientists found
the E. coli strains that caused 46 deaths and more than 3900 illnesses in bean sprouts
(ECDC, 2011). In 2005, a large outbreak involving E. coli O157:H7 was associated with
lettuce. One hundred and thirty-five cases were confirmed, including 11 cases of hemolytic
uremic syndrome. All these cases were infected by the E. coli strain after consumption of
lettuce in contaminated water (Soderstrom et al., 2008). In 2006, two outbreaks of
foodborne illness caused by E. coli occurred back to back in the US. One outbreak caused
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199 cases of infection, 3 deaths and 31 cases of hemolytic uremic syndrome after spinach
contaminated with E. coli O157:H7 was consumed (CDC, 2006b). Another outbreak linked
to E. coli O157:H7 involved in contaminated lettuce in Taco Bell restaurants that caused 71
infections, with 52 cases due to the same E. coli strain, 8 cases of hemolytic uremic
syndrome (CDC, 2006a). One of the largest outbreaks occurred in 1996, resulted in about
9451 cases of E. coli O157:H7 infection in Japan and caused 12 deaths. Epidemiological
investigation suggested that hydroponically grown radish sprouts were the suspect food.
This raised concerns about transmission of E. coli O157:H7 through sprouts (Hara-Kudo et
al., 1997).

Salmonella outbreaks resulting from consumption of vegetables have also been
recorded. In 2008, outbreak of S. Saint-Paul involving jalapeno and serrano peppers was the
largest foodborne outbreak in more than a decade in the US. At least 1442 infected cases in
43 US states, 286 hospitalized cases and two deaths were recorded. The investigation
showed that Mexican-grown raw jalapeno and serrano peppers were the major vehicles by
which the pathogens were transmitted. Irrigation water on the farm was pinpointed as the
contamination source (CDC, 2008). In 2007, an outbreak of S. Wandsworth was linked to
contaminated seasoning mix used in Veggie Booty, causing 65 cases of infection. Six
patients were hospitalized, no deaths were reported (Clark, 2009). In 2006, S. Typhimurium
associated with tomatoes caused a multistate outbreak in the US, with 190 confirmed cases
of infection, 24 cases of hospitalization, no deaths (Behravesh et al., 2012). S. Javiana and
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S. Braenderup contaminated tomatoes also caused many food poisoning cases in Canada
and the US in 2004 (CDC, 2005a).

2.6 Microbial contamination sources for vegetables

Vegetables can be contaminated by pathogenic bacteria throughout the entire
process, from planting to processing to consumption. Potential pre-harvest and post-harvest
sources of contamination are shown in Table I.
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Table I. Potential sources of pathogenic microorganisms and conditions influencing
their survival and growth on fresh produce.
Period

Source

Pre-harvest

Soil
Irrigation water
Green or inadequately composted manure
Air (dust)
Wild and domestic animals
Human handling
Water for other uses (for example, pesticides, foliar treatments)

Post-harvest

Human handling (workers, consumers)
Harvesting equipment
Transport containers (field to packing shed)
Wild and domestic animals
Air (dust)
Wash and rinse water
Sorting, packing, cutting and further-processing equipment
Ice
Transport vehicles
Improper storage (temperature, physical environment)
Improper packaging (including new packaging technologies)
Cross contamination (other foods in storage, preparation areas)
Improper display temperature
Improper handling after wholesale or retail purchase
Cooling water (for example, hydrocooling)

Source: Beuchat, 1996
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2.7 Human pathogens and contaminated water

Contaminated water is a source of pathogens found on vegetables. Solomon et al
(2002) found that contaminated soil and irrigation water are could be a source of
contamination for lettuce plants by showing how the E. coli O157:H7 migrate throughout
the plant. E. coli could associate with cabbage crops irrigated with contaminated creek
water (Wachtel et al., 2002). Six different E. coli serotypes on cabbage roots were
identified. They were correlated well with the serotypes in the irrigated water. Salmonella
associated with stems and leaves of tomato plants grown hydroponically in inoculated
nutrient solution has also been reported (Guo et al., 2002). Pathogens transferred from
contaminated water to vegetables were the cause of many foodborne illness outbreaks such
as the case of Salmonella Newport associated with tomatoes (Greene et al., 2008) and E.
coli O157:H7 contaminated spinach (CDC, 2006b), both of which were irrigated by
contaminated water.

2.7.1 Presence of human pathogens in water

The presence of human pathogens in water has been shown in many studies. For
example, 9.4% of water samples contained Salmonella in a study on the risk factors
involved in pathogenic bacteria contamination in Texas (Duffy et al., 2005). Some bacterial
pathogens commonly found in water such as Campylobacter spp., E. coli 157: H7,
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Salmonella spp., Shigella spp. are also known as fecal-associated pathogenic bacteria.
They can be transmitted from water to vegetables through irrigation or spraying pesticide.

The microbial quality water varies with water source. Groundwater is less
contaminated by microbial pathogens because of its location deep in the ground where
there are relatively impermeable rock aquifers protected from pollution (Borchardt et al.,
2007). However, it can be also contaminated by the introduction of surface water. A recent
study was conducted to evaluate possible contamination of untreated and treated
groundwater by fecal coliform and E. coli in 100 randomly selected boreholes from
different parts of Ibadan metropolis (Nigeria). Data showed that 73% of the borehole water
samples had coliform and 18% had detectable E. coli (Olusegun, 2010).

Surface water can be contaminated by waste water from cities, industry, agriculture
and wildlife, so it is very susceptible to becoming contaminated by pathogenic
microorganisms. For example, to investigate a cause of an outbreak in Connecticut (USA),
samples from sediment, drinking water, lake water, and ice were obtained and cultured for
E. coli and tested for Shiga- toxin. Shiga-toxin produced by E. coli serotype O121 was
detected from lake water (McCarthy et al., 2001). A survey of surface waters in southern
Alberta (Canada) looking for the presence of E. coli O157:H7 and Salmonella showed that
prevalence of E. coli O157:H7 and Salmonella in water samples was 0.9% and 6.2%,
respectively (Johnson et al., 2003).
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Wastewater and sewage sludge is highly contaminated. In large population and low
income countries, incidence can be high. In Vietnam, the presence of Salmonella was
detected in 70% of untreated septage and 60% of sewage sludge samples (Yen-Phi et al,
2010), that should be discharged into the sewage system.

2.7.2 Factors influencing persistence of human pathogens in water

Factors influencing the persistence of pathogenic microorganisms in water and
sewage include temperature, pH, organic content, and exposure to sunlight (Feachem et al.,
1983).

E. coli O157 could survive longer in natural mineral water than in distilled
deionized water and sterilized natural mineral water because it contains nutrients and
minerals. With an inoculum of 103 CFU/mL, the persistence of the pathogen at 15°C was
70 days for natural mineral water, 49 days for the sterilized natural mineral water and 21
days for distilled deionized water (Kerr et al., 1999).

Temperature also influences bacteria survival time in water. In groundwater,
bacteria survived longer than in surface water because groundwater tends to be cooler and
the bacteria in groundwater experienced less microbiological and biological activity
(Feachem et al., 1983) and they are protected from sunlight. From 20 to 30oC, bacteria such
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as E. coli and Salmonella usually live for 30 days in water and sewage sludge (Feachem et
al., 1983). However, E. coli O157:H7 in 27 organic wastes originating from
slaughterhouses, waste water treatment plants, creameries and farms was observed to be
still viable after 64 days, at an incubating temperature of 10oC (Avery et al., 2005).

2.7.3 Survival and growth of human pathogens in pesticide solutions

Although human pathogens can survive in some pesticide solutions, laboratory
experiments showed that the effect of pesticides on human pathogens is quite variable.
Some pesticides can promote the growth of microorganisms. Populations of Salmonella,
Shigella, Listeria and E. coli O157: H7 in solutions of Afolan, Bravo 500, Lorsban 4E and
Ambush 500EC for 96 hours at 22°C were increased 100-1060 times. The growth of E. coli
in pesticide solutions was affected by changes in the inoculum level of E. coli O157:H7
from 102 to 104 CFU/mL, by temperature (from 20 - 22 to 31°C) and by concentration (0.5
to 1.5 times) (Guan et al., 2001). Ten types of pesticides were examined for their capacity
of supporting microbial contaminant at 30°C for 48 h. The results showed that two
pesticide solutions, Kumulus and Pirimor, dissolved in sterile water, supported the survival
and growth of Pseudomonas, Salmonella and E. coli, whereas nine pesticide solutions
diluted or dissolved from different sources of agricultural water supported the growth of
these bacteria (Peter et al., 2005). At 21oC for 96 h, a solution of the pesticide Bravo 500
could support all inoculated bacteria survival or growth. Among tested bacteria, Salmonella
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spp. was able to survive in the pesticide solutions, but its survival varied depending on the
type of formulation, incubation temperature and pesticide concentration (Guan et al., 2005).

The effect of pesticides on human pathogens highly depends on the pesticide
concentration. Abamectin 1.8% decreased bacterial biomass and altered the proportion of
Gram-negative and Gram-positive bacteria at a dose recommended by the manufacturer.
However, reducing the dose of abamectin by half did not cause any significant effects on
bacterial community (Zhang et al., 2009b).

