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i n f o

a b s t r a c t
Schizophrenia (SCZ) is an etiologically heterogeneous disease with genetic and environmental risk factors
(e.g., Toxoplasma gondii infection) differing among affected individuals. Distinguishing such risk factors may
point to differences in pathophysiological pathways and facilitate the discovery of individualized treatments.
Toxoplasma gondii (TOXO) has been implicated in increasing the risk of schizophrenia. To determine whether
TOXO-positive individuals with SCZ have a different polygenic risk burden than uninfected people, we applied
the SCZ polygenic risk score (SCZ-PRS) derived from the Psychiatric GWAS Consortium separately to the
TOXO-positive and TOXO-negative subjects with the diagnosis of SCZ as the outcome variable. The SCZ-PRS
does not include variants in the major histocompatibility complex.
Of 790 subjects assessed for TOXO, the 662 TOXO-negative subjects (50.8% with SCZ) reached a Bonferroni
corrected signiﬁcant association (p = 0.00017, R2 = 0.023). In contrast, the 128 TOXO-positive individuals
(53.1% with SCZ) showed no signiﬁcant association (p = 0.354) for SCZ-PRS and had a much lower R2 (R2 =
0.007). To account for Type-2 error in the TOXO-positive dataset, we performed a random sampling of the
TOXO-negative subpopulation (n = 130, repeated 100 times) to simulate equivalent power between groups:
the p-value was <0.05 for SCZ-PRS 55% of the time but was rarely (6% of the time) comparable to the high
p-value of the seropositive group at p > 0.354.
We found intriguing evidence that the SCZ-PRS predicts SCZ in TOXO-negative subjects, as expected, but not in
the TOXO-positive individuals. This result highlights the importance of considering environmental risk factors
to distinguish a subgroup with independent or different genetic components involved in the development of SCZ.
© 2021 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
Schizophrenia (SCZ) is a highly debilitating and complex brain disorder affecting approximately 1% of the worldwide population. It is characterized by periods of psychosis, disorganized thought patterns and
behaviors, and deﬁcits in neurocognitive function. It is crucial to identify
the risk factors that contribute to the increased risk of developing SCZ.
Among those, the high heritability of this disorder has been recognized
⁎ Corresponding author at: Rollins School of Public Health, Emory University, Ofﬁce:
1518 Clifton Rd. CNR 4049 (1518-002-AA), Atlanta, GA 30322, USA.
E-mail address: bpearce@emory.edu (B.D. Pearce).

as a contributing risk factor, with studies showing increased risk from
1% in the general population to over 40% in monozygotic twins of affected individuals. The high heritability of this disorder underscores
the importance of genetic risk factors (1). Despite this high heritability,
a single gene or variant rarely heightens the risk of developing this
disorder. Instead, recent GWAS studies have highlighted its polygenic
architecture by identifying over 108 loci that contribute to the
overall risk for SCZ (2–4). However, this genetic predisposition alone
cannot fully explain the incidence of SCZ since there may be interactions
with environmental risk factors that also contribute to the risk of developing SCZ (5). One environmental factor known to heighten the risk for
SCZ is chronic infection with Toxoplasma gondii (TOXO), a protozoan

https://doi.org/10.1016/j.comppsych.2021.152236
0010-440X/© 2021 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2.2. Polygenic risk scores (PRS)

parasite (6). TOXO is a common neuro-invasive parasite that remains
relatively quiescent in immune-competent mammalian hosts but can
affect neurocircuitry and cause subtle behavioral changes in rodents
and humans (7,8). Our study aims to examine whether people infected
by TOXO have different genetic risk factors that predispose them to SCZ
compared to non-infected subjects.
Polygenic risk scores (PRS) have been used to capture genetic effects
of genome-wide markers that may not individually achieve GWAS signiﬁcance in large-scale association studies. Markers are selected using
an initial training sample, at different p-value threshold levels, and
used to construct a score in an independent replication sample by
forming the weighted sum of associated alleles within each subject. A
signiﬁcant association between the polygenic score and the trait in the
replication sample implies that a genetic signal is present among the selected markers, establishing a common polygenic basis for the two
datasets. Given the polygenic nature of SCZ and the large number of
samples enrolled in the Schizophrenia Psychiatric Genomics Consortium, summary statistics derived by these datasets are particularly
useful for PRS analyses.
We hypothesized that people with this known environmental risk
for SCZ, chronic TOXO infection, may have less conventional (SNPbased) genetic risk for SCZ than those who had not been infected with
TOXO. To test this hypothesis, we examined whether patients infected
by TOXO have less polygenic risk burden as ascertained by a polygenic
risk score (PRS) compared to uninfected patients. Therefore, we used
the large-scale summary statistics from the Schizophrenia Psychiatric
Genomics Consortium (training dataset) (2) to derive a PRS in a distinct
cohort (target dataset) of individuals with a history of SCZ who were
identiﬁed either as TOXO-positive or TOXO-negative.
If conﬁrmed, this would support the hypothesis that TOXO exposure
is a risk factor for SCZ that confers risk separately from the risk conferred
by vulnerability genes included in the SCZ-PRS.

