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In brief

A global-scale metagenomic exploration
of Blastocystis was performed from
56,989 individuals across 32 countries.
Blastocystis was seen to be widely
present in healthy adults, with prevalence
and abundance patterns linked to
geography, dietary habits, and
cardiometabolic profiles.
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SUMMARY

Diet impacts human health, influencing body adiposity and the risk of developing cardiometabolic diseases.
The gut microbiome is a key player in the diet-health axis, but while its bacterial fraction is widely studied, the
role of micro-eukaryotes, including Blastocystis, is underexplored. We performed a global-scale analysis on
56,989 metagenomes and showed that human Blastocystis exhibits distinct prevalence patterns linked to ge-
ography, lifestyle, and dietary habits. Blastocystis presence defined a specific bacterial signature and was
positively associated with more favorable cardiometabolic profiles and negatively with obesity (o < 1e-16)
and disorders linked to altered gut ecology (p < 1e-8). In a diet intervention study involving 1,124 individuals,
improvements in dietary quality were linked to weight loss and increases in Blastocystis prevalence
(o =0.003) and abundance (p < 1e-7). Our findings suggest a potentially beneficial role for Blastocystis, which
may help explain personalized host responses to diet and downstream disease etiopathogenesis.

INTRODUCTION

Decades of evidence have linked dietary intake with chronic dis-
ease development.’> While specific recommendations vary,
leading authorities®™® endorse a high-quality diet for the amelio-
ration of long-term disease risk, despite great variability in cardi-
ometabolic benefits from person to person.® We recently
showed in a single-cohort study that human gut microbial com-

munities harboring Blastocystis were associated with improved
postprandial glucose responses, measures of body adiposity,
and other favorable biomarker profiles.” Blastocystis is a preva-
lent unicellular eukaryote whose role in host health is still un-
clear.? Blastocystis is remarkably diverse at the genetic level®
and is currently categorized into at least 28 distinct species,
termed subtypes (STs).'”'" At least eight of these STs have
been identified in humans, with ST1, ST2, and ST3 being the
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most common.'*"® Despite earlier metagenomic work on the
prevalence of Blastocystis (up to 1,689 participants®'?), larger
and more diverse cohorts with precise dietary information are
needed to establish the relationship between gut Blastocystis,
nutrition, and cardiometabolic health outcomes that refer here
to the development of obesity, insulin resistance culminating in
type 2 diabetes (T2D), or cardiovascular disease such as stroke
or coronary artery disease.

We integrated and harmonized data from multiple cohorts to
characterize the global distribution of Blastocystis and investi-
gate whether its presence could help explain the heterogeneous
and individualized contributions of food intake on cardiometa-
bolic health. We found highly variable prevalences of Blastocys-
tis and its STs influenced by host species (i.e., human vs. non-
human), age, geography, and lifestyle. In the ZOE PREDICT
studies (Personalised REsponses to Dletary Composition Trial;
PREDICT 1, PREDICT 2, and PREDICT 3 US21, US22A, and
UK22A) for which dietary and health risk variables are available,
we observed a tight coupling between diet quality and Blasto-
cystis carriage, as well as its presence among participants with
more favorable cardiometabolic profiles. We externally validated
these findings to demonstrate a negative association between
Blastocystis carriage and body adiposity, as well as disorders
for which a link with the gut microbiome was previously estab-
lished, including inflammatory bowel diseases (IBD), ° colorectal
cancer (CRC),'® and diabetes."” Finally, we observed a signifi-
cant increase in Blastocystis prevalence and abundance among
the participants of a 6-month personalized diet intervention
study that improved diet quality and lost weight. Together, our
findings may implicate Blastocystis as a marker of a healthier life-
style with a potentially beneficial role in personalized host re-
sponses to food and downstream disease susceptibility.

RESULTS

A large, diverse, and harmonized metagenomic survey
of the global Blastocystis landscape
To link Blastocystis presence with diet, health outcomes, and ge-
ography, we leveraged our access to five large multinational
studies with granular information on microbiome, food intake,
and cardiometabolic biomarkers: the ZOE PREDICT studies.
These include the previously published PREDICT 17 and four
other cohorts, namely PREDICT 2 and three PREDICT 3 cohorts
(US21, US22A, and UK22A) (STAR Methods).”'®'® Together,
these cohorts comprise 13,354 individuals from diverse areas
of the United Kingdom (UK) (PREDICT 1 n = 1,001, PREDICT
3 UK22A n = 12,353) and 21,333 from the United States (US)
(PREDICT 1 n = 97, PREDICT 2 n = 968, PREDICT 3 US21
n = 11,798, and US22A n = 8,470), for a total of 34,687 individ-
uals, of which 25,548 were considered as healthy adults (STAR
Methods). For each participant in the PREDICT studies, demo-
graphic information and cardiometabolic blood markers were
collected at baseline. Long-term habitual ad libitum diet was as-
sessed using established food frequency questionnaires (FFQs),
while daily diet (i.e., short-term) was documented using digital
food logs (STAR Methods).

We also included 2 cohorts (SardiNIA with 2,596 metage-
nomes sequenced as part of this study and 6,047 samples
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from the Dutch Microbiome Project [DMP]; STAR Methods)
with information on age, sex, body mass index (BMI), and health
status of the host; and five cohorts with additional dietary prefer-
ence information, three of which enroll participants from
Italy°~>? (DeFilippisF_2019, MeslierV_2020, and TaralloS_2021;
STAR Methods) and two from the US?*** (Mind-Body Study
[MBS] and Men’s Lifestyle Validation Study [MLVS]; STAR
Methods). To characterize Blastocystis presence at the global
level, we additionally identified and collected 61 publicly avail-
able cohorts with shotgun metagenomic samples of the
human gut microbiome from curatedMetagenomicData ver. 3
(cMD3),%® with hosts’ information including age, sex, country of
origin, and BMI (STAR Methods).