2.8 Pesticides

Pesticide refers to any substance or mixture of substances intended for preventing,
destroying or controlling any pest. Three types of pesticides are commonly used in
agriculture production including fungicides to kill fungi, herbicides to kill weeds and
insecticides to kill insects. According to British Crop Production Council (BCPC), there are
908 pesticide active ingredients worldwide (BCPC, 2009). From these active ingredients,
ten of thousand of pesticides are formulated. In the US, approximately 16,000 pesticide
products are registered with the Environmental Protection Agency (USEPA) stemming
from about 600 active ingredients (CDC, 2005b).
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Pesticides play a significant role in agricultural production, preventing crop damage
from pests and reducing yield losses. Production yield can be reduced by up to 10% when
pesticides are not used (Kuniuki, 2001). However, pesticides have also had an adverse
impact on humans and the environment. Over 98% of sprayed insecticides and 95% of
herbicides reach a destination other than their target species, including non-target species,
air, soil and water (Miller, 2004). Pesticides applied to crops can evaporate and cause air
and water pollution. According to Gilliom et al (2007) pesticides were found to be present
in most stream water samples and over 90% of wells sampled in the US. Many pesticides
are persistent soil contaminants which decrease soil bio-diversity (Pal et al., 2005).
Pesticides may also cause massive death tolls in bees, birds and fish (Boone et al., 2007;
Whitehorn et al., 2012; Mohammad et al., 2008). Exposure to pesticides causes acute or
chronic toxicity for humans (Mishra et al., 2009). These effects can range from simple skin
and eye irritation to serious effects such as damaging the nervous system and causing
mutations, teratogenic effects, or cancer (EHC 83, 1989; Mishra et al., 2009).

Besides the pest-control effect of pesticides, their adverse effects on non-target
organisms have been recognized by scientists. Some studies demonstrated the effect of
pesticide application on microbial diversity (Wang et al., 2012; Krauss et al., 2011). Some
pesticides promote microbial activity and biomass by adding nutrients such as carbon or
nitrogen to microorganisms (Cycon and Piotrowska, 2009; Perucci et al., 2000; Wardle and
Parkinson, 1990; Zelles et al., 1985). For example, under field conditions, microbial
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biomass in soil increased following an application of fosthiazate (containing nitrogen and
phosphorous) (Eisenhauer et al., 2009). Other pesticides decreased microbial activity,
biomass or populations (Vig et al., 2008) due to the direct toxicity of some pesticides for
microorganisms, among other reasons. According to Zhang et al (2009), when applied
alone, copper stressed microbial communities, but the mixture of copper and cypermethrin
(a pyrethroid insecticide containing nitrogen) increased microbial biomass carbon.

2.8.1. Pesticide types

2.8.1.1 Chemical pesticides

2.8.1.1.1 Organic pesticides

Chemical pesticides include inorganic and organic pesticides (which are largely
synthetic) for crop protection (Unsworth, 2010). The main elements of organic pesticides
are carbon and hydrogen in combination with other elements such as oxygen, nitrogen,
phosphorus, sulfur or chlorine. The first synthetic organic pesticides developed were
organochlorine compounds (Daly et al., 1998). Other classes of synthetic pesticides include
organophosphorus, carbamates, and pyrethroids (Figure 1). Pyrethroid includes synthetic
pesticides that were modeled on pyrethrins of chrysanthemums. Pyrethroids are also toxic
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to the nervous system but are safer for humans than organochlorines, organophosphorus,
and carbamates (BCPC, 2009).

a

b

c

d

Figure 1. Chemical structure of a) DDT (an organochlorine insecticide) b)
organophosphorus c) carbamates d) pyrethrins (R is methyl, ethyl or another functional
group). (Source: EHC 63, 1986; EHC 64, 1986; EHC 83, 1989; Kazuhiko et al., 2005)

Cypermethrin is a pyrethroid insecticide (Figure 2). Its chemical formula is
C22H19O3NCl2 and its molecular weight is 416.3 g/mol. Its colour is yellow, physical state
varies from a viscous liquid to a semi-solid that has a viscosity and rigidity intermediate
between that of a solid and a liquid. It melts at 80oC and decomposes at 220°C. Its density
at 22°C is 1.12 g/mL. It is slightly soluble in water (0.009 mg/L) and soluble in organic
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solvents (hexane 103 g/L, xylene > 450 g/L). Its vapour pressure at 20oC is 1.4 x 10-9
mmHg (EHC 82, 1989).

Cypermethrin is moderately toxic to mammals. In rats, LD50 varies from 250 to
4000 mg/kg depending on the solvents used in the test and on the proportions of
cypermethrin’s isomers (Cox, 1996). It is irritating to the skin and eyes of rats and causes
allergic skin reactions for guinea pigs. Cypermethrin does not cause teratogenic effects or
mutations and no adverse effects on reproduction were observed in tests with rats, mice and
dogs (EHC 82, 1989). EPA has classified cypermethrin as a possible human carcinogen
because it causes lung tumors in female mice. In animals, cypermethrin is rapidly
metabolized by the action of cytochrome P450 enzymes producing hydroxylated
metabolites (Kasai, 2004), with over 99% being eliminated within hours. The remaining
1%becomes accumulated in fat tissues. This portion is eliminated slowly, with a half-life of
3.4-18 days for the trans-isomer and the cis-isomer (USEPA, 1989).

Figure 2. Chemical structure of cypermethrin
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Cypermethrin has low avian toxicity. Its acute oral LD50 in mallard ducks is greater
than 10,000 mg/kg and dietary LC50 in mallards and bobwhite quail is greater than 20,000
ppm. Cypermethrin is highly toxic to fish and aquatic organisms. LC50 in rainbow trout in
96 hours is 0.82 ppb and LC50 in Daphnia magna is 0.26 ppb (USEPA, 1989).

Cypermethrin is used to control many pests, including moth pests of cotton, fruit,
and vegetable crops, by acting on the central nervous systems of insects. Cypermethrin
prolongs the transient increase in sodium permeability of the nerve membrane by causing
sodium channels gating to stay open longer than normal, resulting in repetitive activity in
the nervous system. In turn, nerve continuously releases the neurotransmitter acetylcholine
lead to acetylcholine depletion, fasciculations, and muscular weakness (Cox, 1996).

In soil under aerobic conditions, the half-life of cypermethrin is from 4 days to 8
weeks. Cypermethrin is more persistent under anaerobic conditions. It breaks down rapidly
with a half-life of 8 to 16 days when exposed to sunlight. Cypermethrin is slightly soluble
in water and has the tendency to adsorb in soil particles. In neutral or acid solutions,
cypermethrin is slowly hydrolyzed (EHC 82, 1989). This process is more rapid in alkaline
solutions (EHC 82, 1989). On wheat, residue of cypermethrin was 4 ppm immediately after
spraying and 0.2 ppm after 27 days (USEPA, 1989).
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2.8.1.1.2 Inorganic pesticides

Inorganic pesticides often do not contain carbon atoms in their composition
although some inorganic pesticides contain carbon in the form of cyanide or carbonate.
They occupy a very small percentage of chemical pesticides. Some inorganic substances
are used as pesticides such as copper compounds and sulfur; the antibacterial activity of
copper compounds has been known for a long time (Dollwet and Sorenson, 2001).

In crop protection, copper sulfate is used as an inorganic fungicide. Its chemical
formula is CuSO4, and its molecular weight is 159.6. It consists of grayish-white to
greenish-white rhombic crystals that melt and slowly decompose at 200oC and completely
breaks down into copper oxide and sulfur trioxide at 650oC. It is soluble in water (143 g/L,
at 0oC) and insoluble in ethanol (EHC 200, 1998).

Copper sulfate is moderately toxic upon acute oral exposure. The acute oral LD50
for copper sulfate in rats is 300 mg/kg (EHC 200, 1998). It can be corrosive to the skin and
eyes. It is considered as a skin sensitizer and can cause allergic reactions. The acute dermal
LD50 is greater than 1124 mg /kg in rats. The inhalation LC50 is greater than 1303 mg /kg in
rabbits (EHC 200, 1998). Studies on its neurotoxicity have not shown any effects on
behavior with doses of 20 to 40 mg/kg per day (EHC 200, 1998). Copper sulfate does not
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cause reproductive problems, developmental toxicity, mutagenic effects or carcinogenic
effects.

In humans and warm blooded animals, copper sulfate is absorbed into the blood
under the acidic conditions of the stomach. After ingestion, more than 99% of copper is
eliminated through excretion. It is distributed primarily in the liver, brain, heart, kidneys
and muscles (Extonet, 1994).

Copper sulfate is very toxic to aquatic life. LC50 (96 h) ranges from 3-7340 µg/L for
freshwater fish and from 60-1400 µg /L for marine fish. It is nontoxic to birds. Copper
sulfate treatment causes a decrease in the population of earthworms (EHC 200, 1998).

In soil, copper sulfate is mobile due to the high solubility in water. It has low
leaching potential because it can bind to soil particles. When applied with irrigation water,
copper sulfate does not accumulate in the surrounding soil. It binds to organic and mineral
particles. In water, it binds to suspended particles and sediment (Extonet, 1994).

