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ABSTRACT

Cross-contamination between foods and surfaces in food processing environments and home kitchens may play a significant

role in foodborne disease transmission. This study quantifies the cross-contamination rates between a variety of fresh-cut produce

and common kitchen surfaces (ceramic, stainless steel, glass, and plastic) using scenarios that differ by cross-contamination

direction, surface type, produce type, and drying time/moisture level. A five-strain cocktail of rifampin-resistant Salmonella was

used in transfer scenarios involving celery, carrot, and watermelon, and a five-strain cocktail of rifampin-resistant Escherichia
coli O157:H7 was used in transfer scenarios involving lettuce. Produce or surface coupons were placed in buffer-filled filter bags

and homogenized or massaged, respectively, to recover cells. The resulting solutions were serially diluted in 0.1% peptone and

surface plated onto tryptic soy agar with 80 mg/ml rifampin and bismuth sulfite agar with 80 mg/ml rifampin for Salmonella or

sorbitol MacConkey agar with 80 mg/ml rifampin for E. coli O157:H7. When the food contact surface was freshly inoculated, a

high amount (.90%) of the inoculum was almost always transferred to the cut produce item. If the inoculated food contact

surfaces were allowed to dry for 1 h, median transfer was generally .90% for carrots and watermelon but ranged from ,1 to

,70% for celery and lettuce. Freshly inoculated celery or lettuce transferred more bacteria (,2 to ,25% of the inoculum)

compared with freshly inoculated carrots or watermelon (approximately ,1 to 8%). After 1 h of drying, the rate of transfer from

inoculated celery, carrot, and lettuce was ,0.01 to ,5% and ,1 to ,5% for watermelon. Surface moisture and direction of

transfer have the greatest influence on microbial transfer rates.

Fresh-cut produce is increasingly popular for many

Americans; fresh and fresh-cut produce have been linked to

several outbreaks over the past 20 years (2, 12, 20, 29). U.S.

outbreaks with cantaloupe and lettuce occurred in 2012,

with a multistate Escherichia coli O157:H7 outbreak

occurring in fresh-cut leafy greens and a multistate

Salmonella outbreak occurring in whole cantaloupe in

which a recall was extended to watermelons from the same

farm (4, 5). Carrot and celery outbreaks are less common,

but they do occur, with a 2010 Texas Listeria monocyto-
genes outbreak that was linked to precut celery and a 2004

Finland Yersinia pseudotuberculosis outbreak in carrots (13,
35).

Cross-contamination in kitchen environments may play

a role in the microbial safety of fresh-cut produce (39).
Studies have been done to estimate transfer rates between

kitchen utensils, food, cutting boards, and hands (6, 15, 18,
36). Other studies have shown that common kitchen objects

(e.g., sponges) may contain many types of bacteria at high

levels, which many transfer to foods (23, 28). Furthermore,

higher levels of contamination have shown increased

attachment to surfaces, when compared to lower inoculum

levels (33).
Complicated and multifaceted factors influence both

microbial association with and movement to and from

surfaces. Surface charges, Van der Waals forces, as well as

repulsive electrostatic forces may be involved with initial

attachment and subsequent transfer (34, 37). Extracellular

matrices composed of proteinaceous and starchy polymers

(1, 30), production of surface lipopolysaccharides that have

hydrophilic properties (32), and cell surface molecules with

nonpolar sites (8) have all been thought to influence

attachment and transfer. The type (11, 15, 22, 37, 38) and

the roughness (8) of a surface can also effect attachment.

Finally, bacteria display a preference for cut/bruised biotic

surfaces over intact biotic surfaces, which can increase the

risk of outbreaks from fresh-cut produce (33).
This study quantifies the cross-contamination rates

between four types of fresh-cut produce (carrots, celery,

lettuce, and melon) and four types of common kitchen

surfaces (ceramic, glass, plastic, and stainless steel), under
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freshly inoculated, moist conditions and after a short drying

period (1 h postinoculation). All four produce types used in

this study are commonly eaten raw and may also come into

contact with kitchen surfaces during preparation. The four

surfaces used are all found in industrial and home kitchens.

