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BACKGROUND: Glyphosate is the most commonly used herbicide worldwide and has been implicated in the development of certain hematologic can-
cers. Although mechanistic studies in human cells and animals support the genotoxic effects of glyphosate, evidence in human populations is scarce.

OBJECTIVES: We evaluated the association between lifetime occupational glyphosate use and mosaic loss of chromosome Y (mLOY) as a marker of
genotoxicity among male farmers.

METHODS: We analyzed blood-derived DNA from 1,606 farmers ≥50 years of age in the Biomarkers of Exposure and Effect in Agriculture study, a
subcohort of the Agricultural Health Study. mLOY was detected using genotyping array intensity data in the pseudoautosomal region of the sex chro-
mosomes. Cumulative lifetime glyphosate use was assessed using self-reported pesticide exposure histories. Using multivariable logistic regression,
we estimated odds ratios (ORs) and 95% confidence intervals (CIs) for the associations between glyphosate use and any detectable mLOY (overall
mLOY) or mLOY affecting ≥10% of cells (expanded mLOY).

RESULTS: Overall, mLOY was detected in 21.4% of farmers, and 9.8% of all farmers had expanded mLOY. Increasing total lifetime days of glypho-
sate use was associated with expanded mLOY [highest vs. lowest quartile; OR=1:75 (95% CI: 1.00, 3.07), ptrend = 0:03] but not with overall mLOY;
the associations with expanded mLOY were most apparent among older (≥70 years of age) men [OR=2:30 (95% CI: 1.13, 4.67), ptrend = 0:01], never
smokers [OR=2:32 (95% CI: 1.04, 5.21), ptrend = 0:04], and nonobese men [OR=2:04 (95% CI: 0.99, 4.19), ptrend = 0:03]. Similar patterns of associ-
ations were observed for intensity-weighted lifetime days of glyphosate use.
DISCUSSION:High lifetime glyphosate use could be associated with mLOY affecting a larger fraction of cells, suggesting glyphosate could confer gen-
otoxic or selective effects relevant for clonal expansion. As the first study to investigate this association, our findings contribute novel evidence
regarding the carcinogenic potential of glyphosate and require replication in future studies. https://doi.org/10.1289/EHP12834

Introduction
Glyphosate is a broad-spectrum, post-emergent herbicide used in
both agricultural and nonagricultural settings worldwide.1 Since it
was first registered for use in 1974, glyphosate has become the
most widely applied agricultural pesticide and the second most
commonly used home and garden pesticide in the United States.1,2
Agricultural use of glyphosate has increased dramatically since the
mid-1990s, largely attributed to the introduction of genetically
modified glyphosate-resistant crops, such as soybeans and corn.1
Biomonitoring studies suggest substantial exposure to glyphosate
among farmers and other occupations involving pesticide use or
production.3,4 Recent data from the National Health and Nutrition
Examination Survey also indicate widespread exposure in the gen-
eral population, with 81% of U.S. adults and children ≥6 years of
age having detectable levels of glyphosate in their urine.5

Glyphosate has been linked to a number of adverse health
effects6 and was classified as “probably carcinogenic in humans”
(Group 2A) by the International Agency for Research on Cancer

(IARC) in 2015, on the basis of limited evidence for an association
with non-Hodgkin lymphoma (NHL) in humans, sufficient evi-
dence of carcinogenicity in laboratory animals, and strong mecha-
nistic evidence of genotoxicity and oxidative stress in human cells
and animals.7,8 However, assessments of the carcinogenic poten-
tial of glyphosate by public health and regulatory bodies remain
controversial, especially in light of the conflicting epidemiologic
evidence to date.9 Positive associations between occupational
glyphosate use and hematologic cancers, particularly NHL and its
subtypes, have been reported by some,10–14 but not all,15,16 case–
control studies. A recently updated analysis of the Agricultural
Health Study (AHS), a prospective cohort of pesticide applicators in
Iowa and North Carolina, found a suggestive association between
high lifetime glyphosate use and increased risk of acutemyeloid leu-
kemia (AML) but not NHL or other cancers.17 Furthermore, a
pooled analysis of the AHS and two other agricultural cohorts in
Europe reported an association with elevated risk of diffuse large B-
cell lymphoma, a common NHL subtype.18 Given the widespread
use of glyphosate, investigations of intermediate end points related
to cancer development, such as markers of genotoxicity, may pro-
vide novel andmore timely evidence for future evaluations of glyph-
osate carcinogenicity.19 Although numerous in vitro and animal
studies support the genotoxic potential of glyphosate,8 there is a pau-
city of research among human populations other than a few rela-
tively small studies evaluating glyphosate exposure in relation to
markers ofDNAor chromosomal damage.20–22

Mosaic chromosomal alterations (mCAs) are large structural so-
matic mutations, such as chromosomal gains, deletions, and copy-
neutral loss of heterozygosity, that can occur in a subset of cells
within an individual.23,24 The clonal expansion of cells harboring
such mutations results in genetic mosaicism, which has been linked
to elevated risks of hematologic and other malignancies.24–28