Copper sulfate is used against a number of diseases caused by fungi such as mildew,
black spot and white mold. The fungicidal mechanism of copper compounds is the
disruption of the metabolism of cells by replacing essential ions. Excess copper causes the
inactivation of enzymes responsible for the destruction of lignocellulosic materials; it
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damages cell membranes, leading to the interruption of nutrient transport into and out of the
cell, causes the misregulation of protein functions, and release hydrogen peroxide free
radicals that attack amino acids (Nies, 1999), leading to cell death.

2.8.1.2 Bio-pesticides

Bio-pesticides are substances from natural sources such as plants, fungi and
bacteria. Microorganisms including bacteria, fungi, viruses, and protozoa that affect pest
populations are also considered as bio-pesticides. Bio-pesticides fall into three major
classes: microbial pesticides, biochemical pesticides and plant-incorporated protectants. As
of 2010, there were 32 microbial pesticides registered in Canada. Twelve of which are
bacterial species (Kabaluk et al., 2010). According to the Ministry of Agriculture and Rural
Development of Vietnam (MARD), in 2009, bio-pesticides accounted for more than 20% of
all pesticides (MARD, 2009).

Microbial pesticide products contain living microorganisms (e.g., a bacterium,
fungus, virus or protozoan) or the toxins they produce as active ingredients. Bacteria are the
microorganisms most frequently associated with the control of insects. One hundred species
are specifically entomopathogenic but only a few types have been considered for the
production of bio-pesticides (Miller et al., 1983).
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The most widely used microbial pesticide is Bacillus thuringiensis (B. thuringiensis)
which account for about 90% of the current bio-pesticide market (EHC 217, 1999). B.
thuringiensis, a facultative anaerobic, Gram-positive bacterium, can be isolated from soil,
insects, and plant surfaces. Each subspecie of B. thuringiensis specifically kills one or a few
related species of insect larvae by producing a different mix of protein. For example, B.
thuringiensis kurstaki is against moth and butterfly caterpillar; B. thuringiensis israelensis
is against mosquito and blackfly larvae; and B. thuringiensis tenebrionis is against beetle
larvae (Kabaluk et al., 2010).

B. thuringiensis kurstaki is commonly found in soil, is completely biodegradable
and does not persist in the digestive systems of birds or mammals (EHC 217, 1999). It
produces a range of insecticidal toxins, of which the most important delta-endotoxins are
known as Cry proteins in reference to their crystalline nature. Toxic crystals formed during
bacterial sporulation are dissolved when the spores germinate in the insect gut and are
activated by insect digestive enzymes. They bind to receptors in the membrane of midgut
cells and affect formation of pores for uncontrolled ion movement (Yamamoto, 2001). The
insect usually dies of starvation and septicemia rather than as a direct result of B.
thuringiensis toxicity (Whalon and Wingerd, 2003).

Another strain also used as a microbial pesticide is Bacillus subtilis (B. subtilis). It
is also a Gram-positive, aerobic, rod-shaped, motile bacterium able to produce endospores
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and is commonly recovered from soil, water and air. Strain QST 713 can be used as a
microbial fungicide to control Sclerotinia sclerotiorum on crucifer crops. Modes of action
of B. subtilis QST 713 on fungi involve its competing for nutrients on the leaf surface and
the antimicrobial activity of iturins, a pore-forming lipopeptide produced by B. subtilis
causing changes of the cytoplasmic membrane and subsequent disruption of the pathogen
cells (Edgecomb and Manker, 2006).

2.8.2 Water used for pesticide preparation

Pesticides are sold in several formulations such as Emulsifiable Concentrate (EC),
Wettable Powder (WP), Soluble Concentrate (SL), Water Soluble Powder (SP), Aqueous
Suspension Concentrate (SC), Water dispersible granules (WG), etc (JMPS, 2006). All
these formulations need to be dissolved or diluted in water for application in the field by
foliar spraying. The water volume used to apply these pesticides can range from hundred to
thousand of liters per hectare according to manufacturer recommendations (Furness and
Thompson, 2008).

Water may contain pathogens so it must be clean to prevent the spread of infectious
diseases and environmental pollution and to ensure pesticide effectiveness. However, in
many poor areas such as Vietnam, people still use water from rivers, lakes and canals to
prepare pesticides, to irrigate crops or to wash vegetable products before being sold (Ha et
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al., 2008). Report of International Water Management Institute (IWMI, 2006) showed that
across 50 cities in Asia, Africa and Latin America, the use of untreated water in crop
irrigation was a common reality in three-fourths of these cities.

2.8.3 Pesticide degradation

Pesticides may be absorbed by soil particles, vegetation, or other surfaces. The
environmental degradation of pesticides occurs by either microbial degradation, chemical
degradation or photodegradation (Figure 3). Pesticides may be broken down by the
chemical reactions which hydrolysis is the most common reaction. Sunlight can break
down pesticides that are on the surface of soil and above-ground parts of plants.

Microbial degradation of chemicals is one of the most important mechanisms for the
breakdown of pesticides (Singh and Walker, 2006). It is the breakdown of chemicals by
microorganisms into biomass and less complex compounds, and finally to water, carbon
dioxide, the oxides or mineral salts. The substances degraded or transformed by
microorganism are used as a source of energy, carbon, nitrogen. The rate of microbial
degradation depends on numerous factors, including pesticide properties, activity of
microorganisms, density of microbial community, moisture, sunlight, temperature and pH.
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Figure 3. Environmental degradation of pesticides (Source: Ministry of Agriculture,
British Columbia, Canada).

Temperature has a great influence on pesticide biodegradation since microbial
degradation is mediated by enzymes and enzyme activity increase with higher
temperatures. In fact, in the temperature range from 10 to 45°C, most reactions catalyzed
by enzymes tend to double in rate for each 10 degree increase (Kerle et al., 2007). This is
also the favorable temperature range for growth of microorganisms.

Some bacteria participate in the decomposition process of cypermethrin in soil, such
as Pseudomonas flourescens, Pseudomonas aeruginosa, Bacillus subtilis, Bacillus cereus,
Aspergillus niger, Klebsiella sp., Achromobacter sp., Ochrobactrum lupine, Streptomyces
aureus.In aerobic conditions, 84% of cypermethrin was metabolized in natural soil that
contained the microorganisms, while only 8% was in sterilized soil (EHC 82, 1989).
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Pseudomonas plays an active role in the biodegradation of cypermethrin. Cypermethrin’s
half-life time was estimated at 20 days when in presence of Pseudomonas under laboratory
conditions, whereas it lasted from 4 days to 8 weeks under field conditions (Grant et al.,
2002). Cleavage of ester linkage to give 2,2-dimethyl-3(2,2-dichlorovinyl) cyclopropanecarboxylic acid (CPA), 3-phenoxybenzoic acid (PBA), and carbon dioxide is the main step
in the biodegradation process of cypermethrin (Roberts and Standen, 1977).

Microflora composition can be changed by increasing the microbial decomposition
process. Microbial populations of Pseudomonas aeruginosa, E. coli and Klebsiella sp.
increased from 1.1 x 105 CFU/g to 118 x 105 CFU/g in 24 hours in 1% cypermethrin,
whereas Bacillus sp. and Corynebacterium only grew in 0.1% cypermethrin (Murugesan et
al., 2010). In the presence of pyrethroids, the growth of Pseudomonas and Serratia
increased in the first 7 days and then decreased rapidly (Grant et al., 2002) because
cypermethrin levels had exceeded the microbial decomposition capacity.

As an inorganic pesticide, copper is not readily bioavailable. In the environment, it
can be transformed into other forms. According to the assessment of the International
Programme on Chemical Safety (EHC 200, 1998), copper is usually adsorbed by organic
matter, carbonate minerals, clay minerals, hydrous iron and manganese oxides in soil. The
Cu tolerance levels of bacterial communities in soil have been correlated with enhanced
copper concentrations (Kunito et al., 1999). High copper residue in a field reduced the
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growth of plant roots and caused lack of water and nutrients for plants (Remans et al.,
2012).

Microbial pesticides originate from many different Bacillus species which are
isolated from soil, plant and other habitats. After application of these bio-pesticides to a
field, the microbes persist as a component of the natural microflora at gradually decreasing
concentrations for weeks, months or years (EHC 217, 1999). Sunlight and temperature
appear to be the factors reducing the bioactivity of Bacillus thuringiensis (Pusztai et al.,
1991). Most studies demonstrated that Bacillus thuringiensis products are unlikely to pose
any hazard to humans and the environment (EHC 217, 1999).