Together, these human data add up to a total of 73 datasets
and stool metagenomes from 56,989 distinct individuals
(Table S1), of which n = 41,428 were from healthy/control individ-
uals and n = 15,561 were considered “not healthy” (i.e., generally
cases from various case/control microbiome studies; STAR
Methods). For 1,034 of these individuals, additional longitudinal
gut microbiome samples were available (STAR Methods;
Table S4). We further included 1,124 healthy individuals from
the ZOE PREDICT personalized diet intervention study
(PREDICT 3 UK 23A RT) with microbiome samples collected
before and after the intervention (STAR Methods). Moreover,
we included samples from other human body sites, namely the
oral cavity (n = 243) and skin (n = 237; STAR Methods;
Table S1), as well as 28 ancient human metagenomes from pa-
leofeces (STAR Methods).?5~"

As Blastocystis was previously reported in non-human
hosts,*? we considered 4,590 gut metagenomes from 214 spe-
cies (spanning mammals, reptiles, birds, amphibians, insects,
crustaceans, mollusks, nematodes, and metazoans) from 49
public datasets (STAR Methods; Table S2). In total, the current
work compiled 139 distinct human and non-human datasets
totaling 65,809 metagenomes, each profiled using the same vali-
dated computational workflow”*® to determine the presence and
abundance of the eight genetically distinct Blastocystis STs pre-
viously described in humans'? (STAR Methods; Figure S1A).

Global Blastocystis prevalence is variable and confined
to gut microbial communities

Blastocystis was found in 8,190 human stool samples (out of a to-
tal of n = 56,989), and as expected, it was not detected in other
human body sites (Table S1). Among healthy adults from 32 coun-
tries, we found significant geographical heterogeneity in gut
Blastocystis prevalence. The lowest prevalence was observed in
North America (6.64%, all Fisher-test g values < 1e—3), while Eu-
rope showed comparatively higher prevalence (22.14%) (Fig-
ure 1A; Tables 1 and S1). At the country level, Fiji® had the highest
Blastocystis prevalence among well-represented regions with >50
samples (56.29%, n = 167), while Japan showed the lowest
(2.46%, n = 244), a finding supported by prior investigations.>**°
We observed high Blastocystis prevalences in Tanzania, Ethiopia,
and Cameroon (>35%; Table S1). European countries showed
moderately high prevalences (typically greater than 15%), while
Asian countries ranged from 2.46% in Japan to 29.18% in Israel.
Consistent with prior studies,”***" we found low Blastocystis
prevalence in the US, with 951 positive samples out of 14,692
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Figure 1. Worldwide Blastocystis prevalence suggests a non-pathogenic role in the human gut microbiome and reveals distinct ethno-
geographical patterns

(A) Overall Blastocystis prevalence varies substantially depending on the geographical region. Prevalence estimates were calculated among samples from
healthy individuals 12 years of age or older (only countries with >10 samples were colored, 32 in total; Table S1).

(B) US coastal regions have a higher prevalence of Blastocystis than landlocked regions (p value = 5.04e—10, Table S1). The PREDICT 1 (US), PREDICT 2, and
PREDICT 3 (US21 and US22A) cohorts (n = 14,692 healthy individuals with state information) were used to assess prevalence in each US Census Bureau Division.
Only the continental US is depicted.

(C) Blastocystis subtypes (STs) are differentially distributed by continent. ST4 was not detected in Africa and South America, while it was highly prevalent in
Europe. The overall prevalence (“Any”) comprises all detected STs, and single STs are plotted when prevalent above 1% in at least one continent (i.e., only ST1,
ST2, ST3, and ST4). In total, we considered 71 datasets with at least 10 samples each, and dots represent the prevalence of Blastocystis computed on healthy
individuals (age > 12 years) of that continent. Oceania was grouped with Asia as only one dataset was available, the number of datasets for each continent is
reported in parentheses. Five datasets contained samples from more than one continent and were split (Table S1).

(D) Relative prevalence of Blastocystis subtypes shows that ST6, ST7, ST8, and ST9 were found only in Europe, North America, and Asia, always with a prev-
alence <1%. The inset numbers correspond to the absolute prevalence of each ST when >1%.

(E) Children (aged between 1 and 11 years) show a generally lower prevalence of Blastocystis than adults and were positive for only ST1, ST2, ST3, and ST4.
Blastocystis profiling of non-human primates (NHPs) gut microbiome samples detected sporadically only ST1, ST2, and ST3 (Table S2).

(F) Overall Blastocystis prevalence was higher in non-Westernized (NW) samples, despite ST4 being detected only in Westernized (W) populations.

The boxplots show the first and third quartiles (boxes) and the median (middle line); whiskers extend to 1.5x the interquartile range (IQR).

See also Figure S1 and Tables S1 and S2.