Among men, mosaic loss of chromosome Y (mLOY) is the most
frequently detected mCA in circulating leukocytes.29,30 mLOY
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prevalence increases with age, affecting 2.5% and 43.6% of men at
40 and 70 years of age, respectively, in the UKBiobank.29 Although
evidence is inconclusive, mLOY has been previously associated
with hematologic cancers,31–34 andmore recently, with certain solid
tumors,35–38 cardiovascular disease,39 and Alzheimer’s disease.40 It
has also been suggested thatmCAs affecting a larger fraction of cells
may have a greater impact on health outcomes.24 Beyond age and
genetic susceptibility, cigarette smoking has been consistently iden-
tified as a major risk factor for mLOY,29,36,41–44 whereas evidence
regarding other modifiable factors (e.g., alcohol consumption) is
more limited.42 There is also a growing body of research evaluating
environmental and occupational exposures as potential contributors
tomLOY, including several recent studies that reported associations
with outdoor air pollution45 and arsenic exposure46 in the general
population and exposures to polycyclic aromatic hydrocarbons and
metals among coke ovenworkers.47,48 To our knowledge, no studies
have investigated glyphosate exposure in relation to mLOY as a
marker of genotoxicity and possible early indicator of future cancer
risk. To this end, we evaluated the association between occupational
glyphosate use andmLOY among a large sample of male farmers in
the Biomarkers of Exposure and Effect in Agriculture (BEEA)
study, a subcohort of theAHS.

Methods

Study Design and Population
The BEEA study is a molecular epidemiologic study nested within
the AHS. Details of the design and methodology of the AHS and
BEEA have been described elsewhere.49,50 Briefly, the AHS is a
large prospective cohort that enrolled licensed private pesticide
applicators (mostly farmers; n=52,394) and their spouses
(n=32,435) from Iowa and North Carolina and commercial pesti-
cide applicators (n=4,916) from Iowa between 1993 and 1997.49

Male private pesticide applicators in the AHS cohort were eligible
for BEEA if they were ≥50 years of age, resided in Iowa or North
Carolina, had no blood clotting disorder (e.g., hemophilia), and
had not been diagnosed with cancer (other than nonmelanoma skin
cancer) at the time of BEEA recruitment and enrollment in 2010–
2017. In addition, BEEA participants must have completed ques-
tionnaires administered at AHS enrollment (1993–1997) and dur-
ing the AHS Phase 2 (1999–2003) and Phase 3 (2005–2010)
follow-up interviews.50 The BEEA study protocol was approved
by institutional review boards at the National Cancer Institute
(NCI), the University of Iowa, and Westat (Rockville, Maryland),
and all participants providedwritten informed consent.

Blood Collection and Genotyping
At the BEEA enrollment home visit, biospecimens, including
blood, urine, and (since October 2015) buccal cells, were collected
from each participant by a trained phlebotomist and were shipped
and aliquoted for long-term storage as previously described.50

Consistent with previous studies examining risk factors for
mLOY41,42,45–48 and given the possible link between glyphosate
exposure and hematologic cancers, our study assessed mLOY in
blood. Among the 1,681 participating BEEA farmers, 1,660 had
available stored whole blood or buffy coat samples for genomic
DNA extraction. Notably, the majority (>90%) of participants had
whole blood samples available, except for a small number partici-
pating in certain substudies within BEEA for which only buffy coat
samples were available.51,52 For those with both sample types
available, whole blood was preferentially selected for this investi-
gation because it was available for most participants.

DNA extraction was performed based on a standard protocol
using the automated QIAsymphony system (Qiagen) at the NCI’s

Cancer Genomics Research Laboratory (CGR). Genotyping was
performed on extracted DNA samples using the Illumina Infinium
Global Screening Array (GSA) version 2.0 plus Multi-Disease
BeadChips (GSAMD-24v2-0; Illumina Inc.) at the CGR. Standard
quality control metrics were generated to assess genotype comple-
tion rates, sample contamination, sex concordance (i.e., identified
as male based on X chromosome heterozygosity or, if conflicted
with reported sex, theY chromosomewas examined), and presence
of any unexpected replicates. Seven participants had samples with
failedDNAextraction, low genotype call rates (<90%), or contam-
ination rates of ≥10% and were excluded from further analysis,
leaving 1,653 participants assessed for mLOY.

Detection of mLOY
The detection of mLOY in blood-derived DNA was performed
using a pseudoautosomal region (PAR)-based detection approach
initially developed for the assessment of autosomal mCAs28,53,54

and later adapted for detectingmLOY.29 Previous studies of mLOY
relied on total signal intensity of array-genotyped single nucleotide
polymorphisms in the male-specific region of chromosome Y
[i.e., log R ratio (LRR)-based approaches],36–43,45–48 whereas
this improved approach uses both normalized total signal inten-
sity (LRR; logged ratio of observed probe intensity to expected
intensity) in the PAR, as well as phased B-allele frequency (BAF;
a normalized measure of allelic intensity ratio of two alleles)
deviation for improved sensitivity to detect mLOY.29 Given the
sequence homology of the PAR between the X and Y chromo-
somes and the rarity of chromosome X mosaicism in males,55

mosaic alterations in chromosome Y can be determined based on
phased allelic imbalances in genotyping intensities of paternal
vs. maternal alleles at heterozygous sites in the PAR.29

The computational approach used to ascertain mLOY from the
genotyping intensity data has been described previously28,29,53 and
briefly below. First, we converted the raw intensity data from the
GSA (.idat; two files per sample for the red and green channels) to
genotype call files (.gtc) using Illumina’s AutoConvert Software;
LRR and BAF values were generated during this conversion.
Genotype phasing was performed using the Eagle2 algorithm to
estimate haplotypes.56 Mosaic events were then detected using the
MOsaic CHromosomal Alterations (MoChA) pipeline (https://
github.com/freeseek/mocha), which involves a three-state hidden
Markov model to identify phased BAF deviations.28,53 The detec-
tion of mCAs on the Y chromosome was based on array-genotyped
variants in two PAR regions, PAR1 and PAR2 (including 627 and
109 markers, respectively); however, in practice, mLOY is primar-
ily detected through PAR1, which is much larger than PAR2.29 The
PAR mCA calls were post-processed to distinguish event types,
with mLOY determined based on a size of >2Mb and relative copy
number <2:5, taking into consideration of the BAF deviation esti-
mation for those with relative copy number >2. Cellular fractions
(percentage of cells harboring mLOY) were estimated based on
BAF deviations,28,53 and “expanded mLOY” indicative of greater
clonal expansionwas defined asmLOYpresent in≥10% of cells.24