MATERIALS AND METHODS

Preparation of domestic food contact surfaces. Four

different food contact surfaces typical of those found in domestic

kitchens: glass (3/32 in. [2.4 mm] thick), ceramic tile (glazed),

plastic (styrene), and stainless steel (type 304, 18 gauge;

onlinemetals.com, Seattle, WA) were ordered online or purchased

from a local home improvement store (Winter Haven, FL).

Surface materials were cut into coupons (5 by 5 cm). The coupons

were disinfected before use by immersion in a solution of 30%

sodium hypochlorite (Clorox, Oakland, CA) overnight. The

coupons were scrubbed using boiling water, an anionic active

detergent, and a sterilized household sponge and then rinsed with

boiling water. The coupons were then soaked in 70% ethanol for

1 h, removed, and air dried.

Produce. Fresh-cut produce, including mini-peeled carrots,

celery, watermelon, and romaine lettuce, in resealable bags or

plastic containers were purchased from a local supermarket (Winter

Haven, FL). Prior to starting the experiment, produce was stored at

4uC and brought to ambient temperature (,23uC) by placing in a

laminar flow hood, without the blower running, for approximately

1 h. Mini-peeled carrots, celery, and cubed watermelon (flesh only)

were cut into 10-g pieces. Lettuce was cut into pieces

(approximately 3 by 3 cm).

Selection of strains. Cocktails of five strains that had been

isolated from produce, produce-related commodities, or clinical

isolates from produce-associated outbreaks were used. Salmonella
serovars were used for transfer studies with watermelon, carrots,

and celery. Their sources and designations are as follows:

Enteritidis (ATCC BAA-1045, raw almonds), Agona (LJH 517,

alfalfa sprouts), Gaminara (F2712, orange juice), Michigan (LJH

521, clinical isolate from a cantaloupe outbreak), and Montevideo

(G4639, clinical isolate from a tomato outbreak).

A cocktail of five strains of E. coli O157:H7 was used for the

lettuce transfer studies, their designation and sources are Odwalla

outbreak (223), clinical isolate from a cantaloupe outbreak (F658),

clinical isolate from a lettuce outbreak (H1730), clinical isolate

from an alfalfa sprout outbreak (F4546), and clinical isolate from a

spinach outbreak (EC4042). All strains were adapted to grow in the

presence of 80 mg/ml rifampin (Thermo FisherScientific, Waltham,

MA) through stepwise exposure (21).

Inoculum preparation. Prior to each experiment, frozen

cultures of each strain were streaked onto tryptic soy agar (Difco,

BD, Sparks, MD) with 80 mg/ml rifampin, and incubated at 37uC
for 24 h. One isolated colony from each plate was transferred to

10 ml of tryptic soy broth (Difco, BD) with 80 mg/ml rifampin and

incubated at 37uC for 24 h. Cultures were then subcultured twice

by transferring 0.1 ml of culture to 10 ml of fresh tryptic soy broth

with 80 mg/ml rifampin and incubating at 37uC for 24 h. Each

strain was centrifuged at 0.6 | g for 10 min (Allegra X-12,

Beckman Coulter, Fullerton, CA). Cells were washed twice by

removing the supernatant and suspending the cell pellet in 10 ml of

0.1% peptone (Difco, BD). Washed cells were suspended in 0.1%

peptone at half the original culture volume. Strains were diluted

and combined in equal volumes to a concentration of 108 CFU/ml.

Final concentrations were verified for each strain by enumeration

on tryptic soy agar with 80 mg/ml rifampin.

Transfer between fresh-cut produce and surfaces. Sixteen

different transfer scenarios were evaluated for each produce type,

considering the contact surface type, direction of transfer, and

inoculation conditions, for a total for 64 individual scenarios. Each

scenario consisted of 20 separate replicates, for a total of 1,280

experiments. For each produce type, 10 ml of inoculum was

deposited on the surface in five to eight droplets to obtain a final

population of 6 log CFU per coupon. The produce was either

immediately touched (approximately 1 to 2 s) to one of the four

food contact surfaces (wet) or allowed to dry for 1 h in a biosafety

cabinet and then touched (approximately 1 to 2 s) to the contact

surface. A contact time of 1 to 2 s was selected based on ease of

experimental implementation.

Bacterial concentrations were determined both before and

after drying. Transfer from the food contact surface to produce was

evaluated by inoculating the food contact surface and subsequently

touching the produce surface (also 1 to 2 s). Transfer from produce

to the food contact surface was evaluated by inoculating the

produce and subsequently touching the food contact surface.