(6.47%) from PREDICT 1 (US), PREDICT 2, and PREDICT 3 US21  sions, demonstrating a comparative bicoastal increase vs. the
and US22A participants (Figure 1B; Table S1). Our large US pop-  Midwest and the South (Figure 1B). Generally, the proportion
ulation allowed further investigation by US Census Bureau Divi- of Blastocystis-positive samples increased when considering
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Table 1. Worldwide Blastocystis prevalence in the gut microbiome of healthy adults

Dataset ST1 (%) ST2 (%) ST3 (%) ST4 (%) ST6 (%) ST7 (%) ST8 (%) ST9 (%) Prevalence (%) n samples
PREDICT 1 3.01 5.10 8.93 7.92 0.64 0.36 0.09 0.64 25.68 1,098
PREDICT 2 1.25 1.02 2.84 1.93 0.34 0.91 0.46 0.34 8.65 879
PREDICT 3 (UK22A) 3.52 6.12 7.35 8.98 0.52 0.54 0.14 0.53 26.99 9,855
PREDICT 3 (US21) 0.78 0.69 1.70 1.44 0.50 0.50 0.77 0.50 6.37 7,939
PREDICT 3 (US22A) 1.16 0.64 1.23 1.19 0.33 0.73 0.92 0.31 6.18 5,777

total healthy adults 25,548
Continent ST1 (%) ST2 (%) ST3 (%) ST4 (%) ST6 (%) ST7 (%) ST8 (%) ST (%) Prevalence (%) n samples n datasets
Africa 10.10  8.01 8.81 0 0 0 0 0 23.40 624 8
Asia 5.01 2.23 7.10 0.42 0.93 0.42 0.09 0.93 15.92 2,154 16
Europe 2.95 4.67 6.84 6.86 0.46 0.42 0.17 0.47 22.14 21,511 31
North America 0.97 0.68 1.71 1.47 0.43 0.61 0.80 0.42 6.64 15,480 16
Oceania 18.56  4.19 37.13 0 0 0 0 0 56.29 167 1
South America 11.29 9.68 4.84 0 0 0 0 0 20.97 62 4
Overall 2.49 3.06 5.02 4.28 0.47 0.48 0.41 0.47 15.97 39,998 71

The table shows Blastocystis prevalence for the five ZOE PREDICT cohorts and globally for the six continents represented by the recruited datasets.
Subtypes (STs) distribution varied substantially based on geographical region. Prevalence estimates were calculated among samples from healthy

individuals 12 years of age or older. See also Table S1.

only individuals with “healthy-weight” BMI (i.e., 18.5 < BMI <
25 kg/m?; Table S1).

To validate these biological and ecological differences and to
rule out the contribution of variable read depth between sam-
ples, all samples were rarefied to 10 million (M) random reads
(STAR Methods) and re-assessed for Blastocystis presence. At
the country level, prevalences did not change substantially, re-
producing what was reported at full read depth (Table 1; Fig-
ure S1C). Moreover, Blastocystis prevalences in the two UK-
based PREDICT cohorts (PREDICT 1 and PREDICT 3 UK22A)
were alike (26.97% and 26.99%, respectively), despite samples
from the latter being sequenced to a target depth of half the
former (mean number of reads: 58.3 M vs. 31.2 M, respectively;
Table S1). Finally, we observed that prevalence was not satu-
rated despite increasing the number of reads considered, even
at high sequencing depths (Figure S1D). Thus, to maximize
workflow sensitivity, we performed downstream analyses ex-
ploiting the complete set of reads for each sample. Importantly,
a potential limit of detection does not influence intra-cohort com-
parisons, as samples coming from the same dataset generally
had similar sequencing depths.

Distribution of Blastocystis STs varies by geography,
age, host, and lifestyle

We explored the relationships of Blastocystis ST carriage with
geographic and lifestyle differences (broadly defined as Western-
ized vs. non-Westernized, a definition that encompasses multiple
aspects; STAR Methods). Both ST1 and ST2 were more prevalent
in non-Westernized populations, while ST4 was detected only in
samples from Westernized individuals (Figures 1C and 1D).
Consistent with prior studies, we commonly found ST4 in Europe
(6.86%), while it was only sparingly present in some non-European
countries (China, Kazakhstan, Israel, US, and Canada, each below
3%; Table S1)."> We did not detect ST6, ST7, ST8, and ST9in non-
Westernized populations from Africa, Asia, Oceania, and South
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America. Conversely, in North America where Blastocystis preva-
lence was generally low, ST6-9 were detected at comparable
levels to ST1 and ST2 (prevalence < 1%). Consistent with prior
findings, we did not detect Blastocystis in newborns (only ST1
was detected in 1 out of 831 healthy newborn samples;
Table S1), suggestingitis likely acquired later in life and not subject
to mother-to-infant transmission in the first months of life.>®?
Conversely, in children (aged between 1 and 11 years), we de-
tected only Blastocystis STs ST1, ST2, ST3, and ST4 (Figure 1E;
Table S1). In a recent study analyzing a non-Westernized popula-
tion from Ethiopia,*? we also showed that Blastocystis STs were
not only differentially prevalent across lifestyles and age categories
but also differentially shared between mother and infant (e.g., ST2
was shared at the strain level when present, whereas other STs
were rarely shared).

We then found that the eight human Blastocystis STs were not
detected in most of the animal species tested (Table S2), and only
ST1, ST2, and ST3 were rarely found in non-human primates
(NHPs), almost exclusively when kept in captivity (Fisher’s exact
p value = 3.18e—7), suggesting potential transmission from hu-
mans.*® Notably, we found Blastocystis ST7 in a sample from
the wild bird species Anas crecca, a finding previously described
among the Anatidae family.** Such rare detection of Blastocystis
in animals is expected as we focused on the eight STs previously
reported in humans. Other Blastocystis STs exclusively found in
non-human hosts typically lack complete sequenced genomes
and hence could not be profiled by our pipeline.’” Taken
together, the worldwide prevalence of human Blastocystis and
its STs differed based on a variety of factors, including host
type, age, and geography. Also, its somewhat common presence
among healthy individuals (~16%) suggests a potential non-
pathogenic role in human gut microbial communities.