Glyphosate Exposure Assessment
Information on lifetime occupational use of glyphosate was
obtained from questionnaires administered at AHS enrollment
and two follow-up telephone interviews (Phases 2 and 3), as well
as at the BEEA enrollment interview during the home visit for
biospecimen collection. At AHS enrollment, participants were
asked to report whether they have ever personally mixed or
applied specific pesticides, including glyphosate, during their
lifetime, and if so, the number of days in an average year and the
number of years each pesticide was used. Subsequently, each of
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the AHS follow-up questionnaires collected updated information
on pesticide use since enrollment or the previous interview, and
the BEEA questionnaire collected information on pesticide use in
the 12 months preceding the interview/blood collection. In addi-
tion to frequency and duration of pesticide use, participants also
provided details on pesticide application practices and personal
protective equipment use in each interview.

Combining responses from all four questionnaires, two metrics
were created to characterize cumulative lifetime exposure to
glyphosate. First, we calculated total lifetime days of glyphosate
use by multiplying the number of days glyphosate was used per
year by the number of years used (reported at AHS enrollment and
in subsequent questionnaires for each intervening time interval
up to and including BEEA enrollment) and summing the usage
across questionnaires. Second, using pesticide-specific informa-
tion reported on each questionnaire, we calculated intensity-
weighted lifetime days of glyphosate use by multiplying total life-
time days of glyphosate use by an exposure intensity score that
incorporated mixing or loading glyphosate, application method,
repairing application equipment, and use of gloves and other perso-
nal protective equipment, and summing the values across question-
naires. This intensity score was estimated using an algorithm
previously developed for the AHS, which assigned weights to each
of the factors listed above based on what was known about their
influence on pesticide exposure from exposure biomonitoring stud-
ies and published literature.57 In our analyses, total lifetime days
and intensity-weighted lifetime days of glyphosate use were each
categorized into quartiles based on the distribution among farmers
with available data. After excluding those with missing data on
lifetime days of glyphosate use (n=47) from the 1,653 BEEA
farmers assessed for mLOY, the final analytic data set for this
investigation consisted of 1,606 farmers.

Statistical Analysis
We estimated prevalence of mLOY according to cellular fraction
among all farmers and across age groups. Descriptive statistics
were also computed to examine distributions of basic participant
characteristics, including demographic, lifestyle, and medical fac-
tors (reported on the BEEA enrollment questionnaire), overall
and by mLOY status.

We performed multivariable logistic regression to estimate
odds ratios (ORs) and 95% confidence intervals (CIs) for the asso-
ciations between lifetime occupational glyphosate use (quartiles
of total lifetime days or intensity-weighed lifetime days of use)
and a) overall mLOY (any detectable mLOY; yes vs. no) or b)
expanded mLOY (cellular fraction ≥10%; yes vs. no). We also
conducted additional analyses evaluating associations according to
cellular fraction (<10% vs. no mLOY and ≥10% vs. no mLOY).
All models were adjusted for established or implicated risk factors
for mLOY, including age (continuous; years), age2 (to account for
the nonlinear association between age and mLOY), cigarette
smoking status and pack-years (tertiles) of smoking (never, former
and ≤3:75 pack-years, former and >3:75–23:0 pack-years, former
and >23:0 pack-years, current and ≤28:5 pack-years, current and
>28:5–53:25 pack-years, current and >53:25 pack-years), alcohol
consumption (0, 1–2, 3–6, ≥7 drinks in the past 7 d), body mass
index (BMI; <25, 25 to<30, 30 to<35, ≥35 kg=m2), history of
diabetes (no, yes), and history of hypertension/heart disease (no,
yes),42 as well as study design-related variables [state (Iowa, North
Carolina) and source of DNA (whole blood, buffy coat)]. Models
were also adjusted for any other pesticidewhose usewas correlated
with glyphosate use (Spearman correlation coefficient >0:4 based
on total lifetime days or intensity-weighted lifetime days of use, as
in previous analyses in the AHS andBEEA17,58); the only pesticide
meeting this criterion was 2,4-dichlorophenoxyacetic acid (2,4-D),

another widely used herbicide. Linear trends across quartiles were
assessed by modeling quartile-specific median values of total life-
time days or intensity-weighted lifetime days of glyphosate use as
a continuous variable.

To investigate potential effect modification by factors previ-
ously associated with mLOY, we conducted stratified analyses to
estimate ORs and 95% CIs within subgroups defined by age
(<70 y, ≥70 y), smoking status [never, ever (former or current)],
and BMI [nonobese (<30 kg=m2), obese (≥30 kg=m2)], with the hy-
pothesis that the associations would be stronger among farmers
who may be more susceptible to mLOY (i.e., older, ever smokers,
and nonobese). We also conducted stratified analyses by state of
residence (Iowa, North Carolina) to investigate whether potential
differences in unmeasured factors across study site or geographic
location impacted our results. In addition, we evaluated statistical
evidence of multiplicative interaction by creating a cross-product
term between glyphosate use (quartile-specific medians) and each
of the potential effect modifiers and assessing its statistical signifi-
cance using a likelihood-ratio test.