The calculation of a Polygenic Risk Score (PRS) evaluates the genetic
liability of several variants into a single per-individual score. In the current analysis, PRSice (v1.25) software (13) was used to caculate PRS.
This PRSice software analysis used two datasets to calculate PRS: a training dataset (summary statistics from SCZ-PGC) to derive the sets of
SNPs and their effect size based on association p-values; and a base
dataset (genome-wide data from TOXO-positive, TOXO-negative, or
the entire dataset), from which the PRS is calculated based on SNP individual genotypes additively coded. In the training dataset (summary
statistics SCZ-PGC), SNPs surviving the clumping and thresholding
steps were selected based on p-value thresholds (PT-score). For
each set of SNPs, the PRS score was then calculated as their
weighted sum of per loci risk allele in the base dataset: PRSj = ∑
(Si × Gij)/Mj, where Si is the summary statistic for the effective allele
for the genotype i, Gij is the genotype i for the j individual (0,1,2), and
Mj is the number of alleles included in the PRS of the jth individual.
We used the meta-analyses results of the SCZ dataset from the PGC
[scz2.prs.txt.gz (2)] as a training dataset. SNPs in linkage disequilibrium
(r2 < 0.2 within 500 kb window) were excluded (clumping). The major
histocompatibility complex locus (termed HLA in humans) was also excluded. The PRSs were calculated using: a) p-value thresholds between
0 and 0.5 in the training dataset, with a 0.01 increment for a total of 50
different p-values (Bonferroni corrected p-value = 0.001); and b) as
target datasets, either the TOXO-positive individuals, the TOXOnegative individuals or the entire cohort (TOXO-positive plus TOXOnegative). Polygenic risk scores were then tested for association with
SCZ-case versus SCZ-control status in the target group using a logistic
regression model, covarying for age, sex, and the ﬁrst 2 ancestry PCs.
In the entire cohort, a similar logistical regression model was conducted
but TOXO status was added as an additional covariate. All the analyses
were repeated using 5 PCs. Nagelkerke pseudo R-squared measures
(R2) were used to compare the two main models: PRS from the TOXOnegative vs. TOXO-positive individuals.

2. Materials and methods
2.1. Population

2.3. PRS sample size randomization for Type 2 error assessment

Inclusion criteria for participants of known Ashkenazi-Jewish (AJ)
descent, SCZ diagnostic criteria, immunoassay measurement for
antibodies of TOXO, and genotyping, were previously described by
Avramopoulos et al. (9). The Johns Hopkins institutional review board
approved the recruitment methods, protocols, and informed consent
documents. All participating human subjects provided written, informed consent to participate in this study. A total of 519 SCZ patients
and 271 healthy controls (790 total) were selected for genotyping and
TOXO evaluation. The TOXO seropositivity status was determined by
the presence of TOXO-IgG antibodies, as previously described by (9).
Reagents for the TOXO IgG ELISA were obtained from IBL Laboratories,
Hamburg, Germany. Cut points for seropositivity were clearly deﬁned
from density plots as described previously (9). Genotyping was performed with Affymetrix Human Genome-Wide SNP Array 6.0 at
Emory University. Genotype quality control (QC) was performed using
the software package PLINK (ver. 1.9) following the steps outlined in
the Psychiatric GWAS consortium (2,10). As previously described (11),
we ﬁrst veriﬁed ancestry by merging the AJ autosomal pruned variants
with the HapMap populations' common varants: the AJ cohort appeared
as a harmonized highly ancestral homogenous population. Then, we calculated the principal component eigenvectors of the genetic relationship matrix (R; ver.3.2.2) in the AJ cohort alone, retaining those
individuals who fell within three standard deviations of the medians
of the ﬁrst and second principal components. The Tracy-Widom
test (12) was used to assess the number of principal components
(PCs) that need to be included as covariates into the association analyses (2 ancestry PCs). However, to ensure that our results were not biased by ancestry, we repeated all the analyses using 5 PCs.

