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ABSTRACT

During produce harvesting operations, various types of 
tools, equipment, and containers have direct contact with 
crops. Best practices for harvesting equipment include 
routine cleaning and sanitation of food-contact surfaces 
and areas adjacent to food-contact surfaces. Studies 
investigating transfer of human pathogens to produce 
during harvesting operations have revealed numerous 
crop-contact points with the potential to serve as conduits 
for pathogen transfer, including harvesting machinery, 
knives, conveyors, cutting boards, harvest bins and 
cartons, and cleaning equipment. When these surfaces 
are contaminated with human pathogens, the pathogens 
can be transferred to crops during harvesting activities. 
Minimizing and controlling microbial hazards to prevent 
contamination of produce during harvesting operations 
in both indoor and outdoor settings presents challenges 
that require a transformative level of risk awareness and 
vigilance from all involved in management and operations. 
Although new technologies are being explored to improve 
equipment cleanability, prevention combined with robust 

cleaning and sanitizing methods remain the most critical 
maintenance aspects of harvesting equipment that is 
at low risk for contamination. As part of the produce 
industry’s continuous efforts to enhance the safety of 
harvested fresh produce crops, this review summarizes 
scientific findings that harvesting equipment operators can 
utilize to evaluate and further inform current cleaning and 
sanitation practices.

INTRODUCTION
In the 1998 Guide to Minimize Microbial Food Safety 

Hazards for Fresh Fruits and Vegetables from the U.S. Food 
and Drug Administration (FDA) (166), the agency named 
harvesting machinery, knives, containers, tables, baskets, 
packaging materials, brushes, buckets, etc., as field equipment 
that “can easily spread microorganisms to fresh produce” and 
recommends keeping harvesting and packing equipment “as 
clean as practicable.” Those early minimal recommendations 
for cleaning field equipment were expanded to more exten-
sive requirements under the federal Food Safety Moderniza-
tion Act following the 2015 finalization of the FDA’s (168) 
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Standards for the Growing, Harvesting, Packing, and Holding of 
Produce for Human Consumption (the Produce Safety Rule). 
Subpart L of the Produce Safety Rule addresses equipment 
and tools “that are intended to, or likely to, contact covered 
produce; and those instruments or controls used to measure, 
regulate, or record conditions to control or prevent the 
growth of microorganisms of public health significance. 
Examples include knives, implements, mechanical harvesters, 
waxing machinery, cooling equipment (including hydrocool-
ers), grading belts, sizing equipment, palletizing equipment, 
and equipment used to store or convey harvested covered 
produce (such as containers, bins, food-packing material, 
dump tanks, flumes, and vehicles or other equipment used 
for transport that are intended to, or likely to, contact covered 
produce).” Requirements address equipment and tool design, 
construction, workmanship, installation, maintenance, stor-
age, and inspections as well as cleaning and sanitation. On a 
global level, the 2003 Code of Hygienic Practice for Fresh Fruits 
and Vegetables, the Codex Alimentarius (36) incorporates 
routine cleaning and sanitizing of food-contact surfaces into 
their recommendations for the primary production of fresh 
produce. Within the industry, commodity groups have  
developed commodity-specific food safety guidelines in 
which best practices address cleaning and sanitizing of  
equipment used in the field.

Since the 1990s, as evidenced by the aforementioned 
food safety guidelines and standards, equipment has been 
recognized as a potential conduit for pathogen transmission 
from the environment to fresh produce. However, equipment 
had often received less scrutiny than other means of micro- 
bial cross-contamination in the field until recent circum-
stances brought renewed attention to field equipment clean-- 
ing and sanitation practices. During a foodborne illness 
outbreak attributed to Listeria monocytogenes contamination 
of prepackaged salads, swab samples taken from equipment 
surfaces and internal framework used to harvest lettuce 
contained in the mixes tested positive for this pathogen. 
Genetic analysis of L. monocytogenes isolates from equipment 
samples revealed a match with the outbreak strain isolated 
from patients affected by this outbreak (30).

As noted above, various types of tools, equipment, and 
containers have direct contact with crops during produce 
harvesting operations (44, 110, 158). Many produce comm-
odities (e.g., fruit, vegetables, and nuts) are harvested with 
hand-held tools and placed by hand into containers or onto 
mechanized harvest-aide equipment surfaces or conveyer 
belts (45, 135, 161, 188). However, use of mechanical and/
or automated harvesting equipment is becoming increasingly 
necessary and attractive, driven primarily by challenges in 
labor availability that have affected the industry’s ability to 
harvest product in a timely fashion or to its full productivity 
per acre. In addition to equipment and tools used to separate 
product from the remaining plant and roots, harvesting oper- 
ations may also involve crop contact with auxiliary accumulation 

and transport equipment and implements such as bins 
and cartons (87, 103, 125, 146, 157), cloths used to wipe 
harvested product (151), and workers’ hands or gloves 
(19, 52). For numerous produce commodities such as head 
lettuce, berries, and cantaloupe, it is a common practice to 
pack harvested product into retail-ready packaging (e.g., 
plastic clamshells, bags, or cartons) in the field. Berries are 
placed directly into consumer units (clamshells) of various 
sizes by individual workers. Field-packed cantaloupes are 
generally placed on a conveyor, distributed on a large mobile 
packing platform for size grading, and placed in single-use 
corrugated fiber cartons or reusable packaging containers. 
For diverse leafy greens, harvested product is typically 
placed on individual packing station platforms or a common 
conveyor and may be further trimmed by machine or hand-
held tools and sprayed with water containing a minimal 
amount of an antimicrobial and antibrowning agent before 
being packaged or packed for transport. Equipment used 
in these activities includes various types of food-contact 
surfaces (e.g., blades, bands, conveyors, tabletops, and 
cutting boards) constructed with a variety of materials such 
as plastics, silicone, rubber, textiles, or metal. Many of these 
food-contact surfaces have components that are difficult to 
clean, due to either their design and construction (e.g., niches 
or places that are hidden or unreachable) or the wearing or 
corrosion of materials (e.g., formation of grooves or cavities) 
(57).

For some commodities and/or growing regions, prehar-
vest, harvest, and postharvest operations are fully integrated 
within a company, whereas for other commodities or grow-
ing regions these activities are segregated among several 
contractors. During harvest season, harvesting equipment 
use is highly dynamic; equipment is frequently moved be-
tween fields within a ranch, among crop owners (as defined 
by business contracts), and even among growing regions as 
production shifts with seasonal changes. Because of these 
supply chain and business structure complexities, cleaning 
and sanitizing activities can often be a daily or even split-
use day logistical challenge. Beyond decisions regarding 
when to clean, decisions about cleaning methods, cleaning 
location and frequency, and even next-day preoperational 
recleaning also present significant challenges to equipment 
operators. This review includes a discussion of current 
industry practices, the food safety hazards related to equip-
ment and tools used during produce harvesting and field 
packaging or packing activities, and the subsequent food 
safety risk to harvested produce within and between lots 
and farms when harvesting equipment and tools become 
contaminated. The objective of this review was to compile 
and summarize relevant research and synthesize relevant 
findings to broaden awareness of and enhance the use of 
best practices for produce harvesting equipment cleaning 
and sanitation.
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HARVESTING EQUIPMENT
Current cleaning and sanitation practices

Routine cleaning and sanitizing of harvesting and field-pack-
aging or packing utensils, tools, and equipment (which typical-
ly is conducted daily) are practiced by fresh produce harvesting 
operations as an essential component of good agricultural 
practices (36, 62, 80, 179). Studies investigating cleaning and 
sanitizing techniques for various types of equipment used in 
food processing and manufacturing facilities are plentiful in the 
literature. However, publicly available evaluations of cleaning 
and sanitizing methods and techniques for equipment used 
to harvest and pack produce in the outdoor field setting are 
limited. Most published information describing cleaning and 
sanitizing methods for harvesting equipment comes from the 
cooperative extension system operated through U.S. land grant 
universities in partnership with federal, state, and local govern-
ments (25, 76, 131, 143, 153). Many of these resources provide 
valuable, practical information and guidance on choosing a 
sanitizer product and appropriate product concentrations, 
mixing and applying chemical sanitizers, verifying labeled or 
selected doses, calibrating application equipment, and identi-
fying niches and difficult-to-access equipment areas that may 
harbor pathogens.