Produce or contact surfaces were placed into a sterile 207-ml

Whirl-Pak filter bag (Nasco, Fort Atkinson, WI), 40 ml of DE

(Dey/Engley, Thermo Fisher Scientific) was added, and the

samples were macerated (Smasher, AES Laboratories, Chemunex,

France) for 1 min, or for contact surfaces, massaged with the

buffer for 1 min. Samples were serially diluted in 0.1% peptone

and surface plated (0.1 ml) onto tryptic soy agar with 80 mg/ml

rifampin and bismuth sulfite agar (Difco, BD) with 80 mg/ml

rifampin for Salmonella or sorbitol MacConkey agar (Difco, BD)

with 80 mg/ml rifampin for E. coli O157:H7. For low

concentrations, 1 ml was surface plated across four plates to

decrease the limit of detection to 40 CFU per coupon or piece of

produce. Plates were incubated at 37uC for 24 h (tryptic soy

agar with 80 mg/ml rifampin and sorbitol MacConkey agar with

80 mg/ml rifampin) or 48 h (bismuth sulfite agar with 80 mg/ml

rifampin). Colonies were counted, and E. coli O157:H7 or

Salmonella population levels were expressed as CFU per produce

piece or CFU per coupon.

Data analysis. Data were compiled, log transformed, and

used to create histograms, using Microsoft Excel (Microsoft,

Redmond, WA). Our prior laboratory research has shown that

percent transfer data must be log transformed to produce normal, or

approximately normal, distributions (6, 26). The number of times a

particular transfer rate occurred within a target data set (i.e., its

frequency) was plotted as a function of log percent transfer rates

during the different transfer events. The x axis bin width used to

create these histograms was in increments of 0.25 log percent

transfer because past laboratory experience indicates that bin

widths of 0.25 to 0.50 are generally satisfactory (6, 17, 27).
Optimal bin size is determined by multiple factors, but generally,

the fewer observations available, the larger the bin needs to be to

visualize meaningful trends.

The inoculated source is defined as the sum of the amount on

both surfaces after the transfer has taken place, so

total CFU~CFU=produce itemzCFU=surface coupon

When the source of contamination is the kitchen surface (coupon),

transfer rate %ð Þ~ CFU=produce itemð Þ= total CFUð Þ|100

When the source of contamination is the produce,

transfer rate %ð Þ~ CFU=surface couponð Þ= total CFUð Þ|100
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RESULTS

Statistical analysis of transfer rates. Transfer of

bacteria from inoculated surfaces to produce and inoculated

produce to surfaces is summarized in Tables 1 and 2,

respectively. Each table shows five different statistical

parameters that were used to characterize the transfer rate

(mean [x̄], median, standard deviation, minimum transfer

observed, maximum transfer observed, and range of transfer

rates observed). Many scenario results were indistinguishable

(see Fig. 1 for essentially identical transfer rates from freshly

inoculated ceramic coupons to carrots, celery, lettuce, and

watermelon, for example), and as such, not every one of the

64 specific observations will be noted. The tables will be

referenced as needed to augment the discussion of the figures.

Bacteria transfer from inoculated kitchen surface to
produce. The transfer of Salmonella from inoculated

ceramic (both freshly inoculated and after drying for 1 h)

to carrots, celery, or watermelon or similarly E. coli
O157:H7 from ceramic to lettuce is shown in Figure 1.

When freshly inoculated ceramic surfaces came into contact

with any produce type, a very high transfer of bacteria from

inoculated ceramic to produce always occurred. After the

inoculated ceramic had dried for 1 h, transfer of bacteria to

watermelon samples still showed high transfer (x̄ ~

86.91%; Table 1), but transfer of bacteria to carrots was

25.00 to 91.91% (x̄ ~ 69.58%; Table 1), transfer to celery

was 22.22 to 65.79% (x̄ ~ 48.81%; Table 1), and transfer

of bacteria to lettuce, 0.49 to 16.67% (x̄ ~ 4.13%; Table 1),

was markedly less.

