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Abstract

A novel approach is developed to establish safety levels for organophosphate pesticides residues present in
80 fruit, vegetable, and nut commodities. These levels, known as Pesticide Safety Levels (PSL), represent the
concentration of the organophosphate pesticide residue that would be required to cause daily exposure of

than MRLs 82.8% of the time.

the highest-consuming population subgroup at the 95th percentile of consumption (based upon US food
consumption estimates) to reach the adjusted acute reference dose of the pesticide.

A total of 4,320 PSLs were developed for 54 organophosphate pesticides on the 80 commodities.
Comparisons of PSLs and tolerances and/or MRLs, when available, indicated that only a small percentage of
PSLs were lower than or equal to regulatory levels (1.9% below/equal to tolerance levels and 2.3% below/
equal to Codex MRLs). In the pesticide/commodity combinations where PSLs were below tolerances and/or
MRLs, monitoring results indicated that the maximum residues of organophosphate pesticides on the
commodities were far below both the PSL and tolerance/MRL values.

In most cases, PSLs were much higher than existing tolerances and/or MRLs. PSLs were at least 100 times
higher than tolerances in 50.1% of the comparisons and at least 100 times higher than MRLs 64.1% of the
time. PSLs were at least ten times higher than tolerances 75.8% of the time and at least ten times higher

PSLs serve a useful role in determining the health significance, if any, in the event that residues of organophosphate
pesticides exceed existing tolerances and/or MRLs as well as in cases where residues of organophosphate pesticides
are detected on commaodities for which no tolerance or MRL has been established. PSLs can also be used to customize
pesticide residue monitoring programs to focus more on consumer safety than on good agricultural practices.
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Introduction

The health significance of pesticide residues on foods
exceeding standards such as US tolerances or Codex
Maximum Residue Levels (MRLs) is poorly understood.
While it may seem intuitive to consider the standards as
safety standards, a deeper examination of the methods
by which such levels are established indicates that toler-
ances and MRLs exist primarily as enforcement tools
designed to determine if pesticide applications have been
made according to directions rather than as safety stan-
dards (Winter 1992; Winter and Jara 2015). As such,
pesticide residues that exceed tolerance or MRL levels
or detections of pesticides on commodities for which
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tolerances or MRLs do not exist may indicate pesticide
misuse but rarely constitute safety concerns.

In an effort to illustrate the differences between
pesticide tolerances/MRLs and levels of safety concern,
Winter and Jara (2015) developed a novel method to
identify acute and chronic Pesticide Food Safety Stand-
ard (PESS) levels for the fungicide captan on straw-
berries. Regulatory limits for captan on strawberries
ranged from 3 to 20 mg/kg (ppm) among various inter-
national jurisdictions. For chronic exposure to captan
residues on strawberries, assuming average daily
consumption of strawberries, it was determined that the
PESS level was 2000 ppm, meaning that consumers
would have to eat strawberries containing 2000 ppm of
captan on a daily basis throughout their lifetimes to
reach the chronic Reference Dose (RfD) for captan. In
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terms of acute exposure, it was determined that a single
exposure to captan residue at 250 ppm for the US
population subgroup consuming the greatest amount of
strawberries relative to body weight (in this case 2-5
year-olds) at the 95% percentile of exposure would allow
exposure to reach the acute captan RfD. The acute PFSS
for captan on strawberries was thus established to be
250 ppm, significantly exceeding captan MRLs and
tolerance on strawberries of 3 to 20 ppm (Winter and
Jara 2015).

The captan example was fairly simple as estimates
indicated that approximately 90% of captan exposure to
US consumers resulted from strawberry consumption
(Winter and Jara 2015). Accordingly, it was not neces-
sary to consider how exposure contributions from
captan residues on other commodities might influence
determination of the PFSS for captan on strawberries.