Current routine cleaning and sanitizing practices for 
harvesting equipment generally follow a four- or five-step 
process and may occur in the cropped field itself or, in some 
cases, on perimeter farm roads. Cleaning includes activities 
such as removal of debris and residual cull product; applica-
tion of cleaning agents (e.g., detergents); brushing, scrub-
bing, or wiping; and medium- to high-pressure spraying with 
water multiple times (141). Solutions used during cleaning 
activities may include detergents, surfactants, water condi-
tioners, and sanitizers or disinfectants (25, 131, 141, 143, 
153). Routine cleaning activities typically focus on visible 
and readily accessible surfaces that have direct contact with 
product or are adjacent to product-contact surfaces (20). 
Within the context of this review, adjacent areas on harvest-
ing equipment include many locations, especially on mobile 
harvesting and field-packing equipment, that are in close 
proximity, next to, or above food-contact surfaces during 
actual harvest operations, during preoperational staging, or 
during location-to-location movement. Examples include 
support footings, ladders next to conveyors, and various 
hoses and quick-connect couplers. During movement, stag-
ing at fields, and daily harvest operations, these surfaces are 
often sites of soil accumulation and may be very close to or 
overhang food-contact surfaces. At the end of each harvest 
pass within a field, the rough ground and rocking motion of 
the harvest unit as it maneuvers may cause this soil and crop 
residue to fall onto food-contact areas. On occasion, the forces 
on the structure may also be strong enough to cause water 
that is trapped in hollow spaces and may contain Listeria to 
leak out and potentially contaminate these surfaces during a 
daily operation.

Harvesting equipment cleaning is typically followed by 
sanitizing of food-contact and adjacent non food-contact 
surfaces, which may or may not be followed with a final 
rinse. “To sanitize” is defined in the U.S. Code of Federal 
Regulations (35) as “to adequately treat food-contact 
surfaces by a process that is effective in destroying vegetative 
cells of microorganisms of public health significance, and 
in substantially reducing numbers of other undesirable 
microorganisms, but without adversely affecting the product 
or its safety for the consumer.” Following cleaning, harvesting 
equipment is sanitized by spraying or wiping with chemical 
sanitizers such as ammonium- or chlorine-based products. 
Nonchemical methods such as UV light and thermal 
techniques may also be used to sanitize equipment surfaces 
(118, 141, 143) but are not typical for mechanized harvesting 
and mobile field-packing equipment, including robotic 
harvest aides.

In addition to harvesting in the outdoor environment, 
cleaning and sanitizing of food-contact surfaces and adjacent 
areas on harvesting equipment also play prominent roles in 
food safety for produce grown in hoop or shade houses and 
in controlled environment agriculture facilities. Following a 
Salmonella Typhimurium outbreak at a controlled environ- 
ment agriculture operation in summer 2021, in their investi- 
gation report the FDA (169) recommended improved 
procedures for cleaning and sanitizing equipment. Research 
conducted in shade-house produce production operations 
investigated bacterial transfer from contaminated produce 
crops to bins and clippers used in harvesting, and bacteria 
were recovered from bins and clippers up to 8 days after 
inoculation (127). Because of the indoor setting, controlled 
environment agriculture systems do not have the benefit 
of UV light exposure and may require enhanced vigilance 
during cleaning and sanitation of harvesting equipment to 
avoid contamination.

Pathogens posing a contamination risk to harvesting 
equipment in the field

Numerous studies of human pathogens in various produce 
growing regions have revealed their presence and, in some 
instances, persistence in produce growing environments (1, 
12, 38, 64, 66, 68, 154, 155, 163, 178, 190). In their review 
of foodborne illness outbreaks occurring from 2010 through 
2017, Carstens et al. (28) reported 228 outbreaks, 85 of 
which were multistate outbreaks in which fresh produce 
was the confirmed source of contamination. Pathogenic 
bacteria involved in the multistate outbreaks attributed to 
fresh produce consumption included Shiga toxin-producing 
Escherichia coli (STEC), Salmonella, and L. monocytogenes 
(28). Of these three pathogens, L. monocytogenes is of major 
concern because of its ubiquitous presence and ability to 
survive and grow in the agricultural environment under 
conditions that are hostile to competing microorganisms  
(i.e., low water activity, wide pH range, and low temp-
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eratures) (26, 163, 190). L. monocytogenes is a facultative 
anaerobe that occurs naturally in the environment in soil and 
on plants and in the intestines of humans, other mammalian 
species, and birds (32, 100, 104, 107, 147, 163, 165). 
Although not directly informative to the prevalence of  
L. monocytogenes in specialty crop production soils, Liao et al. 
(100) detected Listeria spp. in 31% of 1,004 soil samples in  
a survey of U.S. topsoil taken from natural environments that 
are minimally disturbed by human contact.

A systematic review of studies investigating Listeria spp. 
and L. monocytogenes prevalence and persistence in the 
produce supply chain revealed the greatest prevalence of 
Listeria spp. in outdoor production and natural environments 
(163). Investigations of the produce production environ-
ments in New York State reported more frequent isolation 
of L. monocytogenes and Listeria spp. than of Salmonella and 
STEC (155). In New York State, Listeria isolation in the 
produce production environment was highly associated 
with soil moisture and proximity to water and pastures (32). 
Gorski et al. (64) tested environmental samples from San 
Benito and Monterey Counties, California (a major produce 
growing region) for Salmonella prevalence and found that 
2.6% (16 of 617) of soil and sediment samples were positive 
for this pathogen. In another study, 5% of 2,460 samples of 
manure-amended soil taken from 19 organic farms in Califor-
nia, Maine, Maryland, and Minnesota tested positive for L. 
monocytogenes (130). In their study of five farms in New York 
State, Strawn et al. (155) reported finding STEC at approxi-
mately equal frequency in soil, water, feces, and drag swabs, 
whereas L. monocytogenes and Salmonella were detected more 
frequently in water samples. A study of L. monocytogenes 
distribution within a single farm in New York State revealed 
that the pathogen persisted on or was repeatedly introduced 
to the farm over the course of the growing season (68).

Risk factors for pathogen transfer to and persistence on 
harvesting equipment in the production environment

Although studies surveying the microbial condition 
of food-contact surfaces in the outdoor production 
environment have not been published, studies that included 
surveillance and monitoring of food-contact surfaces in 
produce packinghouses have revealed pathogen survival 
on inanimate surfaces in indoor environments (53, 94, 
116, 137). When considering the potential for cross-
contamination of product from contaminated equipment 
surfaces, the microbial hazards in the field may have over-
lapping similarities to those encountered in controlled 
environment agriculture and indoor manufacturing and 
processing environments. However, equipment may be 
differentially exposed to microbial hazards in indoor and 
outdoor environments. Microbial hazards in the outdoor 
environment differ from those in indoor environments 
primarily in exposure frequency and a reduced ability to 
control exposure or provide protection. In addition to more 

frequent contact with and less control over contamination 
sources in the outdoor setting, surfaces of equipment used 
outdoors also have increased exposure to environmental 
conditions such as radiation and desiccation that may 
adversely affect human pathogen survival and persistence 
(95, 149, 163, 181).