We conducted several sensitivity analyses to evaluate the
robustness of our findings, including restricting analyses to partici-
pants of European ancestry (n=1,593) or participants whose DNA
was extracted from whole blood samples (n=1,500), to remove
any potential influence of including participants with other genetic
ancestry or other sample type on the results. Furthermore, to inves-
tigate the potential impact of duration of sample storage on our
results, we performed analyses additionally adjusting for year of
blood sample collection. We also ran models additionally adjusted
for alcohol consumption at AHS enrollment (1993–1997) to assess
potential confounding by longer-term exposure to alcohol.

Statistical analyses were performed using SAS (version 9.4;
SAS Institute Inc.). All tests were two-sided, and statistical sig-
nificance was evaluated at p<0:05.

Results
Overall, mLOYwas detected in 343 (21.4%) of the 1,606male farm-
ers included in this analysis (age median= 64 y, range: 50–96 y).
Among farmers with mLOY, the proportion of affected cells ranged
from 1.4% to 76.2%, and nearly half (n=158; 9.8% of all partici-
pants) had mLOY present in≥10% of cells (i.e., expandedmLOY).
As shown in Figure 1 and Table S1, the prevalence of mLOY
increased with age, ranging from 3.0% among those 50–54 years of
age to 55.9% among those ≥85 years of age; the corresponding
prevalence were 0.4% and 44.1%, respectively, for expanded
mLOY, which accounted for a larger proportion of overall mLOY
with advancing age.

Table 1 presents characteristics of BEEA participants overall
and by mLOY status. The majority of participants were of
European ancestry (99%), resided in Iowa (77%), and had DNA
extracted from whole blood (93%). Compared with those without
mLOY, farmers with mLOY were older and more likely to be
smokers, drink less alcohol, have lower BMI, and have a history of
diabetes or hypertension/heart disease. After adjustment for age
and simultaneously for other variables, current (vs. never) smoking,
regardless of pack-years,was positively associatedwith both overall
(OR=3:22; 95%CI: 1.74, 5.96) and expanded (OR=3:13; 95%CI:
1.42, 6.87) mLOY; we also observed a pattern of increasing ORs
across tertiles of pack-years among former smokers and higher ORs
among all tertiles of pack-years for current smokers (Table S2). In
addition, we noted a suggestive inverse association with expanded
mLOYfor higherBMI, particularly class II/III obesity [≥35 vs. (ref-
erence) <25 kg=m2;OR=0:52 (95%CI: 0.24, 1.14); Table S2].

In fully adjusted models, we observed a positive association
with expanded mLOY for increasing total lifetime days of use
[highest vs. lowest quartile; OR=1:75 (95% CI: 1.00, 3.07),
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ptrend = 0:03; Table 2]. A similar associationwas observed between
intensity-weighted lifetime days of use and expanded mLOY,
although with only suggestive evidence of an exposure–response
trend [OR=1:75 (95% CI: 1.00, 3.06), ptrend = 0:07; Table 2].
These fully adjusted associations with expanded mLOY showed
similar patterns but were slightly stronger compared with those
observed inminimally adjustedmodelswith age, age2, state of resi-
dence, source of DNA, smoking, and BMI as the only covariates
(Table S3). Similar associations with expanded mLOY were also
observed when mLOYwith cellular fraction <10%were excluded
from the analysis (i.e., expanded mLOY vs. no mLOY; Table S4).
In contrast, we observed little evidence of an association between
lifetime occupational glyphosate use and overall mLOY in fully
adjusted models, except in the second (vs. lowest) quartile of
intensity-weighted lifetime days of use [OR=1:45 (95% CI: 1.01,
2.09); Table 2]. No associations were observed with overall
mLOY in minimally adjusted models (Table S3) or with mLOY
affecting <10% of cells comparedwith nomLOY (Table S4).

In stratified analyses, the positive association between total
lifetime days of glyphosate use and expanded mLOY was most
prominent among farmers ≥70 years of age [highest vs. lowest
quartile; OR=2:30 (95% CI: 1.13, 4.67), ptrend = 0:01], never
smokers [OR=2:32 (95% CI: 1.04, 5.21), ptrend = 0:04], and
those with BMI <30 kg=m2 [OR=2:04 (95% CI: 0.99, 4.19),
ptrend = 0:03]; however, we did not detect statistically significant
interactions between glyphosate use and age, smoking status, or
BMI (Table 3). Furthermore, analysis stratified by state of resi-
dence showed similar magnitudes of associations between total
lifetime days of glyphosate use and expanded mLOY among
farmers living in Iowa and North Carolina (highest vs. lowest
quartile; ORs= 1:62 and 1.96, respectively). Stratified analyses
for the associations between intensity-weighted lifetime days of
glyphosate use and expanded mLOY (Table S5) revealed similar
patterns as those observed for total lifetime days of use.

Our main results, including the positive association between
lifetime glyphosate use and expanded mLOY, remained essen-
tially unchanged in sensitivity analyses restricted to farmers of
European ancestry (Table S6) or those with DNA extracted from
whole blood samples (Table S7), and in analyses with additional
adjustment for year of blood sample collection (Table S8) or
alcohol consumption at AHS enrollment (Table S9).