Salmonella transfer from inoculated glass (both freshly

inoculated and after drying for 1 h) to carrots, celery, or

watermelon or E. coli O157:H7 to lettuce is shown in

Figure 2. When freshly inoculated glass surfaces were

touched to any of the produce, a high transfer of bacteria

from the glass to the produce was observed. After the

inoculated glass had dried for 1 h, transfer to carrot and

watermelon samples still displayed high transfer rates

(carrot x̄ ~ 99.17%, watermelon x̄ ~ 92.52%; Table 1).

After the glass had dried for 1 h, transfer of bacteria to

celery was between 1.43 and 16.39% (x̄ ~ 4.93%; Table 1)

and E. coli O157:H7 transfer of bacteria to lettuce was

between 0.37 and 9.09% (x̄ ~ 1.97%).

Salmonella transfer from inoculated plastic (both

freshly inoculated and after drying for 1 h) to carrots,

celery, or watermelon or E. coli O157:H7 to lettuce is

TABLE 1. Percent transfer of bacteria from inoculated kitchen surfaces to fresh-cut produce

Inoculated

surface

Drying

time (h) Recipient surface x̄ s Median Maximum Minimum Range

Ceramic 0 Carrot 79.57 4.27 80.33 86.65 71.57 15.07

Celery 90.40 2.24 90.76 93.05 85.86 7.20

Lettuce 91.38 2.51 91.44 94.85 86.38 8.47

Watermelon 92.55 2.24 92.52 96.27 88.62 7.65

1 Carrot 69.58 25.05 90.91 90.91 25.00 65.91

Celery 48.81 11.19 52.63 65.79 22.22 43.57

Lettuce 4.13 4.31 2.54 16.67 0.49 16.18

Watermelon 86.91 14.86 91.08 95.98 40.67 55.31

Glass 0 Carrot 96.84 2.02 97.63 98.97 92.49 6.49

Celery 89.88 2.06 89.49 93.07 86.31 6.75

Lettuce 84.52 4.10 85.54 89.43 76.39 13.04

Watermelon 86.62 2.22 86.73 90.20 82.84 7.36

1 Carrot 99.17 1.58 99.72 99.86 94.39 5.47

Celery 4.93 4.31 3.23 16.39 1.43 14.96

Lettuce 1.97 2.04 1.32 9.09 0.37 8.72

Watermelon 92.52 2.33 92.13 96.97 88.69 8.28

Plastic 0 Carrot 97.70 0.97 97.68 99.24 95.06 4.18

Celery 87.72 2.06 87.78 90.84 84.00 6.84

Lettuce 86.19 11.44 90.01 94.11 47.09 47.02

Watermelon 97.41 0.54 97.42 98.30 95.66 2.64

1 Carrot 99.91 0.05 99.93 99.98 99.78 0.20

Celery 17.44 3.43 16.78 27.59 12.86 14.72

Lettuce 18.64 25.83 4.77 73.77 2.27 71.50

Watermelon 89.39 3.22 90.05 93.56 83.33 10.23

Stainless 0 Carrot 91.75 5.44 93.61 97.15 76.48 20.67

Celery 83.36 6.72 85.61 89.59 62.13 27.46

Lettuce 91.28 1.68 91.48 93.98 87.85 6.13

Watermelon 94.64 2.14 95.18 97.69 89.00 8.68

1 Carrot 84.75 6.71 86.30 95.41 70.08 25.33

Celery 0.74 0.46 0.67 2.17 0.20 1.97

Lettuce 39.46 19.45 40.83 71.96 7.09 64.87

Watermelon 80.00 13.67 83.40 95.60 34.88 60.72
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shown in Figure 3. A high transfer rate of bacteria to

produce occurred when freshly inoculated plastic was

touched to any of the produce samples. After the plastic

had dried for 1 h, a high amount of bacteria still transferred

to carrots and watermelon (carrot x̄ ~ 97.70%, watermelon

x̄ ~ 97.41%; Table 1). After the inoculated plastic had

dried for 1 h, transfer to celery was between 12.86 and

27.59% (x̄ ~ 17.44%; Table 1) and E. coli O157:H7

transfer to lettuce ranged from 2.27 to 73.77% (x̄ ~

18.64%; Table 1).

Figure 4 shows the transfer of Salmonella from

inoculated stainless steel (both freshly inoculated and after

drying for 1 h) to carrots, celery, or watermelon or E. coli
O157:H7 to lettuce. When freshly inoculated stainless steel

was touched to produce, a high rate of bacterial cross-

contamination from stainless steel to produce was observed.