To investigate whether Blastocystis carriage is specific to our
modern times,*>*® we profiled its presence among 28 ancient
metagenomes from paleofeces found in several distinct
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locations (STAR Methods).?6*! We detected ST1 in three sam-
ples (two from Mexico dated ~AD 650 and one from the US
dated ~AD 595), while ST3 was detected in one sample (from
Mexico, ~AD 650; Table S1). The detection of Blastocystis in
ancient human gut metagenomes suggests that it was relatively
prevalent even in remote human history and hence does not
serve as a hallmark of a modern microbiome configuration.

Blastocystis colonization is persistent and not linked
with host genetics

Individuals with longitudinal sampling at multiple time points
further allowed us to evaluate the persistence of Blastocystis
colonization (STAR Methods). In most cases, the same individual
remained either positive or negative over time (95.2%, 836 out of
878 subjects with at least two longitudinal samples, median time
between samples of 180 days; Table S4). When checking the 92
and 18 individuals Blastocystis-positive in at least two and three
time points, respectively, we found the same ST maintained in
97.8% and 94.4% of the cases (Table S4), indicating that Blasto-
cystis, when present, is likely a stable colonizer of the human gut
microbiome.

We next assessed the potential role of host genetics on Blasto-
cystis colonization by performing subgroup analyses among
monozygotic (identical, MZ) and dizygotic (fraternal, DZ) twins
from three distinct datasets”*”*® (STAR Methods). Among 1,424
twin participants, Blastocystis carriage rates largely mirrored that
of other non-twin participants from their respective studies
(Table S4). We then calculated pairwise concordance rates (i.e.,
the probability that both members of a given twin pair were positive
if one was), finding comparable agreement between MZ (19.8%,
[95% confidence interval (Cl), 13.0%-26.7%)]) and DZ (21.6%,
[95% CI, 13.6%—-29.6%]) twins, suggesting that Blastocystis car-
riage may be determined mostly by non-genetic (i.e., environ-
mental) factors. This conclusion was further supported by the ten-
dency for concordant pairs of Blastocystis-positive siblings to
harbor different STs (in 65.4% of the cases for MZ and 72.7% for
DZ) and the lack of a trend in concordance from randomly paired
participants vs. DZ vs. MZ twins (i.e., from non-related to closely
related to identical germ lines; Table S4). This lack of association
is noteworthy when considering the possibility that siblings and
twins—even ones that no longer cohabitate—are likely to lead
more similar lifestyles than completely unrelated persons.

Blastocystis carriage is linked to the consumption of
healthier diets
Since diet can substantially affect the gut microbiome and is
influenced by host geography and lifestyle,®'>® we sought to
determine whether Blastocystis presence could be related to
different dietary regimes and quality. We considered healthy adults
from seven datasets (four PREDICT cohorts, two datasets from
Italy, and the MBS/MLVS datasets from the US; STAR Methods)
and stratified them into well-established diet regimes, such as om-
nivores, vegetarians, and vegans, showing a higher median Blas-
tocystis prevalence for vegetarians (Figure 2A; Table S3).
Moreover, Blastocystis prevalence showed a significant dose-
dependent coupling to a more prudent-style diet as assessed by
FFQs (STAR Methods) in the PREDICT studies. In these US and
UK-based cohorts, increased adherence to a healthful plant-
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based dietary index (hPDI) was associated with increased car-
riage of Blastocystis, despite country-specific differences in
overall prevalence when comparing the UK-based PREDICT 1
and PREDICT 3 UK22A studies vs. the US-based PREDICT 2
and PREDICT 3 US22A studies (all Mann-Kendall test
p values <0.05 but PREDICT 3 UK22A; Figure 2B; STAR
Methods). Moreover, median hPDI values in each US division
showed a significant correlation with Blastocystis prevalence
(Pearson’s r = 0.73, p value = 0.02; Figure S2A). The hPDl is an
established dietary pattern emphasizing the intake of whole
grains, fruits, and vegetables that has also been linked epidemi-
ologically to favorable cardiometabolic outcomes.>* The same
pattern of increasing Blastocystis prevalence was replicated for
the hPDI estimated from free-living logged dietary data (Fig-
ure 2B; STAR Methods), highlighting that the trend is robust
both to the dietary assessment tool used (FFQ vs. digital logging)
and the time scale of dietary intake (long- vs. short-term). The
opposite trend in Blastocystis prevalence was observed when
participants adhered to an “unhealthful” plant-based diet index
(uPDI), which—while also avoiding animal proteins—is higher in
refined carbohydrates and sugars (Figure S2B).

We next examined single food components and identified
consistent and dose-dependent relationships with Blastocystis
presence (Mann-Whitney U test, g value < 0.1; Figure 2C). Gener-
ally, individuals who consumed higher quantities of unprocessed
plant-based foods, such as avocados, dried fruits, nuts, seeds,
legumes, and cruciferous vegetables, were more likely to be
Blastocystis-positive compared with individuals with lower intake
of such foods (Figure 2C). Conversely, Blastocystis-negative indi-
viduals tended to more frequently consume less health-promot-
ing plant- and animal-based foods with higher levels of food pro-
cessing according to the NOVA categorization,®” such as fried
potatoes, candies, and artificially sweetened beverages (Fig-
ure 2C). Despite population-specific differences, most of these
trends were directionally consistent in all PREDICT cohorts.
Nevertheless, some foods were not uniformly concordant, which
could reflect chance findings, differences in inter-individual re-
sponses, country-specific preparation standards or consump-
tion patterns, or imprecise categorization of certain foods. For
example, higher consumption of fish was strongly associated
with higher Blastocystis carriage in both PREDICT 3 UK22A and
US22A cohorts, but no clear trends were observed in the smaller
PREDICT 1 or PREDICT 2 cohorts (Figure 2C). This discrepancy
may be due to the difficulty in disentangling wild-caught from
farmed fish, as well as its ultra-processed vs. unprocessed forms.
Similarly, cereal intake may not adequately capture its many
healthful and less-healthy versions (Figure 2C). Overall, Blasto-
cystis presence was associated with higher diet quality and the
intake of less-processed and fiber-enriched foods (Figure S2C).