2.8.4 Effects of pesticide on microorganisms

Cypermethrin does not have bactericidal properties but can affect microbial
communities. This matter relates to the biodegradation of cypermethrin by some
microorganisms that can produce the enzymes. Two major enzymes play the important
roles in the metabolism of cypermethrin are cytochrome P450 and carboxylesterase.
Cypermethrin can be metabolized by oxidation of cytochrome P450 enzymes and by ester
hydrolysis of carboxylesterases (Kasai, 2004). Enzyme-producing microorganisms use the
metabolites from cypermethrin as a source of energy, carbon, nitrogen, result in they were
enhanced. In a series of studies on the effect of cypermethrin application on the microbial
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community of pepper and cucumber plant phyllosphere, results showed that cypermethrin
application increased both total and bacterial biomass and made the growth of Gramnegative bacteria greater than Gram-positive bacteria (Zhang et al., 2008, 2009a).
Permethrin, an active ingredient in the pyrethroid group, together with cypermethrin may
support the existence of Salmonella, E. coli O157:H7, Listeria monocytogenes and
Shigella. It was also demonstrated that S. Typhimurium can grow in a permethrin solution
incubated at 21oC within 96 hours (Guan et al., 2005, 2001).

Copper compounds are toxic to many kinds of bacteria and fungi. The bactericidal
mechanism of copper compounds is the disruption of the metabolism of cells by replacing
essential ions. Enzymes responsible for the destruction of lignocellulosic materials of cell
are inactivated. Cell membranes of bacteria are destroyed. Elevated copper concentrations
have been shown to reduce beneficial mycorrhizal associations and their functions (Liao et
al., 2003) and also reduce microbial activity and microbial biomass of other
microorganisms in soil (Zwieten et al., 2004). Results of recent research indicated that
lactic acid in combination with copper sulfate could be used to inhibit the growth of
Salmonella spp. and E. coli O157:H7 (Salam et al., 2008). Copper plated surfaces used in
food processing operations have been shown to have significant antibacterial activity
against Salmonella enterica and Campylobacter jejuni (Faúndez et al., 2004).
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Bacillus thuringiensis can produce antimicrobial peptides called bacteriocins that
are toxic to bacterial strains closely related to the producer strain (Woo et al., 2008; Gray et
al., 2006; Kamoun et al., 2005). B. thuringiensis strain B439 produces thuricin 439, which
acts as a bactericidal peptide. Thuricin 439 was shown to affect growth of B. cereus and B.
thuringiensis strains as well as L. innocua 4202 but it had no effect on the growth of some
other Gram-positive bacteria (several B. subtilis strains, Bacillus coagulans, Bacillus
firmus, several Clostridium species, Lactobacillus sakei, Lactococcus lactis, Micrococcus
luteus, Staphylococcus aureus). Neither Gram-negative bacteria (Citrobacter freundii,
Enterobacter aerogenes, Escherichia coli, Klebsiella pneumoniae, several Pseudomonas
species, Salmonella Typhimurium) nor mold (Aspergillus niger, Penicillium roqueforti)
were affected by Thuricin 439 (Ahern et al., 2003). However, Cyt1Aa, a delta-endotoxin
protein produced by B. thuringiensis subsp. israelensis was found to be bactericidal for E.
coli (Cahan et al., 2008).

Some strains of B. subtilis are known to be antagonistic toward many fungal plant
pathogens. This antagonism may be achieved in several ways including nutrient
competition, colonization and attachment of the bacteria to the fungal pathogen (Demoz
and Korsten, 2006). The modes of action of B. subtilis QST 713 are colonizing leaf
surfaces, competing with pathogens for nutrients and space, and physically preventing
attachment and penetration of the pathogen. In addition, B. subtilis has been shown to
produce a wide variety of antibacterial and antifungal compounds. B. subtilis QST 713
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produces Iturin A that can stop spores of Botrytis cinerea and Rhizoctonia solani from
germinating, disrupt germ tube growth, and inhibit plant pathogen attachment to leaves
(Kloepper et al., 2004). B. subtilis 6051 forms a biofilm and produces surfactin to prevent
the attachment of Pseudomonas syringae on plant roots (Bais et al., 2004). The
antimicrobial produced by B. subtilis MIR 15 appears to be mainly active against Gramnegative bacteria including E. coli and Pseudomonas aeruginosa (Perez et al., 1992).

2.9 Strategies to reduce vegetable contamination by human pathogens

Determining the exact origin of a contamination cannot be ignored when building
strategies and interventions to minimize the presence of pathogenic microorganisms on
vegetables. Even if these pathogenic bacteria can contaminate vegetables at any point
throughout the production system (Buck et al., 2003), this can be solved by set up the
critical control points. Depending on contamination sources, numerous strategies should be
applied to reduce pathogenic bacteria on vegetables during pre and post-harvest operations.

Some studies have shown that pesticide solutions may create suitable environments
for the survival and growth of pathogenic bacteria such as Salmonella, E. coli, Listeria
monocytogenes and Shigella (Guan et al., 2005, 2001; Peter et al., 2005). Therefore, preharvest applications of pesticide solutions mixed with contaminated water onto vegetable
produce could be an additional source of microbial contamination. Some microbiological
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issues are related to the application of pesticides on vegetables as a source of microbial
contaminants should thus be considered. Pesticide compositions could be either stimulatory
or inhibitory to microbial growth and this could be a significant aspect to consider either
before or after their application on the produce. The microbial quality of the water used for
dilution of the pesticide could be a factor if the pesticide supports the growth of
microorganisms.

Water used to irrigate and to dilute pesticides can be obtained from dams, rivers and
lakes. These sources may contain coliforms, fecal coliforms, E. coli and various food
associated

pathogens

such

us

Salmonella,

Campylobacter

jejuni

and

Listeria

monocytogenes, which can grow even with the addition of pesticide. A critical aspect in any
strategy for food safety at this stage is to improve water quality to ensure water used for
preparation of pesticides has been adequately treated, especially when using highly
contaminated water such as surface water or wastewater. Wastewater containing human
pathogens must be treated and strictly monitored before being used on vegetables. There
are many methods to reduce the presence of microorganisms in water such as filtration,
disinfection with chlorine, ozone, ultraviolet light exposure, electronic beam processing and
heat treatment. However, scientists continue to search for new antibacterial measures
because the measures mentioned above have certain limitations: high cost; potential of
destroying beneficial flora; and reactions of higher concentrations of chlorine with organic
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materials like carbohydrates which are found on the surface of fresh produce, leading to
reduction of disinfection efficacy (Hyun-Gyun et al., 2005).

Many pesticides can inhibit or kill bacteria, but many types of pesticides can
support the growth of bacteria (Peter et al., 2005). The modes of action of chemical
pesticides to bacteria are mainly related to the enzyme activities of bacteria. For example,
copper ions inactivate enzymes responsible for the destruction of lignocellulosic materials
(Nies, 1999) and cypermethrin can stimulate the enzyme production of bacteria that use
cypermethrin as carbon and energy sources (Kasai, 2004). Whereas, the mode of action of
microbial pesticides do not involved in bacterial enzymes. Some Bacillus strains can
produce the bateriocins which have a selective effect on a few strains close to it or can
affect other bacteria by antagonistic mechanism (Ahern et al., 2003; Demoz and Korsten,
2006). To reduce the risk of contaminated vegetables by pathogenic bacteria due to the
application of pesticides in pre-harvest periods, there is a need to identify which types of
pesticides can inhibit or promote the growth and survival of pathogenic bacteria. The
identification can base on mode of action of the pesticides. Most previous studies focused
on evaluating the growth and survival of pathogenic microorganisms in solutions of
chemical pesticides. Given that chemical pesticides can pose a risk to consumer health due
to toxic residues left behind on vegetables, identification of bio-pesticides that are able to
inhibit the growth of pathogenic microorganism without leaving harmful residues is one of
the strategies proposed to reduce the risk of microorganism contamination on vegetables.
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HYPOTHESIS

Under laboratory conditions, the pathogenic microorganism persistence in pesticide
solutions is significantly affected. Under field conditions, where many environmental
factors are present, especially the presence of plant indigenous microflora, pesticides
directly or indirectly influence the persistence of pathogenic microorganisms.

OBJECTIVES

Two objectives of this study are (1) Evaluate the survival of E. coli and Salmonella in four
pesticides solutions - Ripcord 400EC, Copper 53W, Serenade MAX, and Bioprotec CAF under laboratory conditions; (2) Study the persistence of E. coli (used as a fecal
contamination indicator) on broccoli crops exposed to three pesticides - Ripcord 400EC,
Copper 53W, and Bioprotec CAF. These objectives will contribute to assess the risk of
microbial contamination due to pesticide application.
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Abstract

The impact of pesticides on indicator and pathogenic microorganism persistence
was examined under laboratory and field conditions. Under laboratory conditions, four
pesticide solutions (Ripcord 400EC, Copper 53W, Bioprotec CAF, Serenade MAX)
dissolved or diluted in sterile water as a control were tested to determine the persistence of
E. coli and Salmonella. Petrifilm count plates and XLD agar were used to enumerate E. coli
and Salmonella counts. Under field conditions, three pesticides (Ripcord 400EC, Copper
53W, Bioprotec CAF) were tested on broccoli irrigated with E. coli-contaminated water to
determine their effects on persistence of E. coli and other microorganisms. Broccoli
samples were analyzed to determine bacteria, total aerobics and, mold and yeast counts. For
the laboratory experiments, results showed a direct effect of various pesticides on
microorganisms: Copper 53W inhibited both E. coli and Salmonella growth; Bioprotec
CAF and Ripcord 400EC supported microbial survival; especially, Serenade MAX
promoted microbial growth (over 57 days at 21oC). In the field, irrigation made mold and
yeast counts decline on broccoli but slightly increased total aerobic bacteria populations.
Higher E. coli prevalence on broccoli in Bioprotec CAF treatments compared to Copper
53W treatments is consistent with results observed during the laboratory assay. However,
no significant statistical difference was observed between treatments for E.coli prevalence.
The direct effect of pesticides on microorganisms under laboratory conditions was
demonstrated but it is still unclear under experimental field conditions.
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INTRODUCTION
The presence of human pathogens on crops represents a significant potential source
of human illness. According to Beuchat (3), vegetables may become contaminated by
pathogenic bacteria at any point throughout the entire process, from planting to
consumption. Potential pre-harvest sources of contamination include soil, feces, irrigation
water, water used to apply pesticides, dust, insects, inadequately composted manure, wild
and domestic animals, and human handling.