In contrast with captan, which is used primarily on a
single crop in the US and possesses relatively low acute
toxicity with an acute RfD of 300 mg/kg/day (EU (Euro-
pean Union) 2019), the organophosphate (OP) pesticides
are used broadly throughout the world in crop produc-
tion and are much more acutely toxic. Many OPs
possess acute RfDs at low ug/kg/day levels and acute
oral LDs, levels below 10 mg/kg. Additionally, since all
members of the OP family possess a similar mechanism
of toxicological action (inhibition of acetylcholinesterase)
the cumulative exposure to all members of the family
needs to be considered in the risk assessment process
and potentially in the establishment of pesticide safety
levels.

Cumulative exposure assessments for OP residues
found in several commonly consumed fruits and
vegetables were recently performed (Jara and Winter,
submitted for publication in Food and Chemical
Toxicology, April 11, 2019). Results indicated that
cumulative exposure to OPs from these foods re-
sulted in exposures far below acute RfD levels at the
99.9th percentile of exposure for the general US
population and for the highest exposed population
subgroups (1-2 and 3-5 year-olds). Such results sug-
gest that significant misuse of a single OP on a sin-
gle commodity, resulting in very large residues,
would be necessary for OP exposures to be of health
concern and that subsequent exposure to typical
levels of various OPs, found on various other com-
modities, would not contribute significantly to over-
all OP exposure in such a case. These findings
therefore justify the establishment of pesticide safety
levels for OPs on an individual OP/individual com-
modity basis and negate the need to consider influ-
ences from other OPs on other commodities.

This study calculates pesticide safety levels (PSLs)
for 54 individual OPs on 80 fruits, vegetables, and
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nuts. Comparisons between PSLs and tolerances/
MRLs can demonstrate how regulatory levels relate
to safety. In addition, comparing OP residue findings
to PSLs in the event that tolerances or MRLs are
exceeded or in cases where no tolerance or MRL
was established for the OP detected provides an in-
dication of the health significance, if any, of OP resi-
dues found to be in violation of regulatory limits.

Methods

Food consumption estimates

Consumption data were obtained from the U. S.
What We Eat In America-Food Commodity Intake
Database, 2005-2010 (WWEIA-FCID 2005-2010) de-
veloped by the US Environmental Protection Agency’s
Office of Pesticide Programs in collaboration with US
Department of Agriculture. The FCID database trans-
lates food consumption as reported in WWEIA into
consumption of US Environmental Protection
Agency-defined food commodities. The main compo-
nent of the FCID is the WWEIA data base which
represents the integration of Continuing Survey of
Food Intake by Individuals 1994-96/1998 (CSFII) with
National Health and Nutrition Survey (NHANES).
The current WWEIA-FCID is based on three cycles
of data from the NHANES-WWEIA survey (2005-06,
2007-08, and 2009-10). The US Environmental Pro-
tection Agency has extracted some information from
the NHANES/WWEIA survey for use in its WWEIA-
FCID database including demographic information,
body weight, and food consumption data (FoodRis-
k.org 2000c, 2000d).

The FCID Consumption Calculator was used to
extract the consumption data. The calculator is an
application that provides distributions of food intake
rates at different percentiles after the selection of
specific age groups. First, an individual commodity is
selected, and then specific populations subgroups are
assigned (FoodRisk.org 2000b). In this research, the
age subgroups used by the US Environmental Pro-
tection Agency in pesticide dietary exposure assess-
ment were selected. A total of 8 age subgroup were
incorporated into the intake calculator as well as the
general population. Subgroups included those 0 to <
12 months, 1 to <3years, 3 to <6vyears, 6 to <13
years, 13 to <20years, 20 to <50 years, 50 years and
older and females 13 to <50years. One day
consumption was selected and only eaters of the
commodity were considered (FoodRisk.org 2000a).
Tables generated by the intake calculator were used
to select the population subgroup with the highest
commodity consumption at 95th percentile. The
consumption was expressed in mg of food consumed
per kg of body weight per day.
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Toxicity of OPs

This study considered 54 individual OP pesticides. While
considerable acute toxicological data exists for most of
the OPs, the various studies used to estimate toxicity for
specific OPs span several decades and include a wide
variety of different toxicological endpoints measured, in-
cluding No Observable Adverse Effect Levels, Low Ob-
servable Adverse Effect Levels, and Benchmark Doses,
and studies of different dosing regimens among different
animal strains and species. Some studies measure plasma
acetylcholinesterase inhibition while others measure
brain acetylcholinesterase inhibition. In addition, the US
Environmental Protection Agency may assign different
uncertainty factors among different OPs to determine
adjusted acute RfD levels (EPA (Environmental Protec-
tion Agency) 2006b).