Gut Blastocystis is associated with more favorable
short-term cardiometabolic biomarkers

We then evaluated whether Blastocystis presence was associ-
ated with biomarkers of cardiometabolic health. To expand on
our prior findings linking gut microbial composition to fasting
and postprandial responses,”'®'° we tested a set of biomarkers
previously reported to be representative of host health status,’
and, to limit the effect of potentially extreme values in diseased
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Figure 2. Higher Blastocystis prevalence is consistently associated with healthier diets rich in plant-based foods

(A) Individuals stratified into diet regimes (i.e., omnivores, vegetarians, and vegans; STAR Methods) showed higher median Blastocystis prevalences for veg-
etarians. The boxplots show the first and third quartiles (boxes) and the median (middle line); whiskers extend to 1.5x the interquartile range (IQR). The size of the
circles reflects the number of samples (logyo scale, Table S3).

(B) Greater adherence to the healthy plant-based dietary index (hPDI) was significantly associated with higher Blastocystis prevalence across all five PREDICT
cohorts. Participants were divided into quartiles according to hPDI, available from food frequency questionnaires (FFQs) and short-term dietary information (free-
living logged diet). Blastocystis prevalence was computed in each hPDI quartile, and shadings represent the 95% confidence interval. p values were calculated
using the Mann-Kendall test for monotonic trends (STAR Methods).

(C) The heatmap shows trends between Blastocystis prevalences with single food items intake grouped into quartiles. Foods were included in the heatmap if
significantly associated with Blastocystis in at least two PREDICT cohorts (Mann-Whitney U test, g value < 0.1; STAR Methods). Blastocystis-positive individuals
tended to consume less-processed and healthier plant-based foods. More- or less-healthy, animal- or plant-based foods and the food processing levels were
assigned using established criteria (STAR Methods). White color represents food items too broad to classify. Foods were sorted according to their difference in
mean consumption (servings/day) among Blastocystis-positive and Blastocystis-negative participants, considering all PREDICT cohorts (STAR Methods).

See also Figure S2 and Table S3.

participants, we considered only healthy adults (Figure S2E; stolic blood pressure (Figure 3A), while systolic pressure showed

STAR Methods).

Among available clinical risk measures, no clear relationship
was found between Blastocystis presence and the atherosclerotic
cardiovascular disease 10-year risk score (ASCVD; STAR
Methods).*® However, Blastocystis was associated with lower dia-
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lower levels but no significant differences (Figure S2D). Glucose
concentration from clinical measurements (STAR Methods)
showed no clear relationships, while C-peptide levels were signif-
icantly lower in Blastocystis-positive subjects (PREDICT 1 g value =
3.76e—4 and PREDICT 2 g value = 9.96e—3; Figure 3B). Lower
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Figure 3. Gut Blastocystis was linked to more favorable short-term cardiometabolic profiles

(A) Clinical risk measures of atherosclerotic cardiovascular disease, specifically the ASCVD 10-year risk score® and diastolic blood pressure; although not always
statistically significant (Mann-Whitney U test), blood pressure was lower in Blastocystis carriers.

(B) Fasting glucose levels showed no clear trend with Blastocystis, while C-peptide, a marker of endogenous insulin production, was decreased in Blastocystis
carriers, possibly indicating improved glucose tolerance in normoglycemic populations.

(C) Total cholesterol (CHOL) levels showed no clear trend with Blastocysis carriage.

(legend continued on next page)
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C-peptide levels among Blastocystis carriers could be interpreted
as a surrogate for improved glucose tolerance or higher insulin
sensitivity, previously shown to be protective against cardiovascu-
lar mortality in non-diabetic individuals.®”->® We also found consis-
tent relationships between Blastocystis carriage and more favor-
able lipemic profiles (Figures 3C-3F). Participants harboring
Blastocystis generally had significantly higher fasting and post-
prandial high-density lipoprotein (HDL; Figure 3D) and lower tri-
glyceride levels (Figure 3F). Both low HDL and hypertriglyceride-
mia are established risk factors for subsequent cardiovascular
disease risk.”>®® GlycA, an inflammatory biomarker linked to
risk of T2D°'®® and cardiovascular disease,®*®° was uniformly
depressed among Blastocystis carriers in both PREDICT 1 and
PREDICT 2 (g value = 2.97e—5 and 9.96e—3, respectively; Fig-
ure 3G). Similar associations were observed when assessing
Blastocystis relative abundance (Figure S9G; STAR Methods).

Among healthy adults of the PREDICT cohorts, few Blasto-
cystis-positive participants harbored more than one ST
(n = 130/3,555, or 3.66%; Figure S1B). Multi-ST carriage was
not significantly associated with BMI or cardiometabolic
markers, beyond the relationships observed for mono-colo-
nized participants (Figure S5D). Because prior studies hinted
at possible subclade-level heterogeneity linking Blastocystis
and host outcomes,®”®° we stratified the above findings by
ST, which were generally concordant with the non-stratified re-
sults in both magnitude and direction of effect (Figures 3H-3J
and S3A). To rule out the possibility that Blastocystis carriage
is a mere indicator of diet’s impact on cardiometabolic health,
we divided participants into quartiles based on their hPDI
values, from less (Q1) to more (Q4) healthful diet. As expected,
individuals in the upper quartile (Q4) had generally better cardi-
ometabolic profiles. Nonetheless, within each quartile of dietary
quality, Blastocystis-positive individuals showed lower triglycer-
ides, C-peptide, and GlycA values, and higher HDL values than
Blastocystis-negative individuals (Figures S4A-S4F). Moreover,
linear regression models showed that Blastocystis was a signif-
icant predictor of cardiometabolic marker values independently
from hPDI (Figure S4G). These results indicate that Blastocystis
presence may have an additive positive effect on improved car-
diometabolic health.