Pesticides play a significant role in agricultural production by protecting the crops
from insects, fungi, weeds and others pests. They are usually diluted or dissolved in water
to ensure plant coverage. According to manufacturer recommendations, clean water should
be used to prepare pesticides. However, farmers can use surface water sources from lakes,
ponds, rivers or canals that could harbor human pathogens. Concerns have been raised
about the ability of pesticide solutions to become vectors of human pathogens given recent
outbreaks linked to contaminated vegetables (6, 7).

Pesticide application does not only control pests but can also have an impact on
non-target microorganisms. The direct effect of pesticides on human pathogens by
promoting or inhibiting microbial growth can be found in earlier studies (9, 10, 17). These
studies suggested that water used for the preparation of pesticide solutions can be a source
of microbial contamination. Pesticides can also have an indirect effect on plant microbial
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communities, which can include many different genera of bacteria, filamentous fungi,
yeasts, algae, and less frequently, protozoa and nematodes (14). The interactions between
this microflora and enteric pathogens (1,4) can be influenced by pesticide; Zhang et al. (20)
found that pesticide application changed microbial biomass and microbial community
structure. The effect of a pesticide on the plant microflora depends on its properties and
concentration, type of microorganisms and their persistence in the environment (12). Carlin
et al. (5) determined that increase or decrease of microbial flora populations by chemical
disinfection can affect the persistence of human pathogens on plants.

The aims of this study were 1) to evaluate the survival of E. coli and Salmonella in
four pesticide solutions incubated at two temperatures under laboratory conditions, and 2)
to study the impact of three pesticide applications on the persistence of generic E. coli (used
as a fecal indicator microorganism) and on the general microflora in broccoli under field
conditions before or following irrigation with contaminated water.

MATERIALS AND METHODS
Laboratory assay

Pesticides evaluated in this assay are described in Table I. All four pesticides are
registered by the Pest Management Regulatory Agency of Canada for use in broccoli crops
(Agri-Reseau, 2010). Pesticides were diluted or dissolved in 44 mL of sterile water in
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sterile 50 mL tubes to reach manufacturer recommended concentrations for cole crops
(Table I). After reconstitution, pesticide solutions were homogenized for 5 minutes to
ensure homogeneous solutions. Dilutions were performed immediately prior to inoculation
with microorganisms. Absence of E. coli and Salmonella in pesticide solutions was verified
before microbial inoculation. As a control, tubes containing sterile water were also
inoculated.

Description of E. coli and Salmonella strains used for inoculation is shown in Table
II. Bacteria were maintained by subculture on Columbia blood agar 5% (OXOID,
MP0351). The Salmonella inoculum solution was obtained after inoculating 1 liter of
nutrient broth (OXOID, CM0001) with three full loops of fresh bacteria culture (18-24 h)
plated on Columbia agar. The broth was vigorously homogenized with a vortex mixer for
10 seconds. After incubating for 24 hours at 35oC, the final bacterial concentration was
approximately 2x108 CFU/mL which was verified by serial dilution and plate counting.
This broth was diluted in 0.1% peptone water (Difco, REF211677) in order to get a
bacterial concentration of 45x103 CFU/mL. A 1 mL portion of this solution was transferred
into a tube that contained 44 mL of pesitices solution to obtain a bacterial concentration of
103 CFU/mL in each tube. The same steps were performed for the E. coli inoculum
solution, but the final 103 CFU/mL concentration was made from the 5 strain mixtures.
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In order to avoid potential interactions between bacteria, E. coli and Salmonella
were inoculated in different pesticide tubes. After inoculation, tubes were vigorously
shaken by hand and incubated at 4oC and 21oC. For each pesticide, a total of 3 tubes for
each microorganism and for each incubation temperature were analyzed. E. coli and
Salmonella counts were determined immediately after inoculation and on day 1, 2, 3, 4, 7,
10, 14, 21, 29, 49, 57 following inoculation. Samples were serial-diluted in 0.1% peptone
water to determine bacterial counts. For E. coli samples, 1 mL of diluted samples was
inoculated on PetrifilmTM E. coli/Coliform plates (3M Canada Microbiology, 6414) and
incubated at 35oC for 48 h. For Salmonella samples, 0.1 mL of diluted samples was
inoculated on XLD agar (Difco, REF 278850) and incubated at 35oC for 24 h. Typical
colonies were counted after incubation and positive and negative controls were performed
for each procedure.

Field experiment

The field trial was carried out at the Research and Development Institute for the
Agri-environment (IRDA) experimental farm located in Saint-Hyacinthe, Québec, Canada.
Broccoli (Brassica oleracea ‘Everest’) plots were set using a completely randomized
design including 7 treatments repeated 3 times, for a total of 21 plots, which were 4 m x 4
m and 8 m apart from each other. There were 6 broccoli rows in each plot with 17 plants
per row for a total of 102 broccoli plants per plot. Treatment description is shown in Table
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III. The irrigation, spraying and sampling schedule is presented in Table IV. Pesticide
concentrations applied on broccoli followed manufacturer recommendations for this crop
(Table I). Pesticides were diluted or dissolved in drinking water prior to field application.
Irrigation water was taken from an old quarry. It was not analyzed for the chemical
properties, but it did not contain detectable levels of E. coli. It was artificially contaminated
with swine and bovine slurries to reach a concentration of E. coli at 1047 CFU/100 mL
which was verified.

Each broccoli sample consisted of three broccoli subsamples per plot. They were
aseptically taken from the randomly inside positions of plot. Subsamples (n=567) were cut
into approximately one gram pieces and thoroughly mixed to form a composite sample. All
samples were kept at 4oC before analyses which was performed within 48 hours following
sampling. Broccoli samples were analyzed to determine E. coli, mold and yeast, as well as
total aerobic counts. E. coli populations were determined using the Health Canada (2001)
MFHPB-34 procedure. In brief, 25 g of broccoli were aseptically weighed in a sterile bag
and 225 mL of 0.1% peptone water was added. One milliliter of the sample was inoculated
on 3M PetrifilmTM E. coli/Coliform count plates (3M Canada Microbiology, 6414). After
incubation at 35oC for 48 h, typical colonies of E. coli were counted. An enrichment
procedure using the Colilert medium (IDEXX Laboratories, W200I) was also performed on
broccoli samples to evaluate the presence of E. coli in case of bacterial counts below the
method detection limit

Previously weighed 25 g in 225 mL of peptone water were
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incubated at 35oC for 24 h. Following this pre-enrichment step, 1 mL was transferred into a
transparent, non-fluorescent tube containing 10 mL of Colilert reagent. The tube was
aseptically capped, shaken and incubated for 24 hours at 44.5°C. Results were read by
comparing samples to the positive and negative controls under ultraviolet light (366 nm).
Mold and yeast counts were determined using the 3M PetrifilmTM Yeast and Mold count
plate (3M Canada Microbiology, 6417). The inoculated plates were incubated at 21oC and
checked for growth at both 3 and 5 days. Total aerobic bacteria counts were determined
using the 3M PetrifilmTM Aerobic count plate (3M Canada Microbiology, 6400). Incubation
was performed at 35°C for 48 h.

Statistical analysis

Correlation between E. coli and Salmonella in laboratory assays was analyzed using
the Spearman correlation. Differences between treatments in the field experiment were
analyzed by the SAS GLIMMIX procedure.
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RESULTS AND DISCUSSION

Impact of pesticides on microorganism survival under laboratory conditions

Survival of E. coli and Salmonella in pesticide solutions in sterile water at 4oC and
21oC is presented in Figure 1. E. coli survived longer in sterile water than Salmonella and
was recovered 2 days after inoculation at 4oC. E. coli and Salmonella were not detected in
Copper 53W at either 4oC or 21oC, after 24 hours of incubation. Copper sulfate in this
solution could have inhibited the survival of both microorganisms, which is consistent with
many reported results (8, 17, 18, 19). Indeed, small quantities of free copper ions are toxic
to many groups of bacteria (16). In Ripcord 400EC, Salmonella was not found after 24
hours of incubation at 4oC and 21oC but E. coli still survived at 4oC after 24 hours of
incubation. According to the studies of Guan et al. (10), E. coli populations increased in a
permethrin solution, which is a pyrethroid insecticide like cypermethrin in Ripcord 400EC.
In Bioprotec CAF, following inoculation at 4oC, E. coli and Salmonella were detected on
day 29 and 14, respectively. Survival time was shorter at 21oC while E. coli and Salmonella
were no longer found on day 7 and 4, respectively. In this study, the Serenade MAX
solution promoted microbial growth, especially at 21oC, where microorganism populations
increased strongly (from 3.18 to 8.29 log for E. coli and from 3.47 to 7.51 log for
Salmonella) after 24 hours of incubation. Counts were maintained at high levels until day
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57 when the experiment ended. Serenade MAX supported E. coli and Salmonella survival
at 4oC for at least 29 days and 57 days, respectively.