Environmental conditions
When equipment comes into contact with pathogen-con-

taminated soil, plants, water, insect vectors, bioaerosols, etc., 
and is not properly cleaned and sanitized prior to subsequent 
use, pathogens may persist or grow and can be transferred to 
harvested crops (21, 93, 144, 162). Depending on the envi-
ronmental conditions such as temperature, the availability of 
moisture, and presence of organic matter, human pathogens 
can survive on field equipment surfaces for varying lengths of 
time (111, 181, 182). Among potential sources of contami-
nation for harvesting equipment, animal feces, soil, and plant 
debris appear to be the primary ones (12, 77, 126, 155). Con-
taminated water (1, 13, 38, 50, 66, 164, 177) or detergents 
(33, 142, 187) used in cleaning activities also pose a con-
tamination risk for equipment, as do cleaning tools, which 
may be contaminated (148). When harvesting equipment 
is stored outdoors between uses, additional opportunities 
exist for contamination due to climatic factors such as wind 
blowing dust onto the equipment or due to contact with var-
ious pathogen carriers (e.g., rodents and other pests). Wind 
may transfer contaminants to equipment in the production 
environment, and an understanding of normal wind direction 
and speed can allow harvesters to determine whether unusual 
circumstances warrant additional preventive measures. When 
equipment is stored in proximity to animal feeding or holding 
operations, even small-scale operations, flies may be attracted 
to the harvesting equipment, especially when crop residues 
and water remain between uses.

Although some human pathogens such as L. monocytogenes 
are ubiquitous in the environment, others are normally not 
prevalent but are introduced to cropland soil by manure 
amendments, animal feces, or flooding (14, 71, 81, 82, 
122, 127, 185). Numerous field studies have revealed that 
pathogens may persist in soil for extended periods of time 
(81, 82, 122, 185). Depending on field conditions and soil 
type, soils may encrust equipment in varying degrees during 
harvesting, and contaminated soil can introduce pathogens 
onto harvested product.

Risk factors for isolation of Listeria spp., Salmonella, and 
pathogenic E. coli in soil include soil type, soil properties, 
soil amendments, temperature, wind speed, animal presence, 
proximity to water, precipitation, and irrigation (10, 68, 
78, 83, 85, 101, 102, 105, 113, 119, 123, 124, 126, 127, 
129, 133, 177, 178). Environmental conditions may also 
affect pathogen survival. Wind and high temperatures may 
desiccate pathogens on food contact surfaces, affecting their 
ability to survive (94, 181). Other environmental conditions 
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such as freeze-thaw cycles and low nutrient availability also 
affect pathogen survival (83, 120, 170).

Bardsley et al. (10) reported that Salmonella survived longer 
in clay-loam soils than in sand-loam soils. When manure was 
applied to produce farms in New York State within 1 year 
before sampling, L. monocytogenes was detected significantly 
more often in terrestrial (soil and drag) samples than in 
fields where manure was never applied (177). In a 2-year 
survey of manure-amended soil from 19 organic produce 
farms in California, Maine, Maryland, and Minnesota, 1 
(0.04%) of the 2,460 samples was positive for E. coli O157, 
7.3% were positive for non-O157 STEC, 1.1% were positive 
for Salmonella, and 5.0% were positive for L. monocytogenes 
(130). Twenty-five percent of soil samples taken from Iowa 
fields were positive for Salmonella 1 year after application of 
contaminated poultry manure (71). Soil samples collected 
from West Coast fields in which sheep grazed on cover crops 
contained E. coli strains closely related to strains isolated 
from sheep fecal samples and were detected through 139 days 
postgrazing (126).

The presence of nearby sources water or water from rainfall 
or irrigation also can influence L. monocytogenes isolation in 
produce fields (68, 129, 176–178). Pires et al. (129) reported 
that increased soil moisture and precipitation were associated 
with higher levels of E. coli in manure-amended soils on 
organic produce farms. The odds of detecting L. mono- 
cytogenes in soil samples collected from spinach fields on 
New York State farms were 25 times greater at 24 h after a 
rain or an irrigation event than at 6 to 8 days after such events 
(178). Terrestrial samples taken from New York produce 
farms within 3 days of irrigation were 27 times more likely 
to be positive for L. monocytogenes than were samples taken 
10 days after irrigation (177). In a study of L. monocytogenes 
distribution in two fields on a New York State produce 
farm, the likelihood of isolating the pathogen increased for 
soil samples as proximity to streams increased and for drag 
samples when samples were collected within 5 days of rainfall 
(68). These findings suggest that wet soils have a higher 
probability of pathogen presence following precipitation or 
irrigation. Thus, the potential for contamination increases for 
such equipment as heavy mechanized harvesters (i.e., used 
for tender leaf commodities) that may sink in the furrows and 
contact the soil on the planted bed. Enhanced cleaning and 
sanitation procedures should be considered after events that 
introduce moisture because these conditions are associated 
with increased soil deposits on equipment.

Equipment design, construction, and surface 
cleanability

Three features of equipment that have an impact on a 
pathogen’s ability to persist are the design, construction 
materials, and surface cleanability. These three features are 
interdependent both in how they relate to each other and in 
how they affect the microbial safety of equipment used in 

produce harvesting operations. How equipment and tools are 
designed and constructed affect the likelihood of attachment 
or entrapment of pathogens and subsequent persistence 
or growth on equipment surfaces (29, 108). Food safety 
guidelines have typically provided guidance addressing how 
design and construction of equipment used in a packing or 
processing facility affect the microbial safety of produce (80, 
166, 167, 179). The majority of published academic studies 
have been focused on equipment design and construction 
and the steps needed when food processing and packing 
equipment used in facilities becomes contaminated and leads 
to cross-contamination of product (17, 26, 29, 98, 137, 144). 
Although food safety is most certainly taken into account by 
equipment manufacturers, any food safety research related to 
harvesting equipment design, construction, and cleanability 
typically has been conducted in-house by food companies 
and/or the equipment manufacturers and has not appeared 
in peer-reviewed publications. However, although produce 
harvesting equipment is used differently and in different 
settings compared with food processing equipment, much 
relevant information can be obtained from studies on how 
equipment design and construction affects equipment 
cleanability and, ultimately, the microbial safety of the food 
(108).

Equipment design
Of all the equipment and tools used in produce harvesting, 

hand-held tools used to cut and trim produce crops have 
been the most frequently studied. In particular, the device 
used to harvest and field core head lettuce has been the 
subject of several studies (45, 161, 188). During field coring 
of lettuce, the core is cut out of the lettuce head with a knife 
that has a flat cutting blade at one end and a coring ring at the 
other end. This practice was first introduced in the 1990s to 
reduce costs by removing waste product in the field before 
transport and processing. To evaluate pathogen transfer 
from contaminated soil to lettuce via the field coring knives, 
Taormina et al. (161) inoculated the knives by exposing 
them to soil containing two levels of E. coli O157:H7 (2.72 
and 1.67 log CFU/g). After inoculation, the contaminated 
knives were used repeatedly to cut and core 10 lettuce heads, 
resulting in E. coli O157:H7 transfer to 10 and 5 consecutive-
ly cored heads for the two bacterial levels, respectively.