After the inoculated stainless steel had dried for 1 h, transfer

of bacteria to watermelon and carrots still occurred at a high

rate. After the stainless steel had dried for 1 h, transfer of

bacteria to celery ranged from 0.20 to 2.17% (x̄ ~ 0.74%;

Table 1) and transfer of E. coli O157:H7 to lettuce ranged

from 7.09 to 71.96% (x̄ ~ 39.46%; Table 1).

TABLE 2. Percent transfer of bacteria from inoculated fresh-cut produce to kitchen surfaces

Recipient

surface

Drying

time (h) Inoculated surface x̄ s Median Maximum Minimum Range

Ceramic 0 Carrot 0.90 0.64 0.72 1.97 0.11 1.86

Celery 7.72 1.47 8.28 9.77 5.23 4.54

Lettuce 13.77 2.04 13.97 16.98 10.24 6.74

Watermelon 1.48 0.55 1.46 2.87 0.69 2.19

1 Carrot 0.01 0.02 0.01 0.07 ,0.01 0.07

Celery 0.01 ,0.01 0.01 0.02 ,0.01 0.01

Lettuce 0.01 0.01 ,0.01 0.03 ,0.01 0.02

Watermelon 1.65 0.47 1.61 2.71 1.04 1.67

Glass 0 Carrot 2.32 2.33 1.48 8.25 0.21 8.05

Celery 8.85 1.05 9.12 10.58 6.74 3.84

Lettuce 8.86 5.93 8.46 19.19 1.59 17.60

Watermelon 0.21 0.02 0.21 0.24 0.18 0.06

1 Carrot ,0.01 ,0.01 ,0.01 0.01 ,0.01 0.01

Celery 2.96 0.44 3.02 3.54 1.94 1.60

Lettuce 0.47 0.71 0.04 1.98 ,0.01 1.98

Watermelon 0.74 0.35 0.68 1.44 0.25 1.19

Plastic 0 Carrot 2.47 1.37 2.52 5.04 0.56 4.48

Celery 8.77 2.38 8.12 13.56 5.00 8.56

Lettuce 6.40 1.50 6.66 8.92 3.86 5.06

Watermelon 2.64 0.56 2.63 4.31 1.65 2.66

1 Carrot 0.01 ,0.01 0.01 0.01 ,0.01 0.01

Celery 0.01 0.01 0.01 0.03 0.01 0.03

Lettuce 0.41 0.58 0.04 1.99 ,0.01 1.99

Watermelon 0.73 0.18 0.67 1.17 0.56 0.61

Stainless 0 Carrot 1.24 0.40 1.28 1.86 0.53 1.32

Celery 15.47 4.11 15.50 23.73 6.45 17.28

Lettuce 13.97 2.54 13.81 18.23 10.13 8.10

Watermelon 2.86 2.14 2.30 8.31 0.63 7.68

1 Carrot 0.10 0.07 0.08 0.31 0.03 0.28

Celery 0.29 0.61 ,0.01 2.02 ,0.01 2.02

Lettuce 1.54 0.98 1.17 4.47 0.64 3.83

Watermelon 2.47 0.95 2.12 4.44 1.17 3.27

FIGURE 1. Transfer frequency from inoculated ceramic coupons
to produce, with freshly inoculated coupons (solid) and coupons
after 1 h of drying (open). Carrot (N), carrot 1 h (#), celery (.),
celery 1 h (n), lettuce (&), lettuce 1 h (%), watermelon (¤),
watermelon 1 h (e). Frequency is the number of times a particular
transfer rate occurred within a target data set.
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Bacteria transfer from inoculated produce to
kitchen surfaces. Salmonella transfer from inoculated

carrots (both freshly inoculated and after drying for 1 h)

to four different kitchen surfaces is shown in Figure 5.

When freshly inoculated carrots were touched to a ceramic

coupon, the transfer rates were highly variable, with a

transfer rate range of 0.11 to 1.97% (x̄ ~ 0.90%, s ~

0.64), as shown in Table 2. The transfer rate to glass ranged

from 0.21 to 8.25%, with a peak around 2% (x̄ ~ 2.32%;

Table 2); the transfer rates to plastic ranged from 0.56 to

5.04% (x̄ ~ 2.46%; Table 2); and transfer to stainless steel

was 0.53 to 1.86% (x̄ ~ 1.24%; Table 2). After the carrots

had dried for 1 h, transfer to all surfaces was noticeably less.