Statistical analysis of fluctuations in the microbial population showed a high
correlation (0.89) between E. coli and Salmonella in the pesticide solutions. This suggested
that behavior was similar for both bacteria.

Temperature strongly affected microbial survival, with different responses
depending on pesticide. In Serenade MAX, microorganism counts increased and
populations were maintained at 21oC, while a general reduction was observed at 4oC. In
Ripcord 400EC and Bioprotec CAF, higher temperature shortened the survival time of
microorganisms. This was consistent with studies of Guan et al. (9,10), where increasing
the temperature from 21oC to 25oC or 30oC reduced microorganism survival depending on
the pesticide.

Pesticide solutions influenced microorganism persistence as shown in Figure 2 for
E. coli at 4oC. Bioprotec CAF and Serenade MAX were found to have the ability to support
the growth of E. coli and Salmonella. However, most pesticides cannot be used as pure
active ingredients; they must be mixed with other active ingredients and additives or
adjuvants (often referred to as inerts) that promote efficacy, stability and to facilitate
application or improve safety and shelf-life. The exact composition of inerts and adjuvants
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in pesticide formulations are not mentioned by manufacturers due to proprietary protection.
Therefore, the persistence of microorganisms in pesticide solutions may be due to the
effects of both the active ingredients and inerts mixed in the finished formulations.

Persistence of E. coli on broccoli under field conditions

Result of E. coli population determined by 3MTM PetrifilmTM E. coli count plates
showed that most of samples were below the method detection limit. E. coli could be
quantified in 5 broccoli samples taken from experimental plots, varying between 10 and 20
CFU/g. These E. coli samples were taken in treatments 5 (Bioprotec CAF sprayed before
irrigation), 6 (Bioprotec CAF sprayed before irrigation) and 7 (no spraying). The E. coli
numbers under dection limit can be resulted from adverse conditions like ultraviolet
sunlight exposure and desiccation that if E. coli could not attach to plant surfaces, then they
would have fallen down with the water and diffused into the soil. The competition between
E. coli and indigenous microflora could also make it difficult for E. coli to colonize the
phyllosphere (4).

E. coli was detected in 77 out of 189 broccoli samples using the enrichment
procedure. Results for the overall E. coli prevalence during the sampling period are shown
in Figure 3. Higher E. coli prevalence in Bioprotec CAF treatments compared to Copper
53W treatments is consistent with results observed during the laboratory assay, while
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microbial growth was inhibited in Copper 53W and supported in Bioprotec CAF. However,
statistical analysis showed no significant difference between treatments. The observation of
the changes of E. coli positive rates (i.e. E. coli-positive samples/ 3 samples) in each
treatment according to sampling time (Figure 4) showed that E. coli mostly appears after
irrigation. This could be explaned by the supplying of E.coli from irrigation water.

Mold and yeast populations in broccoli are presented in Figure 5 for each treatment.
Their counts were reduced 20 hours after irrigation. This could be due to many factors such
as the washout effect of irrigation, stress when environmental conditions change suddenly,
and competition between microorganisms on broccoli crops (1, 4, 14). However, the
washout effect is less likely because the samples that had mold and yeast population
increases were taken 20 hours after irrigation. In addition, the aerobic bacteria would have
also been influenced by the washout but they tended to increase their populations. The
increase of moisture after irrigation could possibly be associated with the growth rate of
bacteria. These results suggested that there was a competition between molds and yeasts on
broccoli and microorganism from irrigation water. The effect of pesticides on mold and
yeast populations after pesticide applications could not be assessed because it were very
different according to treatment.

Aerobic bacterial counts in broccoli according to treatment are presented in Figure
6. They tended to increase after irrigation due to the supply from artificially contaminated
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irrigation water. A competition between aerobic bacteria and microorganisms from
irrigation water could also occur. They had to compete with each other for attachement to
the plant (15), for iron via production of siderophores (13), and also for the same carbon
and energy sources (11). In this competition the organisms that have the capacity to absorb
nutrients more efficiently, that adapt quickly to harsh environmental conditions will gain
the advantage (2).Aerobic microorganism population behavior after pesticide application
was very different between treatments. In Copper 53W treatments, they decreased after
spraying. Whereas, in Ripcord 400EC and Bioprotec CAF spray treatments, the increase
and decrease of aerobic bacterial counts do not follow the spraying. So, the direct effect of
pesticides on aerobic microflora was difficult to establish.

Overall, the effect of irrigation water on E. coli-positive rates, molds and yeasts and
total aerobic bacteria counts could be observed. However, the impact of pesticide on E. coli
molds and yeasts, and aerobic bacteria populations were less clear.

CONCLUSION

This study highlighted how pesticide can inhibit, support or increase enteric bacteria
survival under laboratory conditions. These impacts could not be clearly established on
broccoli crops under the field conditions of this study. Future work should focus on further
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determining if pesticides play a role in food safety in terms of supporting the proliferation
of human pathogens on different crops.
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Table I. Description of pesticides used for the laboratory assay and field trial.

Trade name

Manufacturer

Ripcord 400EC1 BASF Canada Inc.

Active ingredient

Formulation

Cypermethrin

Active ingredient

Active ingredient

content

content per tube

407 g/L

0.01 mL

Wettable powder

53%

0.06 g

Emulsifiable
concentrate

Copper 53W1

United Agri Products Canada Inc. Copper sulfate

Bioprotec CAF1

AEF Global Inc.

Bacillus thuringiensis kurstaki HD-1

Aqueous

1.14 x 107 IU/g

0.08 mL

Serenade MAX

AgraQuest Inc.

Bacillus subtilis QST 713

Wettable powder

14.6 %

0.6 g

7.3 x 109 CFU/g

1

Pesticides used in the field trial.
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Table II. Source of bacterial strains used for the laboratory assay.

Bacteria

Source

E. coli CC2001-119

Pig slurry

E. coli CC2001-127

Poultry manure

E. coli CC2001-151

Dairy cow manure

E. coli CC2004-245

Paper mill biosolid-amended soil

E. coli ATCC 25922

Reference strain

Salmonella Typhimurium ATCC 14028

Reference strain
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Table III. Treatments in field experiments.

Treatment
1

Copper 53W sprayed 3 days before irrigation

2

Copper 53W sprayed 3 days after irrigation

3

Ripcord 400EC sprayed 3 days before irrigation

4

Ripcord 400EC sprayed 3 days after irrigation

5

Bioprotec CAF sprayed 3 days before irrigation

6

Bioprotec CAF sprayed 3 days after irrigation

7

Irrigation only (no pesticide spraying)
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Table IV. Spraying, irrigation and broccoli sampling schedule.

Date

Sampling time

Treatment application

(hours)
12-07-2011

01

14-07-2011

36

15-07-2011

602

Pesticide spraying (treatments 1, 3, 5)

Irrigation (all treatments)

653
16-07-2011

85

17-07-2011

109

18-07-2011

1331

20-07-2011

181

21-07-2011

205

Pesticide spraying (treatments 2, 4, 6)

1

Sampling was done 1 hour before spraying

2

Sampling was done 1 hour before irrigation

3

Sampling was done 1 hour after irrigation
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FIGURE LEGEND

Figure 1. E. coli and Salmonella in pesticide solutions at 4oC and 21oC.
Figure 2. E. coli in pesticide solutions at 4oC.
Figure 3. Overall E. coli prevalence during the sampling period
Figure 4. E. coli positive rates in each treatment according to sampling time.
Figure 5. Mold and yeast counts in broccoli samples according to pesticide.
Figure 6. Total aerobic microflora counts in broccoli samples according to pesticide.
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Figure 1. E. coli and Salmonella in pesticide solutions at 4oC and 21oC.
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Figure 2. E. coli in pesticide solutions at 4oC.

72

60

E. coli prevalence (%)

52
50
40
30

30

20
10
0

Figure 3. Overall E. coli prevalence during the sampling period
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Figure 4. E. coli positive rates in each treatment according to sampling time.
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Figure 5. Mold and yeast counts in broccoli samples according to pesticide.
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Figure 6. Total aerobic microflora counts in broccoli samples according to pesticide
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Chapter 4. GENERAL DISCUSSION

Pesticides are common used in the protection of agricultural production. Some
studies have shown that some pesticide types can support the pathogen microorganism
persistence. So, an assessment on the potential spread of pathogenic microorganisms due to
the pesticide application in the field is essential.