In two other studies, Dev Kumar et al. (45) and Zhou et 
al. (188) further explored the contamination of field coring 
knives that were being used by industry at that time. In both 
studies, rough welding joints on commercially available 
knives provided a favorable site for bacterial pathogen 
attachment. Once attached, bacterial cells were resistant to 
removal with a chlorine solution, a sanitation step commonly 
used by industry. Both groups of researchers designed and 
constructed modified coring knives, creating prototypes 
without a welding joint or with a smoothed, polished 
welding joint between the cutting blade and the coring ring. 
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When subjected to the same contamination and subsequent 
sanitation as used for the commercially available knives, 
the prototypes retained significantly less E. coli O157:H7 
between the cutting blade and the coring ring than did the 
commercially available knives with the rough welding joint. 
These findings are consistent with studies in which enhanced 
bacterial attachment to weld zones on food processing 
equipment was found (29, 106).

Concerns about problematic construction such as rough-
ness and fractures of welding joints also apply to other 
harvesting equipment such as mechanized harvesters and 
field-packing platforms. The Produce Safety Rule requires 
seams on food-contact surfaces of equipment to be either 
“smoothly bonded or maintained to minimize accumulation 
of dirt, filth, food particles, and organic material” (168). 
Other design features such as right angles and hollow 
structures (e.g., legs, conveyors, and framing) add difficulty 
to cleaning and may harbor pathogens when water and debris 
are collected in these structures (17, 167). In 2021, a study 
on the deep cleaning of harvesting equipment was conducted 
by a select group of produce processing and harvesting 
companies in collaboration with industry organizations and 
academic extension faculty and facilitated by an industry 
vendor (37). The study findings included several areas on 
a mechanical harvester (e.g., difficult-to-reach and hidden 
locations beneath belts, cog wheels, framework, cutting 
surfaces, bearings, support components, and tunnel flaps) 
as “at-risk” for contamination that would benefit from 
hygienic design improvements. The study authors called for 
more testing and further coordination between harvesting 
operations and equipment manufacturers “to enhance 
hygienic design and sanitation processes.”

Materials used in construction
Equipment used in harvesting fresh produce may be 

constructed with a variety of materials such as stainless steel, 
aluminum, plastics, wood, textiles, silicone, and rubber. 
Many of these materials have been the focus of research on 
the ability of human pathogens to survive on surfaces (29, 
31, 43, 58, 72, 94, 111, 136, 171, 181). The properties and 
characteristics of materials impact pathogen survival on food-
contact surfaces, especially the ability to form biofilms (89).

Wood has generally been considered more conducive 
to pathogen survival, especially in moist and/or soiled 
conditions, than other surfaces such as stainless steel (9, 
181). Over the past several decades, the produce industry 
has moved away from the use of wood to construct rigid, 
solid food-contact surfaces in favor of other materials, 
including metals and plastics. Collectively the research 
related to the microbial safety of wood is inconclusive, as 
revealed in an extensive review by Aviat et al. (2). These 
authors cited numerous studies comparing wood and plastic 
cutting boards that produced conflicting findings regarding 
microbial counts over time under various conditions. In a 

study of E. coli transfer from wood, corrugated fiberboard, 
newly manufactured plastic, and reused plastic to apples, 
wood performed better than did the other three materials for 
limiting both pathogen survival on the material and transfer 
to the apples (3). In a study comparing E. coli-contaminated 
onions held in either wooden or plastic storage containers, 
no detectable E. coli was found on onions after 6 weeks 
of storage, leading the investigators to conclude that no 
difference in inherent risk existed between the two types of 
containers (134). In contrast, stainless steel is considered 
one of the most hygienic materials for construction of food-
contact surfaces and is frequently used in the construction 
of harvesting equipment (8, 9, 18, 61, 171, 173). Food-
contact surfaces such as conveyor belts and curtain tails on 
harvesting equipment may be constructed with soft and 
flexible materials such as textiles, rubber, or rubber-like 
materials. Research findings related to pathogen persistence 
on specific materials indicate pathogen growth and survival 
may depend on environmental factors such as moisture, 
ambient temperature, and relative humidity (31). Overall, 
the most common finding among the majority of studies 
was that consistent, properly administered cleaning methods 
significantly reduced bacterial contamination on food-
contact surfaces.

Surface cleanability 
In addition to the design and the type of material used 

to construct harvesting equipment, the condition of food-
contact surfaces and of the overall equipment also affects 
the ability to clean and sanitize effectively. Decades of food 
industry research has indicated that microbial adhesion 
to surfaces, when it occurs, requires only small amounts 
of food sediment to provide nutrients and makes bacteria 
more resistant to cleaning and sanitation (59, 75, 140). 
Bacterial attachment to surfaces also is affected by properties 
of both the material to which the bacteria adhere (145) 
and the bacteria themselves (72, 180). Once they are 
transferred to equipment, bacteria modify their physiology 
and morphology to better adhere to a surface (72). As 
part of the physiological changes that enhance attachment, 
some pathogens can form biofilms, an extracellular 
polymeric substance, as a means of protection from harsh 
environmental conditions (27, 99, 114). It is not within 
the scope of this review to cover the vast body of research 
published on biofilm formation on food-contact surfaces 
in the food industry; thorough reviews by Carrascosa et 
al. (27), Li et al. (99), and Mevo et al. (114) have been 
recently published. Recent approaches to address biofilm 
contamination on equipment surfaces include novel methods 
to prevent bacteria from attaching, to disperse (chemically 
or enzymatically) and remove established biofilms, or to 
kill resident bacteria in the biofilms (8, 49, 186). However, 
physical forces applied during cleaning are very important for 
biofilm removal prior to sanitation.
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Two surface conditions frequently evaluated in investiga-
tions of bacterial attachment to food-contact surfaces are sur-
face topography and surface roughness. Surface topography 
generally refers to the material’s local deviations from a flat 
plane and includes defects such as crevices and pits. Rough-
ness of a surface is quantifiable as the measure of total spaced 
irregularities (41, 74, 75). Surface topography and roughness 
affect the ability of microorganisms to adhere or attach to 
a surface, and current research findings suggest that these 
features are more relevant to biofilm formation than is the 
specific material used to construct the surface (88). Surfaces 
with rough or worn topography are more difficult to clean 
than smooth or unworn surfaces, creating opportunity for 
pathogen contamination (18, 173). For stainless steel, both 
the average surface roughness in the vertical direction and 
the shape of any defect (e.g., sharp narrow or deep scratches) 
affected bacterial retention and cleanability; wider surface  
defects were easier to clean than sharp scratches (18). Verran 
et al. (173) reported that a greater force was required to 
remove bacterial cells on surfaces that had been damaged 
from use than on unused surfaces, even for defects with 
dimensions smaller than the average size of the bacterial cell. 
Addition of detergent to the water spray reduced the amount 
of force required to remove the bacteria (173).

Despite evidence that surface topography and roughness 
affect cleanability, numerous studies of how roughness and 
topography influence bacterial adhesion often have pro-
duced conflicting findings. A more complete understanding 
of how the surface topography of materials commonly used 
in the manufacture of harvesting equipment affects bacterial 
adhesion would be useful for developing surfaces engi-
neered to reduce bacterial attachment. Stainless steel is one 
of the most researched materials, often studied in relation 
to Listeria attachment. Studies of L. monocytogenes adhesion 
to stainless steel have produced inconsistent findings; some 
researchers have reported a strong correlation between 
adhesion and surface roughness (29, 43), whereas others 
did not (69, 136). Crawford et al. (41) credited the discrep-
ancies of findings among studies to the lack of a consistent, 
comprehensive topographical characterization of surfaces  
at the nanoscale. They noted that most studies of surfaces 
have included analysis of only one aspect of the surface 
topography (i.e., average or root mean roughness measured 
as the typical height variation of the surface) instead of a 
collection of measurements that would better describe the 
many aspects of surface roughness.