Discussion
In this large study of male farmers with detailed pesticide exposure
histories and genotype data, we found that although lifetime occu-
pational glyphosate use was not associated with mLOY overall, it
was positively associated with mLOY affecting ≥10% of cells
(expanded mLOY) and that this association was most apparent
among farmers who were≥70 years of age, never smokers, or non-
obese. To our knowledge, this is the first investigation of mLOY in
an agricultural population and the first study to evaluate glyphosate
exposure in relation to mLOY as a biomarker of genotoxicity,
which has been identified by IARC as a key characteristic of carci-
nogens.59,60 Although future studies are needed to confirm the
observed associations, our findings for glyphosate add to the lim-
ited literature on occupational and environmental exposures as
contributors to mLOY, the most common acquired chromosomal
alteration inmen, and provide novelmechanistic evidence support-
ing the potential carcinogenicity of this widely used herbicide.

Table 1. Selected characteristics of male farmers in the BEEA study, overall
and according to mLOY status.

Characteristic
Overall

(N =1,606)
No mLOY
(n=1,263)

mLOY
(n=343) p-Valuea

Age (y)
Median (IQR) 64 (58–72) 62 (56–69) 72 (66–77) <0:001

Genetic ancestry
European 1,593 (99) 1,252 (99) 341 (99) 1.00
Otherb 13 (1) 11 (1) 2 (1)

State
Iowa 1,237 (77) 984 (78) 253 (74) 0.11
North Carolina 369 (23) 279 (22) 90 (26)

Source of DNA
Whole blood 1,500 (93) 1,178 (93) 322 (94) 0.69
Buffy coat 106 (7) 85 (7) 21 (6)

Smoking status and pack-yearsc

Never 950 (60) 770 (62) 180 (54) 0.001
Former (tertile)
T 1 (≤3:75) 187 (12) 155 (12) 32 (10)
T 2 (>3:75–23:0) 188 (12) 147 (12) 41 (12)
T 3 (>23:0) 186 (12) 126 (10) 60 (18)
Current (tertile)
T 1 (≤28:5) 24 (2) 17 (1) 7 (2)
T 2 (>28:5–53:25) 23 (1) 16 (1) 7 (2)
T 3 (>53:25) 23 (1) 16 (1) 7 (2)

Alcohol consumption (servings/wk)d

0 798 (50) 609 (48) 189 (55) 0.045
1–2 292 (18) 228 (18) 64 (19)
3–6 247 (15) 200 (16) 47 (14)
≥7 269 (17) 226 (18) 43 (13)

BMI (kg=m2)
<25 252 (16) 178 (14) 74 (22) 0.004
25 to <30 716 (45) 567 (45) 149 (43)
30 to <35 441 (27) 353 (28) 88 (26)
≥35 197 (12) 165 (13) 32 (9)

History of diabetes
No 1,369 (85) 1,088 (86) 281 (82) 0.05
Yes 237 (15) 175 (14) 62 (18)

History of hypertension/heart disease
No 763 (48) 621 (49) 142 (41) 0.01
Yes 843 (52) 642 (51) 201 (59)

Note: Data are presented as frequencies and percentages [n (%)] unless otherwise speci-
fied. BEEA, Biomarkers of Exposure and Effect in Agriculture; BMI, body mass index;
IQR, interquartile range; mLOY, mosaic loss of chromosome Y; T, tertile.
ap-Value for difference between participants with and without mLOY, calculated using
the Wilcoxon rank-sum test for age, Fisher’s exact test for genetic ancestry, and chi-
square test for all other variables.
bIncluding African (≥80% African ancestry), African-European (50% to <80% African
and 20% to <50% European ancestry), and admixed African (50% to <80% African and
<20% of each of European and Asian ancestries).
cNumbers do not sum up to the total owing to missing data on pack-years for 22 former
and 3 current smokers.
dNumber of servings of alcoholic beverages in the past 7 d. One serving of an alcoholic
beverage was defined as 12 fluid oz (355 ml) of beer, 5 fluid oz (148 ml) of wine, or 1.5
fluid oz (44ml) of hard liquor.
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Figure 1. Age-specific prevalence of mosaic loss of chromosome Y accord-
ing to cellular fraction among male farmers in the Biomarkers of Exposure
and Effect in Agriculture study. The corresponding numerical data for this
figure are shown in Table S1. Note: mLOY, mosaic loss of chromosome Y.
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Owing to differences in population characteristics (e.g., age
distribution and smoking characteristics) and methods used to
detect mLOY, it is difficult to compare frequency estimates
across studies. However, results from our study using an
improved and more sensitive detection approach suggest that
mLOY is common among BEEA participants, affecting approxi-
mately one-fifth of this population of middle-aged and older male

farmers of predominantly European ancestry. This is similar to
the prevalence of mLOY recently reported in the UK Biobank
using a similar PAR-based detection (20%)29 and higher than
most other studies of older adults using less sensitive LRR-based
approaches (∼ 5–15%).36,41,42,45 The associations we observed
with mLOY for established risk factors, particularly increasing
age and smoking, are consistent with those reported in various

Table 2. Associations between lifetime occupational glyphosate use and overall or expanded mLOY among male farmers in the BEEA study.