Since the number of TOXO-negative subjects (n = 662) was substantially larger than the TOXO-positive group (n = 128), we performed
additional analysis to rule out Type 2 error. A SCZ-PRS was generated for
100 subsets of 130 randomly selected TOXO-negatives. Of note, the
TOXO-negative subsets (n = 130) were all chosen to demographically
represent the TOXO-negative cohort, and therefore were composed of
67.7% SCZ subjects and 41.5% female subjects (Table 1).
3. Results
Table 1 shows the AJ population's diagnostic and demographic
characteristics divided by TOXO and SCZ status. In the entire cohort,

Table 1
Demographic of AJ Cohort by Toxoplasma seropositivity.

Patient Status
Schizophrenia
Control
Gendera
Male
Female
Age in years (SD)b
a
b

2

Toxoplasma positive

Toxoplasma negative

Total Sample

No.

%

No.

%

No.

%

68
60

53.1
46.9

451
211

68.1
31.9

519
271

65.7
34.3

63
65
56.7

49.2
50.8
13.7

387
275
46.6

58.5
41.5
12.7

450
340
48.2

57
43
13.4

p = 0.06, with ﬁsher t-test.
p < 0.0001, with two-tailed t.
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we did not observe an association between TOXO and SCZ (Χ2 = 0.252,
p = 0.616).
A polygenic genetic burden associated with TOXO status was used in
a SCZ-PGC training dataset to predict SCZ (Fig. 1). Speciﬁcally, a SCZ-PRS
was calculated at a set of p-value threshold (PT) bins to achieve marginal
evidence for association for many causal variants. In the entire cohort, a
PT bin of 0.07 reached signiﬁcance p-values (p = 0.001, R2 = 0.015),
with all other PT reaching nominal (p = 0.05) signiﬁcance (Supplementary Fig. 1). In the TOXO-negative subjects, several PT bins reached
Bonferroni corrected signiﬁcance as predictors of SCZ (29/50 with pvalue≤0.001; Supplementary Fig. 2A) with a maximum at a p-value
threshold bin of 0.13 (p = 0.00017, R2 = 0.023; Fig. 1A). The polygenic
scores from the best P-value threshold (p = 0.00017, PT = 0.13) for the
TOXO-negative (Supplementary Fig. 3A and 3D) showed a clear difference in the distribution between SCZ cases and controls, with SCZ
cases having higher PRS scores compared to controls without SCZ (Supplementary Fig. 3G). In contrast, in the TOXO-positive subgroup, none of
the p-values reached a nominal signiﬁcance level, with the lowest significance at PT = 0.02 (p = 0.354, R2 = 0.007; Fig. 1B, Supplementary
Fig. 2B). The PRS for either the same PT value (p = 0.97 PT = 0.13; Supplementary Fig. 3B and 3E), or the best PT threshold in the TOXOpositive subgroup (p = 0.354 PT = 0.02, Supplementary Fig. 3C and
3F) had overlapping distributions in SCZ cases and controls, with no differences between the two groups (Supplementary Fig. 3H-J). Further,
there was also a clear difference in the distributions of R2, with the R2
for the TOXO-negative higher than the TOXO-positive (Fig. 2A, Supplementary Fig. 2).
We conducted the same analyses using 5 PCs which lead to comparable results. The TOXO-negative subset reached the lowest p-values
with Bonferroni correction signiﬁcance and the highest R2 (PT = 0.13,
p = 0.0001 R2 = 0.023) (Supplementary Fig. 4).
To verify that the results obtained were not due simply to Type-2
error, we randomly generated 100 sub-sets of the TOXO-negative

cohort, with the correct proportion of SCZ-affected patients and distribution of gender. We compared the R2 of the 100 subsets with the lowest p-values to the R2 of the TOXO-negative and TOXO-positive cohorts
(Fig. 2A). The R2 of the 100 subsets mainly overlapped with the TOXOnegative cohort, which had predominately higher R2 values compared
to the TOXO-positive cohort. We observed 5 subsets with the lowest
PT bins reaching Bonferroni correction signiﬁcance, 55 subsets with
the lowest p-value less than 0.05, and 6 subsets with p > 0.354
(Fig. 2B-C). This indicates that there was a stronger association with
the TOXO-negative subsets.
4. Discussion
This study used the large-scale Schizophrenia Psychiatric Genomics
Consortium derived schizophrenia polygenic risk score and GWAS
data from a genetically homogeneous AJ population to compare the genetic burden for SCZ in relation to TOXO infection. We report that patients with SCZ and a history of TOXO infection have a different
conventional polygenic risk score (SCZ-PRS) than those with SCZ who
were not TOXO-infected.
Schizophrenia is a highly heterogeneous disorder with both genetic
and environmental components (14). Recent studies of schizophrenia
genetics have emphasized the importance of multiple genetic variants,
each with a small effect size. However, few of these studies have considered the relationship between polygenic risk and environmental factors
(2,15). Remarkably, SCZ has been associated with environmental insults, such as infectious disease (e.g., TOXO infection), which may also
be sensitive to the genetic background. Indeed, substantial indirect evidence has implicated TOXO infection in SCZ (6,8). Studies in humans
and animal models suggest that at least some of the epidemiological associations of TOXO with neuropsychiatric disorders can be attributed to
speciﬁc neurobiological alterations (7,16–18). Infection with TOXO is
one possible environmental factor that has both epidemiological and