CONTAMINATION PREVENTION AND 
CONTROL MEASURES
Cleaning and sanitation practices overview

Best practices for harvesting equipment, from the FDA 
(168) Produce Safety Rule and the Codex Alimentarius (36)
Code of Hygienic Practice for Fresh Fruits and Vegetables to
commodity-specific food safety guidelines, include routine 

cleaning and sanitizing of food-contact surfaces. Cleaning 
and sanitizing of harvesting equipment are the primary 
means of preventing bacterial transfer from equipment to 
harvested crops during daily operations. When equipment 
is not cleaned and sanitized appropriately and/or in a timely 
manner, human pathogens may remain on the equipment and 
may transfer to produce crops during harvesting operations 
(103). Determination of where and when harvesting 
equipment should be cleaned and sanitized (e.g., before 
use, after use, or between fields) is also crucial to ensuring 
that this equipment is not a source of contamination in the 
field. Because chemicals used in cleaning and sanitation 
may pose a hazard to harvested and unharvested crops, the 
location in which these activities occur must be chosen to 
prevent inadvertent contamination. Decisions about cleaning 
and sanitation timing should be based on sound standards 
of care for the microbial safety of the crop and must not 
be compromised by expediency. Decisions on cleaning 
and sanitation frequency and preoperational recleaning 
and sanitizing must take into consideration factors such as 
weather, rain events, adjacent land hazards, vector activity, 
and other issues that enhance the risk of pathogen presence 
and the risk of equipment contamination.

Sanitation standard operating procedures (SSOPs) should 
be clearly written and easy to follow with a clearly defined 
scope that addresses the range of applications, the equipment 
and products to be used, the people responsible for the 
cleaning procedures, and detailed cleaning instructions 
(84). The SSOPs for any given piece of equipment should 
be customized for each component (e.g., conveyor belt) 
with consideration of the materials used in its construction, 
accessibility for cleaning (such as conveyor lifts), type and 
complexities of joints and product transfer points, and 
frequency of breakdown or dissembling. Cleaning procedures 
for harvesting equipment depend on the properties of the 
component being cleaned such as the material with which 
it was constructed, its structure, and where it is located 
on the equipment, including its height from ground level. 
Cleaning and sanitizing compounds and solutions may react 
with equipment materials and coatings, causing corrosion 
and degradation (47). Aside from the equipment itself, 
other considerations in establishing SSOPs for cleaning 
and sanitizing harvesting equipment include the chemicals 
used in these activities (e.g., appropriate use, disposal, and 
storage of these agents to prevent crop contamination), the 
type and condition of soil fouling the equipment (e.g., dry 
or wet soil), and the hardness (i.e., calcium and magnesium 
concentrations) of the water used for cleaning.

Unlike the food processing and manufacturing industry 
where periodic deep cleaning of equipment is essential to 
prevent product contamination from established persistent 
bacterial strains, the fresh produce industry does not typically 
perform periodic deep cleaning of harvesting equipment 
(57). Although equipment surfaces require cleaning and 
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sanitation in both harvesting and processing operations, 
major differences exist in the equipment settings. In food 
processing and manufacturing settings, equipment is indoors 
and typically fixed in place (20, 98); in contrast, harvesting 
equipment is used outdoors, where it is continually being 
transported between fields. The ever-changing routine of 
harvesting operations requires more strategic planning for 
both periodic and risk-based deep cleaning (observation 
of environmental conditions necessitating a preventive 
intervention) to occur, especially with regards to where and 
when equipment can be disassembled. However, even in food 
processing and manufacturing environments, deep cleaning 
of equipment requires timing considerations because it 
necessitates cessation of operations and interferes with 
product output (20, 141).

The 2021 deep cleaning of harvesting equipment work-
group study included a seven-step deep cleaning process that 
revealed at-risk areas on the equipment and indicated that 
disassembly of the equipment for deep cleaning was essential 
for reducing or eliminating the bacterial load in hard-to-reach 
niches on the equipment (37, 57). Although deep cleaning 
requires longer downtime than routine cleaning, some form 
of periodical deep cleaning is critical to prevent pathogen 
persistence (i.e., biofilm formation) on equipment used for 
harvesting and field-packing operations (57).

Cleaning and sanitizing methods
Current routine cleaning and sanitizing practices for 

harvesting equipment generally follow a four- or five-step 
process (141, 143). Cleaning and sanitizing of equipment 
surfaces are two distinct processes that combine mechanical 
action such as scrubbing, spraying, scraping, etc., with 
chemicals or technologies (e.g., heat or radiation) to remove 
and/or kill contaminants on the equipment (23). The 
cleaning process involves chemicals (detergent type and 
concentration), contact time, temperature, and mechanical 
action (23). Surfaces must be cleaned before they are 
sanitized because surface cleanliness greatly affects sanitizer 
effectiveness; soil and product extracts (e.g., from cut 
surfaces or rotting or damaged products) can interfere with 
sanitizer efficacy (45, 73, 90, 141, 143, 158). Even trace 
amounts of soil or plant residues may protect bacteria on 
surfaces from sanitizer treatment (91, 92).

The specific methods used to clean a surface significantly 
impact its cleanliness as does the nature of the material 
fouling the equipment (e.g., soil residues or plant material). 
Some residues such as soil may partially or fully dissolve 
in water, whereas others require detergents or physical 
removal (18, 141, 171, 173). Boyd et al. (18) found that 
cleaning of fouled unpolished stainless steel with brushes 
removed substantially more of the fouling material than 
did spray cleaning. Verran et al. (171, 173) reported that 
cleaning with detergent produced better results than did 
spray cleaning with only water. A study by Lambrecht et 

al. (96) revealed that detergents in foam form used with 
a low-pressure applicator were also more efficacious than 
conventional cleaning methods and reduced the potential 
for cross-contamination from pathogen dispersal in aerosols 
and droplets. Cleaning of stainless steel with a nonionic 
detergent and simulated manual cleaning techniques resulted 
in a 2-log reduction in attached bacteria (173). Selection of 
appropriate cleaning tools (e.g., brushes) and application 
procedures (e.g., foaming) is essential, recognizing that 
different equipment, surfaces, and environments may require 
different strategies.

Numerous factors should be considered when choosing 
specific cleaning and sanitizing agents, far more than could 
be adequately addressed here. Although below we briefly 
discuss general categories and select research findings, others 
researchers have more thoroughly addressed these factors in 
relation to cleaning and sanitizing equipment used indoors in 
packing and processing operations, and much of this informa-
tion is also relevant for harvesting equipment (25, 141, 143). 
Cleaning agents or detergents typically contain numerous 
chemical components such as surfactants, water condition-
ers, fillers, and oxidizing agents, that play specific roles (e.g., 
controlling the pH) in the cleaning process (141, 143). 
The primary role of detergents is to facilitate penetration, 
breakdown, and suspension of soil with mechanical action, 
which prevents redeposition on the equipment surface (23, 
189). Knowledge of the type of soil fouling the equipment is 
critical for choosing the correct cleaning agent(s) (i.e., acidic 
or alkaline) because agents with the wrong pH can hinder 
soil removal (143). A surfactant works by reducing the 
adhesive forces between a contaminant and the equipment 
surface (143, 189). Water conditioners prevent buildup of 
mineral deposits, mainly in the form of calcium and magne-
sium, which may affect the overall chemistry of the cleaning 
agent and may be detrimental to equipment performance and 
maintenance (143).