Glyphosate use Ntotal

Overall mLOYa Expanded mLOYb

nno nyes OR (95% CI)c ptrend
d nno nyes OR (95% CI)c ptrend

d

Total lifetime days (quartile)
Q 1 (0–26) 402 300 102 1.00 (Ref) 0.47 351 51 1.00 (Ref) 0.03
Q 2 (>26–76) 402 306 96 1.21 (0.85, 1.73) 363 39 1.01 (0.62, 1.65)
Q 3 (>76–161) 403 327 76 1.22 (0.83, 1.79) 371 32 1.23 (0.72, 2.07)
Q 4 (>161–3,063) 399 330 69 1.23 (0.81, 1.89) 363 36 1.75 (1.00, 3.07)
Intensity-weighted lifetime days (quartile)
Q 1 (0–1,341) 401 303 98 1.00 (Ref) 0.58 352 49 1.00 (Ref) 0.07
Q 2 (>1,341–3,885) 400 301 99 1.45 (1.01, 2.09) 358 42 1.30 (0.80, 2.13)
Q 3 (>3,885–9,341) 401 327 74 1.19 (0.80, 1.77) 372 29 1.03 (0.59, 1.77)
Q 4 (>9,341–244,237) 400 328 72 1.29 (0.85, 1.98) 362 38 1.75 (1.00, 3.06)

Note: BEEA, Biomarkers of Exposure and Effect in Agriculture; BMI, body mass index; CI, confidence interval; mLOY, mosaic loss of chromosome Y; OR, odds ratio; Q, quartile;
Ref, reference.
aAny detectable mLOY (yes vs. no).
bmLOY affecting ≥10% of cells [yes vs. no (cellular fraction <10% or no mLOY)].
cCalculated using a logistic regression model adjusted for age (years; continuous), age2, state of residence (Iowa, North Carolina), source of DNA (whole blood, buffy coat), smoking
status and pack-years (never, former/tertile 1, former/tertile 2, former/tertile 3, current/tertile 1, current/tertile 2, current/tertile 3, missing), alcohol consumption (0, 1–2, 3–6, ≥7 serv-
ings in the past 7 d), BMI (<25, 25 to<30, 30 to<35, ≥35 kg=m2), history of diabetes (no, yes), history of hypertension/heart disease (no, yes), and lifetime occupational use of 2,4-
dichlorophenoxyacetic acid (quartiles of total lifetime days or intensity-weighted lifetime days; missing as a separate category).
dCalculated by modeling quartile-specific median values of total lifetime days or intensity-weighted lifetime days of glyphosate use as a continuous variable.

Table 3. Associations between total lifetime days of occupational glyphosate use and expanded mLOY (cellular fraction ≥10%) among male farmers in the
BEEA study, stratified by age group, smoking status, BMI, or state of residence.

Subgroup

Total lifetime days of glyphosate use

ptrend
a pinteraction

bQ 1 Q 2 Q 3 Q 4

Age group
<70 y
Cases/total (n=N) 11/218 12/263 12/303 12/305
OR (95% CI)c 1.00 (Ref) 1.15 (0.46, 2.87) 1.32 (0.52, 3.33) 1.32 (0.47, 3.68) 0.64 0.54
≥70 y
Cases/total (n=N) 40/184 27/139 20/100 24/94
OR (95% CI)c 1.00 (Ref) 1.04 (0.57, 1.90) 1.26 (0.65, 2.47) 2.30 (1.13, 4.67) 0.01

Smoking status
Never smokers
Cases/total (n=N) 23/229 21/230 18/256 20/235
OR (95% CI)c 1.00 (Ref) 1.23 (0.61, 2.50) 1.34 (0.64, 2.81) 2.32 (1.04, 5.21) 0.04 0.24

Ever smokers
Cases/total (n=N) 28/173 18/172 14/147 16/164
OR (95% CI)c 1.00 (Ref) 0.79 (0.39, 1.60) 1.04 (0.47, 2.26) 1.43 (0.63, 3.24) 0.25

BMI
<30 kg=m2 (nonobese)
Cases/total (n=N) 30/254 25/234 20/230 26/250
OR (95% CI)c 1.00 (Ref) 1.03 (0.55, 1.93) 1.45 (0.73, 2.86) 2.04 (0.99, 4.19) 0.03 0.15
≥30 kg=m2 (obese)
Cases/total (n=N) 21/148 14/168 12/173 10/149
OR (95% CI)c 1.00 (Ref) 0.94 (0.42, 2.12) 0.98 (0.41, 2.34) 1.15 (0.44, 3.04) 0.73

State of residence
Iowa
Cases/total (n=N) 39/312 29/312 24/328 20/285
OR (95% CI)c 1.00 (Ref) 1.08 (0.61, 1.92) 1.23 (0.67, 2.26) 1.62 (0.80, 3.30) 0.16 0.53

North Carolina
Cases/total (n=N) 12/90 10/90 8/75 16/114
OR (95% CI)c 1.00 (Ref) 0.82 (0.29, 2.31) 1.17 (0.37, 3.66) 1.96 (0.69, 5.52) 0.11