Bacteria transfer from inoculated carrots to ceramic was

from ,0.01 to 0.07% (x̄ ~ 0.01%; Table 2). Bacteria

transfer from inoculated carrots to glass, in many cases, had

transfer rates below the detection limit (12 of 20 samples),

while the remaining transfer rates from carrots to glass

varied from ,0.01 to 0.01% (x̄ , 0.01%; Table 2). After

the carrots had dried for 1 h, transfer to plastic was similarly

low (x̄ , 0.01%; Table 2), while transfer to stainless steel

ranged from 0.03 to 0.31% (x̄ ~ 0.10%; Table 2).

The transfer of Salmonella from inoculated celery (both

freshly inoculated and after drying for 1 h) to four different

kitchen surfaces is presented in Figure 6. The transfer rates

of Salmonella to surfaces were similar for ceramic, glass,

FIGURE 2. Transfer frequency from inoculated glass coupons to
produce, with freshly inoculated coupons (solid) and coupons after
1 h of drying (open). Carrot (N), carrot 1 h (#), celery (.), celery
1 h (n), lettuce (&), lettuce 1 h (%), watermelon (¤), and
watermelon 1 h (e). Frequency is the number of times a particular
transfer rate occurred within a target data set.

FIGURE 3. Transfer frequency from inoculated plastic coupons
to produce, with freshly inoculated coupons (solid) and coupons
after 1 h of drying (open). Carrot (N), carrot 1 h (#), celery (.),
celery 1 h (n), lettuce (&), lettuce 1 h (%), watermelon (¤), and
watermelon 1 h (e). Frequency is the number of times a particular
transfer rate occurred within a target data set.

FIGURE 4. Transfer frequency from inoculated stainless steel
coupons to produce, with freshly inoculated coupons (solid) and
coupons after 1 h of drying (open). Carrot (N), carrot 1 h (#),
celery (.), celery 1 h (n), lettuce (&), lettuce 1 h (%),
watermelon (¤), and watermelon 1 h (e). Frequency is the
number of times a particular transfer rate occurred within a target
data set.

FIGURE 5. Transfer frequency from inoculated carrots to kitchen
surfaces, with freshly inoculated carrots (solid) and carrots after
1 h of drying (open). Ceramic (N), ceramic 1 h (#), glass (.),
glass 1 h (n), plastic (&), plastic 1 h (%), stainless steel (¤),
and stainless steel 1 h (e). Frequency is the number of times a
particular transfer rate occurred within a target data set.
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and plastic, but the transfer to stainless steel appeared to

have a highest transfer rate of the four surfaces tested.

Salmonella transfer rates from celery to the four surfaces

were the following: ceramic 5.23 to 9.77% (x̄ ~ 7.72%),

glass 6.74 to 10.58% (x̄ ~ 8.85%), plastic 5.00 to 13.56%

(x̄ ~ 8.77%), and stainless steel 6.45 to 23.73% (x̄ ~

15.47%; Table 2). After the inoculated celery had dried for

1 h, the transfer of bacteria to three surfaces was quite low:

ceramic from ,0.01 to 0.02% (x̄ ~ 0.01), plastic from 0.01

to 0.03 (x̄ ~ 0.01), and when Salmonella transfer to

stainless steel was measured, 14 (70%) of 20 samples were

below the detection limit, and the remaining samples

showed transfer rates from ,0.01 to 2.02% (x̄ ~ 0.29%;

Table 2). Curiously, transfer to glass was noticeably higher

(x̄ ~ 2.96%, ranging from 1.60 to 1.94%; Table 2), which

is also quite evident in Figure 6.