Jara and Winter (submitted for publication in Food
and Chemical Toxicology, April 11, 2019) developed a
novel method to assess cumulative dietary exposure to
OPs using acute LDsq levels to standardize the toxicity
among OPs. Benefits of this approach are that the same
toxicological endpoint (death) is studied for all of the
OPs and that LDs, data are relatively accessible. A com-
parison of findings between the LD50 method to assess
relative potencies of OPs with methods using Bench-
mark Doses and No Observable Adverse Effect Levels
indicated some differences among the three methods but
all methods yielded comparable findings demonstrating
that acute cumulative OP exposure was typically well
below levels of toxicological concern for all population
subgroups studied.

In this study, acute oral LD5o values for OPs were ac-
quired from the toxicological literature and values selected
for each specific OP represented the lowest reported LDsq
value for female rats. The decision to select findings from
female rat studies was arbitrary but provided consistency
regarding relative potencies of the various OPs. In cases
where female rat LD5, values were not specified, data for
generic rats were used. An index OP, disulfoton, was se-
lected based on the quality of acute toxicological data and
a relatively small difference between the No Observed Ad-
verse Effect Level and the Lowest Observed Adverse Effect
Level (EPA (Environmental Protection Agency) 2006j).
Relative Potency Factors (RPFs) were expressed for each
of the OPs by dividing the LDjs, of disulfoton with the
LDs of the specific OPs. A list of LD5q values and RPFs is
provided in Table 1.

Calculation of PSLs

PSLs were calculated to represent the concentration of
the pesticide residue in ppm (mg/kg) that would be re-
quired for daily exposure to the OP reach the adjusted
acute RfD of the OP when food was consumed by a
member of the population subgroup with the highest
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consumption at the 95th percentile of consumption for
the subgroup. The adjusted acute RfD was calculated by
dividing the acute RfD of disulfoton by the RPF for the
specific OP. The acute RfD for disulfoton was consid-
ered to be 0.0025 mg/kg/day, based on an acute No Ob-
servable Adverse Effect Level of 0.25 mg/kg/day and the
typical 100-fold uncertainty factor applied in the RfD
calculation (EPA (Environmental Protection Agency)
2006j). This approach provides a margin of exposure
(MOE) of 100 relative to the No Observable Adverse Ef-
fect Level.

Exposure can be calculated by multiplying the concen-
tration of the residue on the food (mg/kg) by the con-
sumption level (best considered as kg of food consumed
per kg of body weight per day). By setting exposure to rep-
resent the adjusted acute RfD for an OP, the PSL can be
calculated by the following equation:

PSL (mg/kg) = (disulfoton acute RfD, 0.0025 mg/kg/day + RPF)

/food consumption (kg food per kg body weight per day).

As an example, consider the calculation for the PSL
for chlorpyrifos on apples. The RPF (see Table 1) for
chlorpyrifos is 0.0085 and consumption at the 95th per-
centile for the most exposed population subgroup (0 to
< 12 months) is 18.2 g of apples per kg body weight per
day (0.0182 kg apples per kg body weight per day). Sub-
stituting the values allows calculation of the chlorpyrifos
PSL:

PSL (chlorpyrifos, apples) = (0.0025 mg/kg/day <+ 0.0085)
/0.0182 kg food per kg body weight per day = 16 mg/kg (ppm).