Note: BEEA, Biomarkers of Exposure and Effect in Agriculture; BMI, body mass index; CI, confidence interval; mLOY, mosaic loss of chromosome Y; OR, odds ratio; Q, quartile;
Ref, reference.
aCalculated by modeling quartile-specific median values of total lifetime days of glyphosate use as a continuous variable.
bCalculated using likelihood-ratio test comparing models with and without a multiplicative interaction term between total lifetime days of glyphosate use (quartile-specific medians)
and age group, smoking status, BMI, or state of residence.
cCalculated using a logistic regression model adjusted for age (years; continuous), age2, state of residence (Iowa, North Carolina), source of DNA (whole blood, buffy coat), smoking
status and pack-years (never, former/tertile 1, former/tertile 2, former/tertile 3, current/tertile 1, current/tertile 2, current/tertile 3, missing), alcohol consumption (0, 1–2, 3–6, ≥7 serv-
ings in the past 7 d), BMI (<25, 25 to<30, 30 to<35, ≥35 kg=m2), history of diabetes (no, yes), history of hypertension/heart disease (no, yes), and lifetime occupational use of 2,4-
dichlorophenoxyacetic acid (quartiles of total lifetime days; missing as a separate category).
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other populations.29,36,39,41–47 Notably, the magnitude of the
association between high lifetime glyphosate use and expanded
mLOY in our study (highest vs. lowest quartile; OR=1:75;
Table 2) is within the range observed for former (vs. never)
smoking (OR ’ 1:3–2:8) but weaker than for current smoking
(OR ’ 2–4:3) in most other studies that evaluated associations
with mLOY36,39,41,44,46; current smoking was also strongly asso-
ciated with mLOY in our study (OR ’ 3 for both overall and
expanded mLOY; Table S2). For comparison, each year increase
in age was associated with a >10% increase in odds of mLOY
both in our study [OR=1:12 (95% CI: 1.10, 1.14); Table S2] and
in a pooled analysis of three prospective cohort studies
[OR=1:13 (95% CI: 1.12, 1.15)].36

Few studies have assessed the potential genotoxic effects of
glyphosate exposure in humans.20–22 A study in Ecuador found
evidence of increased DNA damage, as determined by strand
breaks using the comet assay, among 24 community residents
exposed to glyphosate through aerial spraying compared with 21
unexposed control residents living farther away.20 Similarly, in a
larger study conducted in areas with aerial glyphosate spraying in
Colombia (n=134 across three separate populations), increased
chromosomal damage, as indicated by micronuclei formation in
lymphocytes, was detected within the same individuals 5 d post-
spraying compared with before spraying in each population.21

Another study in Ecuador (n=92 exposed and 90 control study
participants) assessing chromosomal aberrations by karyotyping
blood collected 2 y after the last aerial spraying reported no
effects.22 Besides genotoxicity, there is also accumulating evi-
dence linking glyphosate exposure to oxidative stress, another
key characteristic of carcinogens, in both agricultural61–63 and
general64,65 populations. In particular, we previously observed
elevated concentrations of urinary 8-hydroxy-20-deoxyguanosine,
a biomarker of oxidative DNA damage, among a subset of farm-
ers with more recent glyphosate use and higher urinary glypho-
sate levels in the BEEA study.63 It should however be noted that
most of these previous human mechanistic studies of glyphosate
relied on residential proximity-based exposure assessment20–22 or
urinary markers that are only indicative of recent exposures,62–65

whereas our investigation used detailed, longitudinally reported
information from multiple questionnaires over time to assess cu-
mulative lifetime use of glyphosate. Moreover, unlike previous
studies focusing on relatively short-term biomarkers of genotox-
icity or other end points, our findings for mLOY, a presumably
more stable indicator for long-term health,66 may be more rele-
vant to the potential long-lasting effects of glyphosate on the de-
velopment of cancer or other aging-related chronic diseases.

Although mLOY is identified as a structural chromosomal ab-
erration and thus a biomarker of genotoxicity,60 it has also been
suggested as an indicator of genomic instability in blood and other
tissues.29 Our finding of an association between high lifetime
glyphosate use and expanded mLOY, but not overall mLOY, pro-
vides evidence suggesting that glyphosate exposure could confer a
selective advantage contributing to increased clonal expansion of
cells bearing these genomic alterations.60 Recently, a study among
Bangladeshi men also reported a stronger positive association
between environmental exposure to arsenic, an established carci-
nogenic metal, and mLOY affecting a larger percentage of cells,
supporting mLOY as a marker of carcinogen-induced genomic
instability.46 In addition, the presence of mLOY in leukocytes may
also reflect impaired immune function, as suggested by epidemio-
logic studies that observed associations betweenmLOY and altera-
tions in blood cell counts,24,43,44 with potential implications for
immunosurveillance in cancer.67 Taken together, our findings for
mLOY provide new insights into potential biologic mechanisms
through which glyphosate may contribute to genomic instability,

which is another key characteristic of carcinogens (beyond geno-
toxicity and oxidative stress) with more limited evidence in rela-
tion to glyphosate exposure.8,68

Our findings corroborate those of in vitro and animal experi-
ments that generally support the ability of glyphosate to induce gen-
otoxic effects,6,8,68 including studies that have shown increased
chromosomal aberrations in bone marrow cells of male rodents
treated with glyphosate compared with control rodents69,70; how-
ever, none of these studies specifically assessedmLOY. Notably, as
a potential indicator of cancer susceptibility, mLOY has been dem-
onstrated to promote clonal hematopoiesis and leukemogenesis in
mice.71 It has also been associatedwith altered hematologic parame-
ters (e.g., reduced erythrocyte and elevated leukocyte and platelet
counts)43,44 and both hematologic31–34 and nonhematologic35–38

malignancies in humans, with possibly stronger associations for
mLOY affecting a larger fraction of cells.24,31,33 Although the spe-
cific roles of mLOY in carcinogenesis remain to be elucidated, it is
an indicator of genomic instability that could be a potential mecha-
nism underlying previously observed associations between glypho-
sate use and certain hematologic cancers. Notably, glyphosate use
was positively associated with risk of AML, but not NHL, in the
AHS17 andwithNHL or its subtypes in other studies.10–14,18