Blastocystis is linked to decreased body mass and is
enriched in healthy controls

Given the association between Blastocystis with a more healthful
diet and more favorable cardiometabolic profiles, we explored po-

Cell

tential links with body adiposity. We previously reported that indi-
viduals harboring Blastocystis showed reduced visceral fat’
(Figures S5A and S5B). Visceral fat is an important appraisal of
fat distribution, an independent risk factor for cardiometabolic dis-
ease,’® and a distinguishing feature between patients with obesity
and normal vs. high metabolic risk profiles.”' However, its
measurement requires complex techniques,’® which are rarely
available for large populations. Thus, using BMI, a more widely
available proxy for body adiposity, we categorized individuals
from all PREDICT cohorts into three established BMI groups”
and computed Blastocystis prevalence in each (healthy-weight,
18.5 < BMI < 25 kg/m?; “overweight,” 25 < BMI < 30 kg/m?;
“obese,” BMI > 30 kg/mz, excluding individuals with
BMI < 18.5 kg/m? due to small sample size; Figure S5C; STAR
Methods). All PREDICT cohorts showed higher Blastocystis prev-
alence for healthy-weight persons compared with those with over-
weight or obesity, showing a monotonic decrease in Blastocystis
prevalence with increasing BMI values (Figure 4A). Similar trends
were observed using Blastocystis relative abundance, with lower
BMI values being associated with higher abundance values,
although not statistically significant, likely due to sample size, as
the analysis focused only on Blastocystis-positive individuals
(Figures 4B and S5F; STAR Methods). Moreover, we found that
even among individuals with comparable diet quality, Blastocys-
tis-positive individuals tended to have lower BMI values, suggest-
ing that, besides diet, Blastocystis carriage may have an indepen-
dent impact on body adiposity (Figures S4H-S4K). Other lifestyle
indices, including sleep, have been linked with diet and weight,”*"®
and we observed a positive association between Blastocystis
presence and increased hours of sleep per night (Figure S5E).
We leveraged the cMD3 package® and identified 36,065
healthy adults from 24 different studies spanning 12 countries,
with available BMI information and at least 10 Blastocystis-posi-
tive individuals within each study (Table S5). Using random-
effects meta-analysis, we confirmed that Blastocystis was consis-
tently and significantly associated with lower BMI values (1-point
increase in BMI was linked to a 6% decrease in odds of Blastocys-
tis carriage, random effect size = —0.06; 95% Cl = —0.07 to —0.05,
p value < 1e—16; Figure 4C). Then, to investigate potential links
between chronic diseases and differences in Blastocystis preva-
lence,”® we identified 13,548 cases (9,091 from the PREDICT co-
horts) and 31,358 healthy controls from 19 studies spanning eight
disease categories (Figure 4D; STAR Methods). Regardless of the
disease type, Blastocystis was robustly enriched among the
healthy controls in all studies but two, with a 25% decrease in

(D) Blastocystis-positive individuals exhibited higher fasting and postprandial HDL levels.
(E) Blastocystis presence was associated with lower levels of CHOL to HDL ratio (THR).
(F) Blastocystis-positive individuals showed lower fasting and postprandial triglycerides levels, which along with higher HDL levels is a favorable surrogate of long-

term cardiovascular risk.

(G) GlycA, a marker of systemic inflammation, was reduced in participants harboring Blastocystis. Additional markers are reported in Figure S2D.

(H) We identified pairs of ST markers with at least 50 participants positive for a given ST and with available biomarker values. Arrows denote significant tests
between a given ST and Blastocystis-negative participants (Mann-Whitney U test, q value < 0.1). The direction of the arrows indicates whether the median marker
values are higher (upward) or lower (downward) in the ST-positive compared with Blastocystis-negative individuals. Concordantly with the non-stratified results,
individuals carrying ST1, 2, or 4 showed higher HDL levels compared to Blastocystis-negative ones.

() Participants positive for ST1, 2, or 4 exhibited siginficatly lower fasting and postprandial triglycerides levels than Blastocystis-negative individuals.

(J) ST2- and ST4-positive participants had significantly significantly lower GlycA values.

Full panel of markers in Figure S3A. Boxplots show the IQR (box) and the median (middle line); whiskers extend to 1.5x the IQR.

See also Figures S2-54.
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Figure 4. Meta-analysis on Blastocystis presence showed consistent and reproducible associations with markers of body adiposity and

dysbiotic gut disorders worldwide

(A) In all PREDICT cohorts, individuals with “healthy-weight” BMI had a significantly higher Blastocystis prevalence compared with individuals with overweight
and obesity. Reported p values from the rank-based Mann-Kendall test using BMI deciles (Figure S5C).
(B) Similarly, a monotonic trend toward decreased Blastocystis abundance among Blastocystis-positive participants living with overweight or obesity

(Figure S57).

(C) Meta-analysis of 36,065 healthy adults from 12 countries revealed a consistent and reproducible association of lower BMI with Blastocystis.