This level is far greater than the tolerance and Codex
MRL for chlorpyrifos which are 0.01 and 1 ppm, respect-
ively. This finding indicates that residue levels for chlor-
pyrifos on apples must be significantly higher than the
legal limits before such residues would be of acute
health concern to consumers.

Results and discussion

A complete list of PSLs for 54 OPs on 80 fruit, vegetable,
and nut commodities is provided in Additional file 1:
Table S1. The table is organized by commodity and
sorted alphabetically. Specific OPs listed for each com-
modity are also sorted alphabetically.

While only a small number of specific OPs have toler-
ances and/or Codex MRLs established for specific com-
modities, comparing PSLs with the established
tolerances/MRLs provides an indication of the differ-
ences between PSLs and regulatory limits for pesticide
residues. An additional value of Additional file 1: Table
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Table 1 LDs; values and RPFs for organophosphate pesticides

OoP LD50 (mg/kg) RPF Reference

acephate 1000 0.0019 EPA, 2006¢
azinphos-methyl 44 04318 EPA, 2006d

bensulide 1082 0.0018 EPA, 2006e

cadusafos 391 0.0049 Meister and Sine, 2012
carbophenothion 10 0.1900 TAH, 1994
carbophenothion-methyl 48 0.0396 USDA, 1966
chlorfenvinophos 9.8 0.1939 Ambrose 1970
chlorpyrifos 223 0.0085 EPA, 2006f
coumaphos 17 01118 EPA, 1996
crotoxyphos 528 0.0360 Worthing 1983
demeton 25 0.7600 Gaines, 1960

dialifos 5 03800 Pearce, 1978

diazinon 1160 0.0016 EPA, 20069

dichlorvos 56 0.0339 EPA, 2006h
dicrotophos 8 0.2375 EPA, 2006i
dimethoate 414 0.0046 EPA, 2008

dioxathion 43 0.0442 Worthing 1983
disulfoton 19 1.0000 EPA, 2006j

EPN 7 02714 Lewis, 1996

ethion 208 0.0091 Tomlin, 1994
ethoprop 328 0.0579 EPA, 2006k
fenamiphos 3 0.6333 EPA, 2002
fenchlorphos 1250 0.0015 Matsumura 1985
fenitrothion 1720 0.0011 Tomlin 1994
fensulfothion 18 1.0556 ACGIH, 1991

fenthion 461 0.0041 EPA, 2001

fonofos 8 0.2375 Hartley and Kidd, 1987
isocarbophos 50 0.0380 Eto, 1974

isofenphos 28 0.0679 Lewis, 1996

malathion 5700 0.0003 EPA, 2009
methamidophos 13 0.1462 EPA, 2006l
methidathion 32 0.0594 O'Neil, 2006
mevinphos 2.2 0.8636 CDPR, 1994
monocrotophos 14 0.1357 FAO/UNEP, 1997
naled 85 0.0224 CDPR, 1999
omethoate 25 0.0760 JMPR, 1996
oxydemeton-methyl 48 0.0396 EPA, 2006m

parathion 2 0.9500 Lewis 1996
parathion-methyl 24 0.0792 Worthing and Walker, 1987
phorate 14 13571 EPA, 2006n

phosalone 90 0.0211 EPA, 1987

phosmet 113 0.0168 EPA, 20060
phosphamidon 174 0.1092 Worthing and Walker, 1987
phoxim 1400 0.0014 IPCS, 2000
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Table 1 LDs; values and RPFs for organophosphate pesticides (Continued)

OoP LD50 (mg/kg) RPF Reference
pirimiphos-methyl 2400 0.0008 EPA, 2006p
profenofos 400 0.0048 Lewis, 1996
propetamphos 964 0.0197 EPA, 2006a
prothiophos 1800 0.0011 Bayer, 2008
quinalphos 26 0.0731 USDA, 1966
sulprofos 176 0.0108 Tomlin, 2002
terbufos 15 1.2667 EPA, 2006q
tetrachlorvinphos 465 0.0041 EPA, 1995
triazophos 82 0.0232 JMPR, 2002
trichlorfon 136 0.0140 EPA, 1997

S1 is that it allows determination of the potential health
significance of OP residues detected on commodities for
which tolerances and/or Codex MRLs have been estab-
lished; in cases where residue levels are below the PSLs,
the potential health significance is considered to be
negligible.