Fig. 1. PGC-SCZ PRS p-value bins in TOXO-Negative and TOXO-Positive participants. In this classical representation of the PRS results we show on the x-axis 0.01 increments for p-value
bins up to 0.05, and 0.1 to 0.5 with 0.1 increments for subsets of PRS SNPs predicting SCZ in the PGC data. Broad p-value thresholds for schizophrenia PRS from the PGC predicting SCZ status
in TOXO-negative (n = 662, panel A), and TOXO-positive participants (n = 128, Panel B). The x-axis also shows the bin for the lowest p-value association (PT = 0.13 for A, and PT = 0.02
for B, asterisk); the entire PT values are shown in supplementary ﬁg. 2. The height of each bar on the y-axis shows the portion of the variance in our current data explained for predicting
SCZ by the corresponding set of SNPs (Nagelkerke R2). The numbers above each bar are the p-values for that set of SNPs in our current dataset, and the bars are color-coded by –log10
p-values. Note that the range used for the color-coded scale differs for panels A and B to allow internal comparison. TOXO-negative samples show an overall lower p-value and higher
portion of the variance explained by the PRS for the SCZ outcome compared to the TOXO-positive group.
3
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The current literature on PRS–environmental interactions has
mainly focused on psychosocial variables, or overt obstetric complications, rather than biological measures such as TOXO (15,21,22). Our
study shows that in the TOXO-negative subset, the SCZ-PRS very robustly predicted SCZ reaching a Bonferroni corrected p-value. In contrast, in the TOXO-positive group, the SCZ-PRS did not predict SCZ,
consistent with the increased non-genetic burden (e.g., TOXO). Interestingly, when we analyzed the entire cohort, we still reached a signiﬁcant
p-value for one PT bin (albeit with a lower R2), indicating that in a general setting, TOXO positive individuals might be incorporated in the
overall p-value and may be indistinguishable unless analyzed separately. Because SNPs in the major histocompatibility complex (HLA)
locus were not in the SCZ-PRS, we cannot rule out that genes at this
locus played a role in SCZ risk in the TOXO-positive sample-sets. Indeed,
SCZ may be associated with differences in HLA-directed immune responses to TOXO as suggested by the ﬁnding that an HLA-allele (HLAC*04:01) can be protective against TOXO in people with SCZ but have
the opposite effect in healthy controls (23). It is possible that there are
polygenic associations in the MHC region that could explain the apparent differences in the PRS results between TOXO-positive schizophrenia
and TOXO-negative schizophrenia. If this were the case, it would nevertheless support our argument that TOXO positive schizophrenia is
linked to a different set of genes than TOXO-negative schizophrenia.
Speciﬁcally, since the PGC consortium PRS excludes MHC, then the polygenic risk in conventional (TOXO-negative) schizophrenia that has been
reported by the consortium (among others) demonstrates that genes
outside MHC contribute to schizophrenia risk. Our study shows that
this is not the case for TOXO-positive SCZ.
To exclude the possibility that the negative results observed in the
TOXO-positive patients were due to a small sample size (Type 2 error)
of TOXO-positive participants, we performed a PRS Sample Size Randomization. The PRS sample size randomization indicated that the
lack of a SCZ-PRS association in the TOXO-positive cohort was not due
to the small sample size (type 2-error), as evidenced by the observed
p-values and R2 distributions. Analysis of the distribution of the R2
values calculated from the random TOXO-negative subsets with a
small sample size (low power) predicted the SCZ phenotype 91% of
the time. Although the results support our hypothesis, we cannot rule
out a Type 2 error in the discovery sample and, therefore, larger sample
sizes should be examined in the future.
In this cohort, TOXO seropositivity was not statistically signiﬁcantly
higher among schizophrenia patients compared to controls (9). Thus,
there may be an alternative explanation for why our schizophrenia
PRS ﬁndings were able to differentiate the TOXO-positive SCZ group
from the TOXO-negative SCZ group. One possibility is that there are a
sufﬁcient number of false negatives for TOXO serology that are “contaminating” the seronegative group, such that a statistically signiﬁcant
difference in serology result was not obtained (24,25). This possibility
derives from evidence that some individuals who are infected long before the sample was taken (prenatally or in childhood) may have titers
of antibodies that have dropped below the level of detection (24). If this
were the case, it implies that our sample of putative TOXO seronegative
samples contains some number of actual TOXO-seropositive samples.
Still, it would not explain why the PRS scores performed well in
predicting schizophrenia in the seronegative group but not in the
dependably seropositive group. Another possibility is that TOXO is not
actually contributing to schizophrenia risk at any point in a patient's trajectory (i.e., that TOXO infection does not play any causal role in schizophrenia). In this case, the TOXO serology may be acting as a proxy
variable identifying alternative cellular and molecular pathways leading
to schizophrenia that do not involve conventional SNP-based PRS.
The major limitation of the current study is the relatively modest
sample size of the AJ cohort, particularly the TOXO-positive subset.
However, for predicting individual trait values, it is more critical for
the training set to be large (26), a requirement that has been satisﬁed