Sanitation is affected by contact time, concentration of 
the active chemical, treatment frequency, applied force, 
and treatment temperature (15, 23, 54, 55, 63, 141, 143). 
Operators of harvesting equipment should consider each of 
these factors when developing plainly and concisely written 
SSOPs, including the appropriate tools and equipment 
needed to conduct each procedure. In their evaluation of 
commercial equipment sanitizing processes used in food 
manufacturing, Cai et al. (23) reported that sanitizer contact 
time was the most important predictor of L. monocytogenes 
reduction on surface materials such as high-density poly-
ethylene, epoxy, stainless steel, and Buna-N rubber. Use of 
sanitizers in foam form also enhances efficacy by increasing 
contact time compared with liquid sanitizers (96). Solution 
temperature affects the sanitizing efficacy of select sanitizers 
(e.g., lower temperature slows the oxidizing effect of 
hypochlorous acid), their safe use, and their ability to 
corrode (141, 143). Fagerlund et al. (54) tested commercially 
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available sanitizer performance on conveyor belt material 
and reported that when sanitizer concentration, the number 
of follow-up treatments, exposure time, and temperatures 
were increased over the typical standard daily cleaning and 
sanitizing process recommended by the manufacturers,  
L. monocytogenes biofilm removal improved from a maximum 
1.8-log reduction to a >5.5-log reduction.

Because chemical sanitizers are most commonly used 
to reduce microbes on produce harvesting and packing 
equipment, the correct selection and use of sanitizing agents 
is vital for preventing cross-contamination of product during 
harvesting and field-packing operations. Chemical sanitizing 
agents approved for use on food-contact surfaces include 
halogens (e.g., chlorine- and iodine-based products), ozone, 
peroxides (e.g., peracetic acid [PAA]), and quaternary 
ammonium compounds (QACs) (15, 141). Although 
some researchers have reported that for QACs, higher 
minimum inhibitory concentration are needed to kill some 
L. monocytogenes strains (51, 160), these strains appear to 
be killed at equal efficacy as those killed by lower MICs 
(16). Although these findings support the need for use of 
appropriate sanitizer concentrations, current evidence is not 
sufficient to advise against the use of QAC-based sanitizers. 
In numerous studies of sanitizer efficacy against foodborne 
pathogens under various conditions (frequently in the 
presence of food residues), sanitizer efficacy depended on 
the target microorganisms (73, 89, 90, 93, 140, 183). Many 
researchers have investigated sanitizer efficacy against 
L. monocytogenes, which is a key environmental pathogen due 
to its ability to readily attach to surfaces and the frequency at 
which it has been identified as both a transient and resident 
contaminant in food pro-cessing facilities (26, 112, 152,
156). The efficacy of sanitizers (e.g., PAA, QACs, chlorine, or 
chlorine dioxide) commonly used against L. monocytogenes
biofilms has been variable, depending on the materials being 
investigated, the specific L. monocytogenes strain, and the 
degree of biofilm develop-ment (34, 73, 79, 90). However,
researchers have consistently emphasized the importance of 
timely and thorough cleaning of food-contact surfaces before 
sanitation to further optimize sanitizer efficacy and reduce 
biofilm formation.

Biofilm control
A finding common to many studies is that pathogens 

attached to equipment, especially in the form of biofilms, 
are much more difficult to eliminate than those present as 
individual cells (60, 90, 140, 183). As they mature, biofilms 
become more difficult to remove (54, 90, 183). L. mono- 
cytogenes may not form true biofilms but often co-occurs with 
biofilm producers such as Pseudomonas and Burkholderia 
(159). Korany et al. (90) reported that the efficacies of 
QACs, chlorine, chlorine dioxide, and PAA were much lower 
against L. monocytogenes cells that have been attached for  
7 days than against cells attached for only 2 days.

Driven largely by the food manufacturing, meat, dairy, and 
medical industries, research into new sanitizing technologies 
and/or chemicals with enhanced efficacy against biofilms 
has increased over the past decade. Several publications 
have provided comprehensive reviews of these innovative 
and promising approaches to sanitation, which include use 
of visible and UV light, proteins, cold plasma and plasma-
generated compounds, electric currents, natural products, 
nanoparticles, nanomaterials, nanobubbles, peptides, 
bacteriophages, and low-frequency high-intensity ultrasound 
(5, 6, 42, 67, 114, 121, 138, 144, 175). The mechanisms of 
action behind these novel approaches to sanitation are based 
on increasing the bacterial cell membrane permeability, 
disrupting bacterial communication via quorum sensing 
(quorum quenching), promoting bacterial cell lysis, 
degrading components of the biofilm matrix, and/or 
inhibiting enzyme activity or protein synthesis—all of these 
mechanisms may facilitate the disruption and dismantling  
of biofilms or bacterial cell death (114, 138, 144).

A hurdle approach to biofilm control or elimination by use 
of a combination of sanitizing treatments or technologies 
has frequently been more effective against biofilms than a 
single antimicrobial intervention alone (114, 132, 138, 174). 
For example, ultrasound treatment plus 30 s in 1 ppm of 
chlorinated water reduced E. coli O157:H7 counts below the 
limit of detection (1.10 CFU/cm2) on the coring ring blade 
and welding joint of lettuce coring knives (188). Rafeeq and 
Ovissipour (132) reported a synergistic effect of ultrasound 
and nanobubbles against E. coli O157:H7 and Listeria in-
nocua on spinach leaves that surpassed the efficacy of either 
treatment alone. In other cases, bacteriophage addition or 
treatments that dismantle or dissolve the biofilm matrix (e.g., 
quorum quenching) in combination with sanitizing agents 
have effectively reduced pathogens in biofilms on food-con-
tact surfaces (42, 138). However, in the “real world” the 
persistence of pathogen communities and biofilms is often 
due to contamination in equipment locations that are not 
reached by chemicals in niches or harborage sites (112). Use 
of specific chemicals targeting biofilms is often ineffective 
because the liquid or gaseous chemicals cannot reach the 
target organisms in hollow areas. In these cases, removal 
of persistent pathogen communities and/or biofilms will 
require equipment disassembly and enhanced mechanical 
cleaning rather than use of specialized chemicals (23).

Validation and verification of cleaning and sanitizing 
processes

In the Validation of Cleaning Processes guide for inspectors 
of the pharmaceutical industry, the FDA (168) states “the 
test of any validation process is whether scientific data shows 
that the system consistently does as expected and produces a 
result that consistently meets predetermined specifications.” 
In a similar way, for the produce industry, cleaning and 
sanitizing procedures as outlined in a harvesting company’s 
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SSOP should be validated or drawn from scientifically valid 
studies subject to peer review to ensure these procedures 
accomplish what they are intended to accomplish, mean-
ing these cleaning and sanitizing procedures should have 
predictable outcomes when repeatedly implemented. The 
FDA did not include equipment SSOP validation require-
ments in the Produce Safety Rule (168), however harvesting 
companies must validate their SSOPs or identify established 
studies as specifically suitable validations as part of their food 
safety program and risk management strategies. In addition 
to equipment-specific SSOP validation, companies supplying 
or manufacturing cleaning technologies, equipment, and 
chemicals may provide validation of their products. These 
documents are useful as supplementary validation resources 
but, as noted by Fagerlund et al. (54), may not be adequate 
for effective cleaning of a specific piece of equipment.  
Because specific aspects of the equipment and the environ-
ment in which it is used may differ from a chemical manu-
facturer’s validation procedure, the manufacturer’s product 
validation should not be solely relied upon without some 
form of verification of the SSOPs by a harvesting company or 
a qualified third-party agent.