Figure 7 shows the transfer of E. coli O157:H7 from

inoculated lettuce (both freshly inoculated and after drying

for 1 h) to four different kitchen surfaces. When lettuce was

freshly inoculated with E. coli O157:H7, the transfer rates to

ceramic (10.24 to 16.98%, x̄ ~ 13.77%) and stainless steel

(10.13 to 18.23%, x̄ ~ 13.97%) were both ,13%. The

transfer rates of E. coli O157:H7 from inoculated lettuce to

glass (1.59 to 19.19%, x̄ ~ 8.86) and to plastic (3.86 to

8.92%, x̄ ~ 6.40%) were lower. When inoculated lettuce

was allowed to dry for 1 h, the transfer of bacteria to the

ceramic coupon was low and variable (,0.01 to 0.03%),

with 3 of 20 samples below the detection limit (x̄ ~ 0.01%;

Table 2). Transfer of bacteria from dried inoculated lettuce

to stainless steel (0.64 to 4.47%, x̄ ~ 1.54%) was the

highest. Transfer of bacteria from dried lettuce to glass

ranged from ,0.01 to 1.98% (x̄ ~ 0.47%; Table 2), and 6

of 20 samples were below the detection limit. Transfer of

bacteria from dried lettuce to plastic was similar to transfer

to glass and ranged from ,0.01 to 1.99% (x̄ ~ 0.41%;

Table 2), with 3 of 20 samples below the detection limit.

Salmonella transfer from inoculated watermelon (both

freshly inoculated and after drying for 1 h) to four different

kitchen surfaces is presented in Figure 8. When freshly

inoculated watermelon was touched to ceramic coupons, the

transfer rate ranged from 0.69 to 2.87% (x̄ ~ 1.48%;

Table 2). When freshly inoculated watermelon was touched

to glass coupons, the transfer rate ranged from 0.18 to

0.24% (x̄ ~ 0.21%; Table 2). When freshly inoculated

watermelon was touched to plastic coupons, the transfer rate

ranged from 1.65 to 4.31% (x̄ ~ 2.64%; Table 2). When

FIGURE 6. Transfer frequency from inoculated celery to kitchen
surfaces, with freshly inoculated celery (solid) and celery after 1 h
of drying (open). Ceramic (N), ceramic 1 h (#), glass (.), glass
1 h (n), plastic (&), plastic 1 h (%), stainless steel (¤), and
stainless steel 1 h (e). Frequency is the number of times a
particular transfer rate occurred within a target data set.

FIGURE 7. Transfer frequency from inoculated lettuce to kitchen
surfaces, with freshly inoculated lettuce (solid) and lettuce after 1 h
of drying (open). Ceramic (N), ceramic 1 h (#), glass (.), glass
1 h (n), plastic (&), plastic 1 h (%), stainless steel (¤), and
stainless steel 1 h (e). Frequency is the number of times a
particular transfer rate occurred within a target data set.

FIGURE 8. Transfer frequency from inoculated watermelon to
kitchen surfaces, with freshly inoculated watermelon (solid) and
watermelon after 1 h of drying (open). Ceramic (N), ceramic 1 h
(#), glass (.), glass 1 h (n), plastic (&), plastic 1 h (%),
stainless steel (¤), and stainless steel 1 h (e). Frequency is the
number of times a particular transfer rate occurred within a target
data set.
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freshly inoculated watermelon was touched to stainless

steel coupons, the transfer ranged from 0.63 to 8.31%

(x̄ ~ 2.86%; Table 2). Inoculated watermelon that had

dried for 1 h had a transfer rate of the Salmonella to ceramic

coupons from 1.04 to 2.71% (x̄ ~ 1.65%; Table 2).

Transfer of bacteria from dried inoculated watermelon to

glass ranged from 0.25 to 1.44% (x̄ ~ 0.74; Table 2).

Transfer of bacteria from watermelon 1 h after inoculation

to plastic ranged from 0.56 to 1.17% (x̄ ~ 0.73%). Transfer

to stainless steel ranged from 1.17 to 4.44% (x̄ ~ 2.47%),

which was similar to freshly inoculated watermelon transfer

rates.

DISCUSSION

Our study reveals that bacterial transfer is dependent on

produce type, surface moisture, and drying time. Surface

moisture is related to drying time (where surface moisture

decreases with increasing drying time) but is also dependent

on produce type, so for very moist items like watermelon,

visible surface moisture remains high even after 1 h drying.

Our study shows that transfer is less dependent upon kitchen

surface type, despite the importance of inert surfaces as

suggested in the literature (8, 11, 22, 24, 37, 38). These

differences are due, at least in part, to the range of

experimental conditions among published studies and

perhaps also differences in experimental procedures. Much

of the literature investigating the attachment of bacteria and

formation of biofilms on surfaces uses incubation periods

much longer that the 1 h drying times used here (8, 24).
Furthermore, many studies look at attachment to a surface

but not cross-contamination from one surface to another (11,
22, 37, 38).