Pesticides are usually dissolved or diluted in water and sprayed with large amounts
of water to ensure plant coverage. Recommendations of the manufacturer include the
requirement to use clean water to prepare pesticide solutions. However, there are still many
parts in the world using water from ponds, lakes, rivers or canals. These sources of water
are associated with a high risk of contamination by pathogenic agents in agricultural
production (Scott et al., 2004), especially in densely populated areas of poor countries,
where there is no capacity to effectively treat wastewater. For example in Vietnam, about
80% of suburban canal waters were positive for E. coli and only 20% met the Vietnamese
standard for coliform in irrigation water, i.e. 10,000 CFU/100 mL (Ha et al., 2008).
Contaminated water alone could contribute to the spread of pathogenic agents like E. coli
and Salmonella to crops, and if contaminated water is used for diluting pesticides that have
the ability to support microbial survival and/or growth, the risk of contamination of
vegetables could increase considerably.
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Four different pesticides were used to determine their impacts and/or effect on E.
coli and Salmonella. Selected pesticides in this study were: Ripcord 400EC, whose active
ingredient is cypermethrin, a synthetic organic chemical insecticide of the pyrethroid group;
Copper 53W, whose active ingredient is copper sulfate, an inorganic fungicide; Bioprotec
CAF, which contains Bacillus thuringiensis kurstaki HD-1 toxins; and Serenade MAX,
which contains Bacillus subtilis QST 173. Cypermethrin and copper are commonly used in
crop protection and there have been a few studies on the effects of these chemical
pesticides on pathogenic agents (Peter et al., 2005; Guan et al., 2005, 2001). Both
Bioprotec CAF and Serenade MAX are bio-pesticides. These two bio-pesticides are
commonly used in organic vegetable production where many types of vegetables are eaten
raw or are minimally processed. They are also considered to be safe for human health and
environmentally sound. Most studies (Guan et al., 2001; 2005; Peter et al., 2005) have
focused on evaluating the impact of chemical pesticides and have ignored similar types of
testing with bio-pesticides.

Sterile water was used for dissolving pesticides in laboratory assays to ensure that
under laboratory conditions, the human pathogens would only affected by pesticides and
did not interact with other organisms. Using of drinking water for diluting pesticides in
field trials helped us narrow the objects of observation, focusing on the impact of pesticides
to the human pathogens in present of other microorganisms on plant. Manufacturer
recommendations on dilution rates were followed. In other studies, different sources of
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agricultural water (wells, dams and rivers) were used for diluting pesticides to examine the
persistence of microorganisms naturally present in these waters (Peter et al., 2005). Saline
water and sterile water were also used in the studies of Guan et al. (2001; 2005) as control
conditions.
For laboratory assays, we used an indicator microorganism (E. coli) and a
pathogenic microorganism (Salmonella) instead of testing with a variety of bacterial
pathogens. The results of statistical analysis indicated that the fluctuations of E.coli and
Salmonella numbers in the pesticide solutions had a high correlation (0.89), suggesting that
the response of E. coli and Salmonella to the pesticide solutions is quite similar. The
populations of these bacteria had the same decrease and increase rates in solutions but were
different in terms of time and concentration. In field experiments, we used E. coli as an
indicator microorganism. It is easier and cheaper to test for indicator E. coli than for the
other possible pathogens that might be present. On the other hand, we did not use
pathogenic microorganisms in order to avoid a cross contamination to neighboring areas.

In the laboratory, each pesticide solution was separately spiked with a definite
amount of E. coli and Salmonella. The initial microbial populations were 1000 CFU/mL.
This is 1,000 times higher than the guidelines set out by the Canadian Council of Ministers
of the Environment (CCME), which is set at a maximum concentration of 100 fecal
coliforms (E. coli)/100 mL and 1000 total coliform bacteria/100 mL in irrigation water
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from surface water (CCME, 2002). The high initial population of bacteria used in this study
was set to help track the change of bacterial populations under the influence of pesticides.

In the field, pesticides are usually sprayed immediately after dilution or within 24
hours to avoid any decrease in active ingredient concentration or its stability. However,
laboratory experiments in this study did not stop at 24 hours but extended until
microorganisms could no longer be found in the solution in order to examine the impact of
the pesticides on microbial growth and survival.

Most pesticides are used in formulated product, which the composition contains
active and other ingredients. Active ingredients have the pesticidal efficacy but other
ingredients do not have. These other ingredients can be solvents, carriers, adjuvants or
others. Solvent intended to reduce the concentration of active ingredient, carriers are liquids
or solid chemicals that support the delivery of the active ingredient, and adjuvants often
help make the pesticide stick to or spread out on the application surface. Other adjuvants
aid in the mixing of some formulations. For example, technical grade cypermethrin is semisolid and insoluble in water so the formulation of the active ingredient as an emulsifiable
concentrate is required (EHC 82, 1989). This formulation needs some non-pesticidal
ingredients such as a solvent to dissolve cypermethrin, an emulsifier to make the
emulsifiable form, and a dispersant to facilitate dispersion in water, etc. Pure copper sulfate
is a solid and is insoluble in water. It is commonly formulated in wettable powder form
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which the carrier, the adhesive, the suspending agent are indispensable. The exact
composition of the non-pesticidal ingredient is closely maintained secret and considered
confidential business information falling under proprietary protection. Farmers directly
apply or dilute the pesticide before application as recommended by the manufacturer. In
this study, the other ingredients of four pesticides used in this study are not mentioned by
the manufacturers. The degradation of the active ingredient by pathogens or the mode of
action of the active ingredient on pathogens for each pesticide was not studied. This was
also the case for the other ingredient. Therefore, the persistence of microorganisms in
pesticide solutions might be due to both the active ingredients and the other ingredients
contained in the formulated product that could cause the toxic or nutritional effects on
microorganisms.

The results of the initial investigation, indicated that microorganisms did not only
survive (in Ripcord 400EC, Bioprotec CAF, Serenade MAX solutions), but also grew (in
the Serenade MAX solution). The effect of each pesticide on microorganisms was
demonstrated by the survival time and the change in the number or titer of microorganisms.

In the Copper 53W solution (Copper sulfate), there was no bacterial colony detected
after incubation of the medium for 24 h. It is probable that microorganisms were killed by
copper sulfate. Other studies on the effects of pesticides on human pathogens (Guan et al.,
2005; Peter et al., 2005) also gave similar results in the testing of original copper
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pesticides. According to Nies (1999), copper can kill bacteria by mechanism of action
related to the displacement of essential ions, thereby disrupting protein function,
inactivating enzymes, producing hydrogen peroxide free radicals, or disrupting membranes.
Indeed, the bactericidal capacity of copper compounds has been shown in several studies
(Salam et al., 2008; Rodgers and Ryser, 2004; Faúndez et al., 2004; Zwieten et al., 2004;
Liao et al., 2003). The International Program on Chemical Safety (EHC 200, 1998) warned
that misuse of agricultural chemicals containing copper on fields can cause a decrease of
microbial activity in soil.
In the Ripcord 400EC solution (Cypermethrin), at 4oC E. coli survived after
incubation for 48 h. Guan et al (2005; 2001) also found that many species of human
pathogens, including E. coli 0157: H7 and Salmonella, survived and grew in Ambush
500EC for 96 hours at room temperature, whose active ingredient is permethrin, the same
pyrethroid group as cypermethrin. Cypermethrin is subjected to microbial degradation. It
stimulates some bacterial groups that can produce the enzymes contribute to the
metabolism of cyperethrin (Kasai, 2004). Enzyme-producing microorganisms use the
metabolites from cypermethrin as a source of energy, carbon. It can be concluded that
cypermethrin was not bactericidal, but could support microbial survival. Another reasons
explained for the survival of E. coli at 4°C is that its optimal growth temperature is 37°C.
Its growth rate decreases at lower temperatures and growth completely stops below 7°C. At
4°C, E. coli does not take much energy to replicate compared to at 21oC, so it may survive
longer.
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In this study, we observed that E. coli indicators survived longer than Salmonella in
the control solutions, Ripcord 400EC, Bioprotec CAF and Serenade MAX. However, in the
study of Guan et al. (2004), Salmonella was the bacteria with the better growth in
comparison with E. coli O157:H7, Listeria monocytogene and Shigella during 21oC
incubation for 96 hours in the solution of pesticide Bravo 500 (chlorothalonil as an active
ingredient). This pesticide was diluted by saline water. This could be related to bacterial
strain differences, which suggests that different microorganisms can diversely adapt to the
environment and that these survival capacities are complex.
In a Bioprotec CAF solution (Bacillus thuringiensis kurstaki HD-1 toxins), E. coli
and Salmonella survived but did not grow at both 4oC and 21oC. Gram-positive bacteria can
produce bacteriocins that are antimicrobial peptides toxic to bacterial strains closely related
to the producer strain (Ahern et al., 2003). However, at this time, no studies demonstrated
that the presence of bacteriocins of B. thuringiensis kurstaki can affect the survival of E.
coli. We believe that in the composition of Bioprotec CAF there are some nutrients helping
E. coli and Salmonella to survive. In other words, this microbial pesticide could support or
contribute to the survival of E. coli and Salmonella, not only related to B. thuringiensis but
also to the nutritional support included within this commercial product.