In the produce industry, it is a fairly common practice 
to visually inspect equipment to ensure it is in a condition 
appropriate for entering the field and contacting crops. Visual 
inspections of harvesting equipment are typically performed 
prior to harvesting to verify that the equipment is clean and 
field ready. When equipment is visually inspected, personnel 
doing the inspection typically follow a written standard 
procedure and record their findings. Inspection records can 
be shared with cleaning crews to provide essential feedback 
on the quality of their work. However, although essential, 
visual inspection is subjective (i.e., dependent on human 
senses and worked-related experience) and should not be 
solely relied on as evidence that the equipment has been 
thoroughly and appropriately cleaned and sanitized and is 
ready to harvest crops in the field (115). Best practices for 
ensuring harvesting equipment is field ready include making 
quantitative or qualitative measurements demonstrating the 
hygienic state of the equipment.

Numerous quantitative and qualitative methods are 
available to assess cleaning and sanitation efficacy (i.e., by 
measuring equipment surface hygiene), many of which are 
already routinely used in produce packing and processing 
facilities (86, 137). For harvesting equipment, frequent 
movement and constant use during harvesting season neces-
sitates timely cleaning and sanitation verification. This timing 
is generally before movement to the next location or the next 
day of harvesting; retrospective microbiological testing may 
be problematic for linking multiple crops or locations when 
an out-of-compliance result is obtained. The time constraints 
associated with harvesting equipment generally rule out the 
use of swab and plate microbial techniques, which require  
≥ 24 h to get results. Thus, hygienic assessment options may 
be limited to rapid methods that produce results in minutes 

or, at the most, a few hours. For decades, the food industry 
at large has commonly used ATP-based assays for rapid 
assessment of equipment cleaning. These assays produce light 
(bioluminescence) when ATP (an energy-bearing molecule 
found in living organisms) is detected (115). The ATP  
detected on equipment surfaces could be from soil or plant 
residues or from microorganisms, and the intensity of the 
light emitted is used to estimate the ATP concentration 
(115). In a tofu manufacturing facility, Sogin et al. (150) 
compared ATP bioluminescence monitoring of food-contact 
surface cleanliness with microbiological enumeration and 
reported that the two methods agreed on site cleanliness  
status only 75.1% of the time. Although these data support 
the value of ATP testing, they should not be misinterpreted 
as suggesting that ATP testing can verify sanitation; ATP 
testing can be used to only verify cleaning. Multiple experi-
ences in practice have indicated that ATP testing works well 
on many food-contact surfaces but very poorly in general on 
surfaces such as brushes and rollers.

Although ATP testing is widely used in produce 
packinghouses and processing facilities, little published 
information is available that describes the performance 
of these tests in those settings. Ruiz-Llacsahuanga et al. 
(137) examined the accuracy of ATP-based assays for 
assessing the hygiene of equipment used in apple packing 
facilities and reported no significant association between 
ATP-based rapid test results and plate counts of aerobic 
bacteria, Enterobacteriaceae, coliforms, and E. coli. In a 
laboratory study, Corbitt et al. (39) evaluated the ability 
of ATP bioluminescence alone or in combination with the 
cellular marker adenylate kinase (an enzyme involved in 
ATP production) to detect broccoli and potato residues 
on stainless steel surfaces. ATP plus adenylate kinase 
performed better for detecting either vegetable than did 
ATP bioluminescence alone. Lane et al. (97) concluded, 
based on their laboratory study, that ATP bioluminescence 
measurement is an appropriate tool for measuring leafy green 
residues and bacterial contamination on stainless steel or 
high-density polyethylene plastic surfaces; however, ATP 
testing does not detect low levels of bacteria and therefore 
is never appropriate as a tool to verify sanitation. Recently 
published cleaning and sanitation verification assays include 
a more sensitive version of the ATP assay that detects total 
adenylates: ATP, ADP, and AMP (7). Other innovations 
include paper biosensors combined with a smartphone for 
detecting and measuring ATP (24). Although ATP-based 
testing is an appropriate tool for verifying the cleanliness of 
harvesting equipment, it should be supplemented by periodic 
evaluation of total bacterial counts to verify sanitation 
practices. Recently adopted industry recommended practice 
is to start with weekly microbiological swabs or agar contact-
press plates to build a history of performance for cleaning and 
to reduce this testing frequency based on use, environment, 
season, and data-informed experience.
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Cleaning the cleaning tools
The condition and suitability of the tools and equipment 

used in cleaning and sanitizing are often overlooked. In a 
1998 microbiological survey of food manufacturing plants in 
the United Kingdom, 47% of cleaning tools tested positive 
for L. monocytogenes (70). The potential to cross-contaminate 
food-contact surfaces is significant when cleaning tools are 
not routinely cleaned and sanitized. Inappropriate design of 
cleaning tools may lead to inadequate contact with surfaces 
such as sharp angles or curves. Cleanliness of the cleaning 
tools is receiving more attention in food safety programs, 
as indicated by the recent addition to food safety schemes 
approved by the Global Food Safety Initiative, and is also 
influencing tool design and cleaning and maintenance 
protocols and schedules (148).

Studies in packing, processing, and retail establishments 
provide examples of how cleaning equipment can become 
sources of contamination when not properly maintained. In 
a microbial survey of fresh-cut vegetable production plants, 
Lehto et al. (98) reported a mean aerobic plate count of 80 
CFU/cm2 and a mean Enterobacteriaceae count of 49 CFU/
cm2 on the surface of floor cleaning equipment. Conveyors, 
floors, and gloves had elevated aerobic plate counts (50 to 72 
CFU/cm2) even after they had been cleaned (98).

Cloths and squeegees may be used to wipe debris and dirt 
from equipment surfaces during harvesting and field-packing 
activities. In their survey of 30 produce retail environments, 
Burnett et al. (22) swab sampled squeegees and other floor 
cleaning tools; at one retail location 33 of 180 sampled tools 
were positive for L. monocytogenes and 1 tool was positive 
for Salmonella. Cleaning cloths (n = 1,132) used to clean 
surfaces in preparation for service of ready-to-eat foods 
in U.K. foodservice and retail establishments had higher 
aerobic plate counts and higher levels of Enterobacteriaceae, 
E. coli, and Staphylococcus aureus than did the surfaces they 
were used to clean (139). Kusumaningrum et al. (93) also 
reported high levels of Salmonella and S. aureus on regular 
and microfiber cleaning cloths but not on disposable cloths 
treated with antibacterial agents, which had no detectable 
contamination. Cleaning cloth material may hence affect 
cleaning efficacy and cross-contamination of surfaces being 
cleaned (61).