The pressure applied may also play a role in facilitating

transfer, although that was not a variable we explicitly

considered. Mbithi et al. (16) used pressures of 200 and

1,000 g/cm2, both with and without friction, and differences

in transfer were small (a ,0.5-log percent transfer

difference when pressure is applied). Similarly, data from

Kusumaningrum et al. (14) indicate that while more transfer

generally occurred when slight pressure (20 g/cm2) versus

no pressure was used, the differences were also minor

(,0.3-log percent transfer difference). Research by D’Sousa

et al. (9) showed that pressures changes from ,1 to 100 g/

cm2 had no effect on virus transfer, while later research from

the same laboratory, using similar methods (10) showed

more transfer at higher (,100 g/cm2) pressures compared

with lower pressures (,10 g/cm2), especially under

conditions where the inoculum was likely drier.

The contact time may influence transfer, although

that was also not a variable we explicitly considered. We

used a contact time of 1 to 2 s based on ease of

experimental implementation. The literature is unfortu-

nately silent on the distribution of contact times that might

occur when produce (or any other food) is handled. Some

research (7) has shown that contact time generally has

little effect on transfer, and other research (19) indicates

that small (,5 s) differences in hand washing time has

little practical effect on contamination reduction on hands.

A more systematic study of the influence of contact time

is likely warranted.

The most critical observation from this work is that

transfer of the bacteria is greater when the direction of

transfer is from kitchen surface to produce rather than from

produce to kitchen surface. When the transfer was from an

inoculated produce item after 1 h of drying to a kitchen

surface, we observed the lowest bacterial transfer rates, and

the greatest transfer rate (,100%) was observed from a

freshly inoculated kitchen surface to produce. The presence

of moisture is the most likely explanation for this

observation (10, 25), but bacteria may have formed a

stronger attachment to produce, due to the presence of

complex carbohydrates, which have been shown to increase

such attachment (1, 30, 31, 40). Similarly, the higher

transfer from kitchen surfaces, regardless of drying time,

could be because these abiotic surfaces contain few

nutrients, a factor that has been shown to induce detachment

(3) or that produce surfaces are more complex and

‘‘rougher’’ on the microbial scale, thus protecting microbes

from transfer.

The high transfer rate to watermelon (Fig. 4), regardless

of drying time, may be the result of several factors. Cut

watermelon is extremely moist, which may facilitate transfer,

even when the originating kitchen surface is dry. After 1 h of

drying, the surface of the watermelon pieces were still visibly

moist, while the surfaces of carrots, celery, and lettuce were

visibly dry. Watermelon cubes possess flat, regular surfaces

that likely provided greater surface area than the irregular

surfaces of the lettuce, carrot, or celery pieces. A cross-

contamination study done by Kusumaningrum et al. (14)
measured the transfer rates of Staphylococcus aureus,
Salmonella Enteritidis, and Campylobacter jejuni from

stainless steel to cucumber slices under no pressure or 20 g/

cm2. These researchers observed that all (,100%) of the

applied Salmonella and C. jejuni transferred from the

stainless steel to cucumber regardless of pressure applied.

Cucumber slices, much like watermelon cubes, have a moist

surface facilitating bacterial transfer, and as shown in

Figure 4, high transfer rates were seen for transfer from

stainless steel for all freshly inoculated conditions, and even

after 1 h of drying for carrot and watermelon.

This study highlights the importance of using a higher

number of replicates to determine transfer rates (,20),

whereas much of the literature reports only the mean and

standard deviation from three observations. This is espe-

cially important under dryer conditions in which transfer

rates may be much more variable. This study also

underscores the importance of using clean and dry kitchen

surfaces to manage microbial cross-contamination in the

kitchen environment. Furthermore, because bacteria readily

transfer to moist, fresh-cut produce items, this research

further underscores the importance of using separate cutting

boards, bowls, and utensils for raw meat and fresh-cut

produce. While the causes of foodborne disease are often

complex, this research has quantified cross-contamination

rates between kitchen surfaces and fresh-cut produce items,

which should prove useful in assessing and managing the

risks posed by cross-contamination.
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