Table 2 provides a comparison between PSLs and tol-
erances. A total of 359 OP tolerances were established
on the 80 commodities. In seven OP/commodity combi-
nations (1.9%), the PSLs were equal to or lower than the
tolerances, indicating that residues at the tolerance level
would provide an exposure of potential health concern if
the food were eaten at the upper 95th percentile con-
sumption rate for the highest-consuming population
subgroup. Tolerances were at least 10 times lower than
the PSLs in 75.8% of the OP/commodity combinations
and at least 100 times lower than the PSLs in 50.1% of
the OP/commodity combinations.

Table 3 provides a comparison between PSLs and
Codex MRLs. A total of 128 OP MRLs were established
on the 80 commodities. In three OP/commodity combi-
nations (2.3%) the PSLs were equal to or lower than the
MRLs, including two combinations where the tolerance
was also lower than the PSL. MRLs were at least 10
times lower than the PSLs in 82.8% of the OP/commod-
ity combinations and at least 100 times lower than the
PSLs in 64.1% of the OP/commodity combinations.

Table 4 lists the OP/commodity combinations where
tolerances and/or Codex MRLs were greater than the

PSLs. The eight combinations involved three OPs: phos-
met (four instances), omethoate (three instances) and
phorate (one instance).

Findings from monitoring programs, when available,
do not indicate that residues from these OPs on these
commodities do not commonly approach PSLs, toler-
ances, or Codex MRLs. The US Department of
Agriculture’s Pesticide Data Program (PDP) analyzed
2160 apple samples for phosmet from 2010 to 2017.
Residues were detected in 6.7% of the samples, and
the maximum residue detected was 0.49 ppm, repre-
senting only 6 % of the PSL (PDP (Pesticide Data
Program) 2015a, 2015b, 2015c; PDP (Pesticide Data
Program) 2016a, 2016b; PDP (Pesticide Data Program)
2017, PDP (Pesticide Data Program) 2018a, 2018b).
The maximum phosmet residue on apples analyzed
by the California Department of Pesticide Regulation
(CDPR) from 2016 to 2017 was 0.67 ppm (CDPR
(California Department of Pesticide Regulation) 2016,
2017). Kiwifruit was not monitored by PDP but the
CDPR monitoring program analyzed 36 kiwifruit sam-
ples but did not detect phosmet residues in any of
the samples (CDPR (California Department of Pesti-
cide Regulation) 2016, 2017). PDP analyzed 1786
samples of sweet potato during 2010-2017 resulting
in a phosmet detection rate of 0.8% with the max-
imum phosmet residue detected at 0.41 ppm, repre-
senting 3.4% of the PSL. During 2016 to 2017 CDPR
analyzed 127 samples of sweet potatoes for phosmet

Table 2 Ratio of pesticide safety level to tolerance for OP/commodity combinations

<1 > 1to5 > 5t0 10 > 10 to 100 > 100 to 1000 > 1000 to 5000 > 5000
Number of combinations 7 35 25 92 122 53 25
Percentage of combinations 19 9.7 7.0 256 340 14.7 7
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Table 3 Ratio of pesticide safety level to MRL for OP/commodity combinations

<1 > 1105 > 51010 > 10 to 100 > 100 to 1000 > 1000 to 5000 > 5000
Number of combinations 3 11 8 24 41 25 16
Percentage of combinations 23 86 6.3 18.8 32 19.5 125

but no residues were detected (CDPR (California De-
partment of Pesticide Regulation) 2016, 2017).