(D) Meta-analysis of 13,548 individuals with various chronic diseases and their 31,358 controls revealed an inverse association between Blastocystis presence
and disorders linked to gut microbial disturbances (Figure S5H). ASCVD, atherosclerotic cardiovascular disease; T2D, type 2 diabetes; IGT, impaired glucose
tolerance; IBDs, inflammatory bowel diseases; STHs, soil-transmitted helminths; CRC, colorectal cancer (STAR Methods). Single-study p values were computed
as coefficient extremeness of the t-statistics; p values for meta-analysis coefficients were computed as Z scores extreme probability, both under the null hy-
pothesis that the average coefficient is zero. Markers’ size reflect the inverse of the variance absorbed by the study without accounting for between-study

heterogeneity, blue markers indicate significant p values.
See also Figure S5 and Table S5.

the odds of harboring Blastocystis among unhealthy individuals
(random effect size = —0.29, 95% CI = —0.38 to —0.20, p value =
1.45e—9). This finding was further supported when using Blasto-
cystis relative abundance as the primary exposure (random effect
size = —0.13, 95% CI = —0.20 to —0.05, p value = 1.28e—3; Fig-
ure S5H). Overall, despite size heterogeneity among the studies
of the meta-analyses, the directions of the summary estimates
were consistent (Figures 4C, 4D, and S5H) and support the role
of Blastocystis as a common member of a healthier gut micro-
biome configuration.

Transkingdom ecology implicates the whole

microbiome in Blastocystis carriage

To assess potential cross-kingdom ecological interactions

between Blastocystis and other members of the gut micro-

biome, we taxonomically profiled bacteria and archaea using

MetaPhlAn 4 (STAR Methods). We found that alpha diversity

was significantly higher in Blastocystis-positive participants

across all datasets (Figure S6), as previously observed.'”
Toinvestigate whether specific microbiome configurations were

linked with Blastocystis carriage, we trained random forest
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Figure 5. Blastocystis presence impacts gut microbiome composition and is associated with species linked with BMI and cardiometabolic

health

(A) Random forest-based machine learning models trained on bacterial and archaeal species relative abundance accurately predict Blastocystis presence, both
with a cross-validation (CV) and a leave-one-dataset-out (LODO) framework (STAR Methods).

(B) Log., fold change of species mean relative abundance in Blastocystis-positive and negative individuals for the top-ranked SGBs from CV models. The heatmap
reports the top 30 species whose relative abundances were significantly higher in Blastocystis-positive individuals (green colors) and those significantly lower in
Blastocystis-negative individuals (red colors). White cells indicate no statistically significant difference (Mann-Whitney U q value > 0.2; STAR Methods). Complete
list of the 100 top-ranked SGBs in Table S6. Right-side column heatmap indicates the species’ “ZOE MB Health-rank,”” with values from zero to one representing
species associated with a lower and higher cardiometabolic risk, respectively (STAR Methods). Datasets without BMI information are denoted with an asterisk.
(C) Spearman’s correlation between the SGB relative abundance and participants BMI in each dataset. Species enriched in Blastocystis-positive individuals and
associated with lower cardiometabolic risk are systematically negatively correlated with BMI. Boxplots show the IQR (box) and the median (middle line); whiskers

extend to 1.5x the IQR.
See also Figure S6 and Table S6.

machine learning (ML) classification models on relative abundance
values of bacterial and archaeal species to predict Blastocystis
presence (STAR Methods). Extending what was previously sug-
gested,” we demonstrated high prediction accuracy using both a
cross-validation (CV, median area under the receiver operating
characteristic curve AUC = 0.87) and a leave-one-dataset-out
(LODO, median AUC = 0.88) framework,””"® indicating a strong
and reproducible association between the bacterial and archaeal
population in the microbiome and Blastocystis (Figure 5A).
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From our CV ML models, we identified the top-ranked species
by feature importance and assessed their link with Blastocystis
(Figure 5B; complete species’ list in Table S6). Blastocystis-pos-
itive individuals were strongly associated with higher relative
abundances of unknown species-level genome bins (USGBs) as-
signed only at the family taxonomic level and mostly to Rumino-
coccaceae (Figure 5B). Conversely, Blastocystis-negative sam-
ples were enriched for two Blautia species and for Bacteroides
ovatus, which was also previously reported to be associated
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with Blastocystis absence.” In addition, species consistently and
significantly more abundant in Blastocystis-positive individuals
were linked to a more favorable cardiometabolic profile and
correlated negatively with BMI, and vice versa for species
more abundant in Blastocystis-negative individuals (Figures 5B
and 5C; STAR Methods). These findings suggest strong ecolog-
ical links between microbiome configuration and the presence of
Blastocystis and that both components are associated with
healthier diets and more favorable cardiometabolic profiles.

Blastocystis carriage and abundance increase following
a PDP

Finally, we enrolled 1,124 healthy participants into a 6-month
personalized dietary program (PDP) bookended by pre- and
post-intervention stool sampling (PREDICT 3 UK 23A RT cohort,
n = 2,248 samples; STAR Methods). During the study, partici-
pants were subject to individualized dietary recommendations
to inform their ad libitum diet (as opposed to a more controlled
feeding trial). Adherence to recommendations and their change
vs. usual habits were ascertained through pre- and post-inter-
vention FFQs (STAR Methods). In general, participants signifi-
cantly improved their diet quality (i.e., increases in hPDI and
healthy eating index [HEI], Wilcoxon p values of 1.02e—134
and 1.19e—27, respectively) and lost weight (mean 0.5 kg/
month; Figures 6A and S7A).