Tools used to clean harvest equipment may spread 
contamination to equipment surfaces. Goulter et al. (65) 
reported transfer of bacteria from contaminated cleaning 
water to surfaces wiped with cloths that had been dipped in 
the contaminated water. Water containing QACs prevented 
bacterial transfer but did not stop transfer of bacterial spores 
to surfaces via the wiping cloths. Squeegees used to remove 
condensation from overhead pipes in a food manufacturing 
facility had extensive Listeria contamination when used to 
wipe inoculated pipe surfaces (109). Sanitizer alone was 
able to remove only 1 to 2 log CFU/in2 (6.45 cm2) from 
squeegee blades, but the bacterial levels were further reduced 

by 3 to 4 log CFU/in2 after an extensive cleaning regimen 
was implemented. Tools and equipment such as those 
evaluated in these studies (22, 61, 65, 93, 98, 109, 139) are 
used for cleaning harvesting equipment. In contrast to tools 
used indoors, tools used to clean harvesting equipment may 
have significant exposure to UV light between cleanings; 
nonetheless, each cleaning tool should be routinely cleaned 
and sanitized at a frequency that is appropriate for how it 
is used and stored. Observations reported by a workgroup 
during the deep cleaning of harvesting equipment (37) 
indicated that much greater attention and emphasis on the 
physical condition of cleaning tools, especially brush heads, 
is warranted.

Equipment storage
As noted above, during harvesting season, harvesting 

and field-packing equipment are typically moved between 
harvesting locations and remain outdoors, uncovered 
either overnight or when not in use counter seasonally. 
When harvesting equipment is removed from storage 
after an extended period such as counter seasonally, the 
preoperational SOPs should include preventive maintenance, 
deep cleaning, sanitation, and verification of the hygienic 
state before use in harvesting activities. Storage of equipment 
uncovered outdoors leaves it vulnerable to microbial 
contamination from pests, blowing dust and dirt, and 
moisture, which supports pathogen growth and biofilm 
formation (68). When harvesting equipment is cleaned 
and sanitized immediately after use and then subsequently 
remains inactive outdoors—whether overnight or for several 
days or months between uses—this down time provides 
opportunities for microbial contamination. Use of coverings 
or portable storage structures for inactive equipment is a 
possible preventive measure. The time between cleaning and 
sanitizing activities and equipment use can be decreased by 
performing those activities immediately before harvesting 
operations, which reduces the potential for microbial 
contamination during down time; however, this order 
of operations may not always be logistically possible. As 
an alternative, design and construction of equipment 
incorporating antimicrobial materials would support 
sanitation maintenance when equipment is both operating 
and inactive.

New materials and coating technologies
Research focusing on how to maintain surfaces in a 

sanitary state with less frequent cleaning and sanitizing 
activities has been largely driven by medical applications 
but has also become increasingly important to the food 
industry as more activities become automated. Automated 
processes typically involve more surfaces that are then 
available for potential bacterial contamination, increasing 
the opportunity for cross-contamination of product (11). 
Surfaces constructed with materials that have antifouling or 
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antimicrobial properties can more easily be maintained in a 
sanitary state. Similar to innovative sanitation technologies, 
research on antifouling and antimicrobial surfaces has 
mainly focused on equipment used in food processing and 
manufacturing. Several reviews have been recently published 
that have summarized and explained the various innovative 
materials and methods and the unique challenges in food 
industry applications (11, 44, 128).

Innovative antimicrobial and antifouling materials 
include additives incorporated into the structural materials 
themselves, modified material surfaces, or surface coatings 
that have antibacterial activity (antimicrobial) or that prevent 
soil and bacterial adhesion (antifouling) (4, 8, 11, 31, 40, 
46–48, 56, 117, 172, 184). Chaitiemwong et al. (31) reported 
enhanced L. monocytogenes reduction on wet conveyor 
belt material containing antimicrobial additives compared 
with wet conveyor belt material without additives. Ban et 
al. (8) modified stainless steel by creating nanoscale pores 
in the material surface coupled with a Teflon coating to 
form a self-cleaning surface that reduced E. coli O157:H7 
and Salmonella populations by 2.1 to 3.0 log CFU/cm2, 
respectively, compared with untreated or noncoated stainless 
steel. Surface coatings range from permanent to temporary 
(e.g., food-safe oil-based coatings) (4, 11). Awad et al. (4) 
evaluated a food-safe oil-based slippery coating for stainless 
steel surfaces and reported that the oil coating, which filled 
surface grooves and cavities, suppressed bacterial adherence 
and biofilm formation. Metal-based coatings such as 
titanium, silver, copper, and zinc on food-contact surfaces 
act as antimicrobials by reducing retention and enhancing 
the removal of bacteria from the coated surfaces (11, 172). 
Many antimicrobial coatings work in synergy with sanitizing 
treatments, resulting in enhanced bactericidal effects (46, 
47). Other coatings exploit material properties such as 
hydrophobicity or hydrophilicity that inhibit or minimize 
bacterial adhesion (56, 184). Rechargeable coatings 
containing antimicrobial N-halamines (a halogenated 
nitrogen compound) can renew their antimicrobial effect 
by reloading from a halogen (chlorine, bromine, or iodine) 
source (11). Cossu et al. (40) evaluated a novel rechargeable 
antimicrobial polymer that prevents biofilm formation over 
repeated exposures and helps inactivate existing biofilms 
upon contact. The polymeric material is recharged with 
bleach during cleaning with mechanical sonication. Although 
few, if any, of these novel technologies are at a state where 
they could be applied to preharvest equipment, this area may, 
in the long term, yield approaches that could be valuable for 
preharvest food safety.

CONCLUSION
Equipment and tools used in harvesting produce crops 

can harbor and transfer human pathogens present in the 
outdoor environment in which they operate. Environmental 
conditions affect the risk of contamination by microbial 
hazards in the produce production environment where the 
equipment is operating. For example, numerous studies 
have provided evidence that contamination risk is higher 
when the soil is wet (i.e., after rainfall or irrigation). Use of 
harvesting equipment in the field too soon after irrigation or 
precipitation may increase the risk of cross-contamination.

The fast-paced, time-sensitive nature of harvesting produce 
crops in an outdoor environment presents distinctive chal-
lenges for maintaining equipment in a sanitary condition. 
When food-contact and other exposed surfaces or internal 
hollow areas on harvesting equipment frames and at frac-
tures in welded areas become contaminated, pathogens can 
be transferred to harvested product. Research and develop-
ment efforts across industries are producing new, practical, 
and cost-effective materials and techniques for maintaining 
harvesting equipment in a sanitary state during and after use. 
Equipment operators can take practical steps to minimize 
cross-contamination between food-contact surfaces, areas 
adjacent to food-contact surfaces, and the produce crops. 
Cleaning and sanitizing equipment in a timely manner using 
appropriate methods and techniques are the keys to prevent-
ing microbial contamination of produce crops during har-
vesting activities. Equipment operators should have a basic 
understanding of the chemistry and mechanisms underlying 
their sanitation processes and the efficacy of these treat-
ments against biofilms. Well-written SSOPs should provide 
work crews with clear and concise instructions regarding 
the methods and tools for cleaning and sanitizing harvesting 
equipment. Although the FDA did not include monitoring 
requirements in the Produce Safety Rule, harvesting compa-
nies must validate equipment SSOPs and verify cleaning and 
sanitation procedures as part of their food safety programs 
and risk management strategies. When equipment is not 
in use, the practicality of storage—covered or uncovered, 
indoors or outdoors—to minimize the risk of contamination 
is worth consideration.

Continued attention to equipment design and construc-
tion and use of enhanced hygienic practices are also funda-
mental to the produce industry’s commitment to provide 
consumers with safe, nutritious products. Applied research 
on the efficacy of harvest equipment sanitation (e.g., with 
various chemicals, for various dwell times, and under various 
environmental conditions) will be valuable for establishing 
cleaning and sanitation performance criteria and identifying 
situations in which harvest equipment sanitation differs sub-
stantially from findings for sanitation in other environments 
(e.g., packinghouses and processing facilities).
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