In the Serenade MAX solution (Bacillus subtilis QST 713), E. coli and Salmonella
survived at 4oC, grew and maintained high population at 21oC. B. subtilis has been shown
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to produce a wide variety of antibacterial and antifungal compounds. It produces antibiotics
such as difficidin and oxydifficidin that have activity against a wide spectrum of aerobic
and anaerobic bacteria (Zimmerman et al., 1987). The antimicrobial metabolites produced
by B. subtilis MIR 15 appear to be mainly active against Gram-negative bacteria including
E. coli and P. aeruginosa (Perez et al., 1992). But in this study, Bacillus subtilis QST 713
could not produce antibacterial compounds that inhibit E. coli and Salmonella; in fact, it
had the opposite effect of promoting the proliferation of these Gram-negative bacteria. In
addition, a high increase of both E. coli and Salmonella populations can be explained by the
fact that at 21oC, some of the compounds present in the finished pesticide formulation may
have created a very favorable environment for microbial proliferation.

Temperature was a factor influencing the persistence of E. coli and Salmonella in
pesticide solutions. However, in each type of pesticide solution, this influence was
different. In the Serenade MAX solution, a temperature of 21oC was favorable for
microbial growth and produced a high increase over more than 57 days, whereas a
temperature of 4oC was inappropriate and resulted in a prolonged reduction of
microorganism numbers. In contrast, increasing the temperature from 4oC to 21oC
shortened the survival time of E. coli in the Ripcord 400EC and Bioprotec CAF
formulations, probably due to an increase of bacterial metabolism and acceleration of the
nutrients degradation rate. This was consistent with the study of Guan (2005, 2001), where
increasing the temperature from 21 to 25 or 30oC had variable effects on the survival of
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microorganisms depending on the pesticide. It is recognized that under stressful conditions,
such as exposure to pesticide solutions at high temperatures, there is a greater energy cost
for bacteria in order to maintain cytoplasmic homeostasis.

Serenade MAX and Bioprotec CAF, which presented the ability to support the
growth of E. coli and Salmonella, are bio-pesticides commonly used in organic vegetable
production. We usually pay attention to the risks of pesticides in term of food residues but
for most microbial pesticides, maximum residue limits may be ignored because they pose a
minimal risk to human health. Update to 2010, USEPA (2010) established exemption from
the requirement of a tolerance for about 53 active substances. Provision B.15.002 (2) of the
Food and Drug Regulations (FDR, 2008) in Canada, provides a list of 7 agricultural
chemicals which are exempt from the requirement of setting MRLs.

Compared to chemical pesticides, bio-pesticides are safer and sounder. However,
since these bio-pesticides have been shown to support the survival of E. coli and
Salmonella, adequate sanitation practices should be established.

For field experiments, three pesticides including Ripcord 400EC, Copper 53W and
Bioprotec CAF were further tested. These are widely used compared to Serenade MAX
because they have a broad spectrum of pest eradication and a faster killing effect. Due to
the fact that the experimental area was quite large, in order to avoid the spread of
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microorganisms under uncontrolled conditions, as well as for safety purposes, we did not
use human pathogens in the field study. Instead of testing with pathogenic E. coli we used a
generic E. coli indicator. Irrigation water was artificially contaminated with a concentration
of E. coli at 1047 CFU/100 mL from swine and bovine slurry, 10 times higher than the
guidelines of CCME which allows for 100 CFU/100 mL in irrigation water from surface
water (CCME, 2002).

In this part of the study, we expected to observe the impact of pesticides on the
microbial community of broccoli and E. coli indicator bacteria. However, we did not
observe any impact of pesticides on the persistence of E. coli, with 97.35% (184/189) of
samples under the detection limit of the counting method (< 10 CFU/g). There was no
significant difference in E. coli positive samples between the plots. Possible explanations
for the low E. coli numbers may be adverse conditions like ultraviolet sunlight exposure
and desiccation that if E. coli could not attach to plant surfaces, then they would have fallen
down with the water and diffused into the soil or a competition between E. coli and
indigenous microflora could have occurred, making it impossible for E. coli to colonize the
phyllosphere (Brandl, 2006). That was the reason why Colilert medium was continuously
used to evaluate the presence of E. coli.

There was also no significant difference of E. coli prevalence between the
treatments during the entire experiment period. The effects of pesticide application on E.
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coli prevalence in each treatment were not detectable. However, the E. coli prevalence in
broccoli sprayed with Bioprotec CAF before irrigation was high at 52% (14/27 of samples
were positive with E. coli) while the prevalence was lower at 30% (8/27 of samples were
positive with E. coli) on broccoli sprayed with Copper 53W before irrigation. These results
were consistent with laboratory assay results, where Copper 53W could inhibit and
Bioprotec CAF could support microbial growth. Whereas, the E. coli prevalence in the
broccoli sprayed with Ripcord 400EC before irrigation was same as the broccoli without
pesticide spraying. It may be due to the effect of Ripcord 400EC E. coli prevalence was
weak. Overall, pesticide application did not pose a risk elevation of E. coli prevalence in
the field.

The observation of the changes of E. coli positive rates in each treatment according
to sampling time showed that E. coli mostly appears after irrigation (based on results of
determination by Colilert medium). This was expected because irrigation water was
artificially contaminated by E. coli. Some samples taken before irrigation were positive for
E. coli because the bacterial had probably already been brought in to the environment by
carriers such as air, wind, insects, birds and human handling. We did not conduct an
analysis to identify them.

The impact of pesticides on plant microflora in this study was very diverse before
and after irrigation. For example, the mold and yeast numbers in broccoli treated by Copper
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53W were reduced when spraying before irrigation but increased when spraying after
irrigation; for Ripcord 400EC, they were increased when spraying before irrigation but
reduced when spraying after irrigation; for Bioprotec CAF, they were increased after
spraying. The aerobic bacteria numbers on broccoli also changed as diversely as the one of
mold and yeast. But there were no significant differences in the population change of
molds, yeasts and bacteria in treatments with pesticide. It reflects the fact that
microorganisms have the ability to adapt to environment changes.

All treatments had the common characteristic of an increase of E. coli-positive rates
after irrigation. For molds and yeasts, the populations were reduced 20 hours after
irrigation. Aerobic bacteria populations tended to increase with E. coli prevalence due to
the supply from artificially contaminated irrigation water. Mold and yeast population
decrease could be due to many factors such as the washout effect of irrigation, stress when
environmental conditions change suddenly, and competition between microorganisms on
broccoli crops (Warriner and Namvar, 2010; Brandl, 2006; Aruscavage, 2006; Lindow and
Brandl, 2003; Liao and Fett, 2001). However, the washout effect is less likely because the
samples that had mold and yeast population increases were taken 20 hours after irrigation.
In addition, the aerobic bacteria would have also been influenced by the washout but they
tended to increase their populations. The increase of moisture after irrigation could possibly
be associated with the growth rate of bacteria. These results indicated that there was an
interaction between plant microflora on broccoli and E. coli from irrigation water
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The results of laboratory studies showed direct effects of pesticides on E. coli and
Salmonella. However, the field study results did not show any indirect effects of pesticides
on indicator microorganisms.

The quality of water used for diluting pesticide plays an important role in preventing
the application from becoming source of pathogens. The risk of spreading pathogens after
pesticide application may occur particularly when using contaminated water to prepare the
pesticide. The problem is real, especially in countries where surface water is still widely
used for agricultural production and high rates of pathogenic contamination of surface
water are found.
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Chapter 5. CONCLUSION

Usually, pesticides pose a risk to consumer health because of residues. Their use in
agricultural production is generally not believed to pose any microbial risks to public health,
but this point has not been assessed by researchers in the province of Québec. Based on the
results of this study, several conclusions can be made:

Seranade MAX, Bioprotec CAF and Ripcord 400EC directly impact the persistence
of E. coli and Salmonella by supporting microbial survival and/or growth. They may
contribute to a microbial contamination risk of vegetables and fruits. Conversely, Copper
53W inhibited microbial growth.

Temperature plays an important role in the potential for E. coli and Salmonella to
survive and grow in pesticide solutions, but whether that role is negative or positive depends
on the pesticide solution. In the Serenade MAX solution, a temperature of 21oC was
favorable for microbial growth whereas in the Ripcord 400EC and Bioprotec CAF, this
temperature was 4oC.

The effects of each pesticide on persistence of E. coli and Salmonella were observed
at different levels and the behavior was similar for both bacteria (correlation between E. coli
and Salmonella equals 0.89).
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Irrigation water influenced on E. coli-positive rates, molds and yeasts and total
aerobic bacteria counts, whereas the impact of pesticide on E. coli, molds and yeasts, and
aerobic bacteria populations could not assessed.

This study indicates that pesticide applications in these experimental conditions did
not result in the increase of E. coli in the field. However, if pesticides are prepared with
contaminated water, they can potentially spread pathogens. To reduce the risk of vegetables
being contaminated by human pathogens due to pesticide application during a pre-harvest
period, the quality of water used to dilute pesticides needs to be controlled, especially given
the fact that some pesticides can support the survival and growth of some pathogenic
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