A total of 2159 orange samples were analyzed by
PDP from 2010 to 2017 for omethoate residues but
no residues were detected (PDP (Pesticide Data Pro-
gram) 2015a, 2015b, 2015c PDP (Pesticide Data Pro-
gram) 2016a, 2016b; PDP (Pesticide Data Program)
2017, PDP (Pesticide Data Program) 2018a, 2018b).
Of the 1426 tangerine samples analyzed by PDP, only
two demonstrated detectable residues with a max-
imum detected residue of 0.025ppm (well below the
PSL of 1.9ppm) (PDP (Pesticide Data Program)
2015a, 2015b, 2015c; PDP (Pesticide Data Program)
2016a, 2016b; PDP (Pesticide Data Program) 2017,
PDP (Pesticide Data Program) 2018a, 2018b). A total
of 9 watermelon samples (less than 1 %) of 1131 ana-
lyzed by PDP for residues of omethoate were positive
with the maximum residue of 0.024 ppm far below
the PSL of 0.6 ppm (PDP (Pesticide Data Program)
2015a, 2015b, 2015c; PDP (Pesticide Data Program)
2016a, 2016b; PDP (Pesticide Data Program) 2017,
PDP (Pesticide Data Program) 2018a, 2018b).

No phorate residues were detected in any of the
1415 samples of potatoes analyzed by PDP from 2010
to 2017 (PDP (Pesticide Data Program) 2015a, 2015b,
2015c; PDP (Pesticide Data Program) 2016a, 2016b;
PDP (Pesticide Data Program) 2017, PDP (Pesticide
Data Program) 2018a, 2018b).

Conclusions

Pesticide Safety Levels for OPs in fruits, vegetables, and
nuts provide valuable information that helps elucidate
acute dietary risks from pesticide residues. In contrast
with regulatory limits such as pesticide tolerances and
Codex MRLs that are established primarily on the basis

of good agricultural practices (Winter 1992), PSLs are
set on the basis of safety and allow a rapid determination
of the potential health significance from specific residue
findings. They are useful in cases where specific violative
residues exceed established tolerances and/or MRLs as
well as in cases where residues of an OP are detected on
a commodity for which no tolerance or MRL has been
established; comparison of the residue level detected
with the PSL provides an indication of the health signifi-
cance, if any, of the detected residue.

Comparisons of PSLs with tolerances and MRLs
demonstrate that tolerances and MRLs clearly do
not represent levels of safety concern, and that pesti-
cide residue violations are rarely of health conse-
quence, confirming previous work (Winter 1992;
Winter and Jara 2015). This work demonstrates that
the majority of OP tolerances and MRLs on the 80
commodities considered were at least 100 times
lower than PSLs.

In only a small number of cases were the PSLs
lower than or equal to the tolerance or MRL levels,
and monitoring results examining these specific OP/
commodity combinations, when available, indicated
that detected residues of the OPs were far below PSL,
tolerance, and MRL values. Nevertheless, if pesticide
residue monitoring programs are designed to focus
on food safety rather than on good manufacturing
practices, it would be prudent to develop sampling
approaches that preferentially target OP/commodity
combinations where the PSLs are below, equal to, or
slightly above tolerances and/or MRLs.

The PSLs developed in this study are based upon
food consumption practices in the US. This approach
could easily be adapted to the determination of PSLs
in other parts of the world where food consumption

Table 4 OP/commodity combinations where tolerances and/or MRLs are equal to or exceed PSLs

Pesticide Commodity PSL (ppm) Tolerance (ppm) Codex MRL (ppm)
Phosmet Apple 8.2 10 10
Phosmet Apricot 8.1 NE 10
Phosmet Kiwifruit 19 25 NE
Phosmet Sweet potato 12 12 NE
Omethoate Orange 2 2 NE
Omethoate Tangerine 19 2 NE
Omethoate Watermelon 0.6 1 NE
Phorate Potato 0.15 0.2 03

NE Not established
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patterns may be different provided that food con-
sumption data are available.

Additional file

Additional file 1 Table S1: Organophosphate (OP) Pesticide Safety
Levels (PSLs) for 80 fruit, vegetable, and nut commodities (DOCX 806 kb)
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