Fig. 2. Sample Size Randomization distributions of R2 and p-values comparing TOXOnegative and TOXO-positive subsets. Histograms of R2 (2A) and lowest p-values (2B,C).
Fig. 2A, the x-axis shows the portion of the variance explained, and the y-axis is the
count for the corresponding bar for TOXO-negative (blue) and TOXO-positive (red)
subjects plus the 100 subsets of TOXO-negative samples (gray, n = 130). Note that the
distribution of R2 in which little of the variance is explained for the TOXO-positive
subjects (N = 128) but much more of variance is explained for the 100 subsets of
TOXO-negative samples (n = 130, in gray), which overlaps mostly with the R2 of the
TOXO-negative sample (N = 662, in blue). The arrow outlines the separation between
the TOXO-positives (in red) and TOXO-negatives R2 (in blue) without any overlapping
values between red and blue. Fig. 2B shows p values of the 130 TOXO-negative samples.
The arrow indicates the lowest p-values reaching nominal (p = 0.05) signiﬁcance; an enlarged portion of these p-values is shown in Fig. 2C. Only 6% of the samples in this N = 130
set of TOXO-negative had p-values>0.354, which is the most signiﬁcant p-value reached
by the TOXO-positive samples.

neurobiological plausibility, although the speciﬁc mechanistic link between a positive TOXO serology and SCZ remains unclear (7,17,19).
Using GWAS of TOXO infection in the same AJ population, we recently identiﬁed several putative TOXO susceptibility genes with the
most signiﬁcant association within the chitinase locus (11). Prior studies in animal models have shown that the production of chitinase by
macrophages in the brain responding to TOXO infection is crucial for
controlling the TOXO infection (20). This ﬁnding highlights the ability
to potentially reveal new genes associated with TOXO infection given
the unique homogeneity of the AJ population. However, this ﬁnding
does not address the question of whether TOXO-mediated SCZ has different genetic risk than TOXO-negative SCZ. Hence, in the current
study, we addressed whether TOXO–associated schizophrenia differs
from typical schizophrenia, in which there is a major contribution of
common SNPs.
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in the current study by using the SCZ-PGC. Another limitation of this
study is the use of an AJ population. Given the homogeneity within
the AJ population further studies should expand the study population
characteristics; e.g. by including individuals with different ancestry.
While the genetic homogeneity of the AJ population in some ways is
limiting, in this case it is ideal for our purposes since its homogeneity
may enhance the power to identify differences in PRS in a subset of
the population exposed to different environmental insults (TOXO
exposure). Furthermore, the use of Schizophrenia Psychiatric Genomics
Consortium in the training dataset, and the AJ in the testing dataset, may
better assure the independence of study subjects between those two
cohorts, decreasing the possibility of inﬂation in the p-values.
In conclusion, we found evidence that the SCZ-PRS predicts SCZ status in TOXO-negative subjects but not TOXO-infected patients, suggesting that SCZ patients affected by TOXO may have less established
genetic components involved in the development of SCZ. Distinguishing
populations based on environmental and genetic risks may elucidate
disease mechanisms, improve diagnosis of SCZ subtypes, and discover
individualized treatment targets.
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