Results from our stratified analyses further suggest that high
lifetime glyphosate use may be more strongly associated with
expanded mLOY among certain subpopulations. The stronger
association observed among older farmers is not surprising given
the increasing prevalence of mLOY, particularly expanded
mLOY, with advancing age.24,29 It is also consistent with the hy-
pothesis that an individual’s DNA repair capacity and ability to
maintain a stable genome decline with age,72 possibly rendering
older men more susceptible to the effects of cumulative exposure
to glyphosate. Cigarette smoking, a strong risk factor for mLOY,
did not appear to synergistically interact with glyphosate use in the
association with expanded mLOY (pinteraction = 0:24). However,
the strong association observed among never smokers, including a
clear exposure–response relationship, confirms the robustness of
our findings in the absence of confounding by smoking. Although
our analyses adjusted for a metric incorporating both smoking sta-
tus and pack-years of smoking, potential residual confounding
related to timing, duration, intensity, or other characteristics of cig-
arette use could not be ruled out and may influence associations
among former and current smokers.36 It is also possible that the
effects of glyphosate exposure were obscured by those of smoking,
a presumably much stronger risk factor for mLOY, which may
explain the weaker association we observed in ever compared with
never smokers. Interestingly, we observed a more prominent asso-
ciation between high lifetime glyphosate use and expanded mLOY
among nonobese than obese farmers. Similar to our study, several
others have also reported a statistically significant or suggestive
inverse association betweenBMI (or obesity) andmLOY.39,42,44,46

However, it remains unclear whether and how lower adiposity may
contribute to mLOY occurrence or serve as a proxy for other fac-
tors related to mLOY, especially given conflicting evidence
regarding the impact of obesity on genomic stability in humans.73

Furthermore, although the toxicokinetics of glyphosate are not
well understood, it is possible that body weight influences metabo-
lism or excretion of glyphosate following exposure,4 which may
partly explain the different magnitudes of associations with mLOY
by obesity status; however, this hypothesis remains to be tested in
future investigations.

A major strength of our study was the availability of detailed in-
formation on the use of glyphosate and other specific pesticides col-
lected longitudinally across several decades. This allowed us to
assess cumulative lifetime exposure to glyphosate while adjusting
for correlated pesticide use. In addition, we were able to evaluate
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associations with both total lifetime days and intensity-weighted
lifetime days (which incorporates information on factors potentially
influencing exposure intensity); the consistent patterns observed for
both metrics further strengthened our study findings. Another
strength was the large sample size compared with most previous
humanmechanistic studies of glyphosate exposure,which permitted
analyses that uncovered an important association with the smaller
subset of mLOY (i.e., expanded mLOY), as well as stratified analy-
ses that revealed stronger associations among certain subgroups.
Finally, by assessing mLOY using the PAR-based approach incor-
porating both LRR and phased BAF data, we were able to detect
mLOY with improved sensitivity compared with previous studies
using othermethods.29

Our study also has several limitations. First, given the cross-
sectional nature of the study design, we could not evaluate the rela-
tionship between glyphosate use and initial development of mLOY,
which was assessed in blood samples collected at a single point in
time. However, as noted above, glyphosate exposure was based on
longitudinally reported information across each farmer’s lifetime
andwas obtained prior and up to the time of biospecimen collection,
whichmitigates recall bias and provides some support for the poten-
tial temporal relationship with mLOY. Second, our analyses relied
on glyphosate use reported by participants, which may be subject to
nondifferential exposuremisclassification, although previous stud-
ies in the AHS have demonstrated reasonable accuracy and reli-
ability of self-reported lifetime pesticide use74,75 and significant
correlations of questionnaire-assessed exposures and intensity
metrics with pesticide biomarkers.76 Third, although our analyses
adjusted for established and implicated risk factors for mLOY, as
well as study design-related variables and any other pesticide cor-
related with glyphosate use, potential residual confounding by
unmeasured/unknown exposures or factors related to both glypho-
sate use and mLOY could not be ruled out. Fourth, the results of
our study consisting of predominantly non-Hispanic White male
farmers of European ancestry may not be generalizable to other
populations. Notably, differences in mLOY prevalence by race/
ethnicity and genetic ancestry have been observed in the UK
Biobank (e.g., lower prevalence among Black or Asian compared
with White men),36,42,44 although it remains unclear whether asso-
ciations between potential carcinogens and mLOY may differ by
these characteristics. Future studies includingmore racially and eth-
nically diverse agricultural populations, as well as individuals who
are not occupationally exposed to glyphosate (i.e., individuals in the
general population), are needed to confirm whether our findings are
more widely applicable to other populations. Finally, although our
study focused on mLOY as the outcome of interest, we had limited
power to evaluate other mCAs, particularly those affecting the auto-
somes, which are much less frequently detected than mLOY but
have also been associated with increased cancer risk.24,77 Future
research with larger samples or analyses pooling data across studies
may provide a better understanding of the potential relationships
between glyphosate exposure and different forms ofmCAs.

In conclusion, our study contributes new evidence that high
lifetime use of glyphosate among older male farmers may be posi-
tively associated with mLOY, particularly mLOY affecting a
larger fraction of cells, suggesting that glyphosate may confer gen-
otoxic or selective effects relevant for clonal expansion. Given the
current understanding about mLOY as a potential indicator of gen-
otoxicity and genomic instability, our findings provide biologic
plausibility and shed light on possible underlying mechanisms for
previously observed associations between glyphosate use and cer-
tain hematologic cancers. Future research is needed to confirm our
novel findings and to further explore specific mechanisms or bio-
markers through which glyphosate exposure may contribute to
mLOY, other mCAs, and cancer risk.
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