To corroborate the links between healthy dietary intake and
Blastocystis carriage identified from our observational (and
cross-sectional) cohorts, we analyzed Blastocystis prevalence
and relative abundance before and after the PDP intervention.
Overall, Blastocystis prevalence significantly increased from
31.32% t0 33.81% (McNemar p value = 0.003, Table S7). Among
the 1,124 participants, 715 were Blastocystis-negative at both
time points (63.61%, “No-No”), while 323 remained Blastocys-
tis-positive (28.74%, “Yes-Yes”), with only three individuals
switching to a different ST. Participants that became negative
were 29 (2.58%, “Yes-No”), while almost double (57 individuals)
acquired Blastocystis during the intervention (5.07%, “No-Yes”).
Consistent with these differences, we observed a significant in-
crease in Blastocystis relative abundance among those who
were persistently positive (“Yes-Yes”) throughout the study
period (Wilcoxon p value = 2.38e—38; Figures 6B and S7B).

To explore specific dietary factors that may underlie this asso-
ciation, we noted that our aforementioned cross-sectional ana-
lyses showed a link between increased fiber intake and higher
Blastocystis prevalence (Figure S2C). Similarly, we noticed a sta-
tistically significant increase in fiber and fat consumption (Wil-
coxon p value < 0.01) among the 57 individuals who acquired
Blastocystis, but not for proteins and carbohydrates (Wilcoxon
p value > 0.05). Moreover, the observed effect size of fiber intake
among individuals who acquired Blastocystis was greater than
those who lost or did not gain Blastocystis (Cohen’s d effect sizes
of 0.38 for “No-Yes,” 0.25 for “Yes-No,” and 0.28 for “No-No”;
Figure S7C), hinting at a potential role for increased fiber con-
sumption in Blastocystis colonization and acquisition. Moreover,
among individuals with Blastocystis either stably absent or pre-
sent (“No-No” and “Yes-Yes”) and with a comparable improve-
ment in diet quality, Blastocystis-positive individuals generally
had a greater reduction in BMI, suggesting a potential additive
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effect of gut Blastocystis carriage on weight loss (Figure S7D).
Finally, we evaluated whether the microbiome species associ-
ated with Blastocystis in the cross-sectional analysis (Figure 5B)
were also affected by its acquisition or loss during the PDP.
We observed that the prevalences of species enriched in Blasto-
cystis-positive subjects increased among those who acquired
Blastocystis during the intervention (“No-Yes”; Figure S7E) and
decreased in those who lost it (“Yes-No”), while remained
constant among other individuals (“No-No” and “Yes-Yes”;
Figure S7E).

DISCUSSION

We comprehensively profiled Blastocystis and its eight human-
associated STs from 56,989 human microbiome samples, ex-
panding prior studies by an order of magnitude. We found Blas-
tocystis to be present worldwide in the gut of healthy adults with
variable prevalence according to geography, lifestyle, and diet
and with no apparent coupling to germline determinants. Inter-
estingly, ST4 was prevalent in Europe and North America, only
rarely found in Asia, and never in South America and Africa, sug-
gesting a potential link with a more Westernized lifestyle. Blasto-
cystis was hardly ever found in newborns, suggesting that it is
likely acquired later in life and not vertically transmitted. Blasto-
cystis ST1, ST2, ST3, and ST4 were the most commonly de-
tected in human microbiome samples.”® Other STs were less
frequently found in humans, and although previously reported
in wild and captive animals,® which could serve as potential res-
ervoirs of zoonotic transmission, we only detected ST7 in one of
the 4,590 animal metagenomes analyzed.*>®° Blastocystis
appears to be the most abundant eukaryotic microbe in the
human gut and could be responsible for a substantial amount
of reads frequently overlooked by current computational
workflows focusing on prokaryotic or fungal organisms. Other
human-colonizing protozoans such as Giardia, Entamoeba,
and Dientamoeba®'®° are less commonly detected, and meta-
genomics coupled with computational pipelines similar to the
one we developed for Blastocystis can be promising for their
future investigation.

We leveraged the ZOE PREDICT cohorts, which are part of a
research program exploring the interplay between individual-
level factors, diet, and gut ecology in cardiometabolic health.
The analysis of long- and short-term diet information for
25,548 healthy PREDICT participants allowed us to link the pres-
ence of Blastocystis to a more prudent diet, corroborated at
several levels, including associations with individual food items
and overall dietary patterns favoring more healthful plant-based
and minimally processed foods. Furthermore, the analysis of
1,124 individuals longitudinally sampled before and after a
personalized dietary intervention showed that improvements
in diet quality were linked with increases in Blastocystis preva-
lence and abundance, supporting our population-scale cross-
sectional results. We also found more favorable glycemic and
lipid profiles in Blastocystis-positive individuals, suggesting a
potential positive impact on cardiometabolic health beyond the
effect of a healthier diet alone. Blastocystis was previously asso-
ciated with visceral fat,” a finding we expanded upon in this anal-
ysis using several independent cohorts to demonstrate a
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Figure 6. Improvements in dietary quality were prospectively associated with weight loss and increased Blastocystis prevalence and

abundance

(A) The PREDICT 3 UK23A RT cohort enrolled 1,124 healthy individuals from whom 2,248 pre- and post-intervention gut metagenomic samples were collected.
Participants followed personalized food-level recommendations during a 6-month personalized dietary program (PDP). After the intervention, we observed a
significant (Wilcoxon test). improvement in dietary quality (measured by hPDI), a decrease in BMI, and an increase in overall Blastocystis prevalence.

(B) Blastocystis relative abundance was significantly (Wilcoxon test) higher post-intervention compared with baseline. Boxplots show the IQR (box) and the
median (middle line); whiskers extend to 1.5x the IQR; p values from Wilcoxon tests.

See also Figure S7 and Table S7.

significant and reproducible signal between the presence and
abundance of Blastocystis and lower BMI values. We also
showed that microbiome composition accurately predicted
Blastocystis presence, hinting at potential cross-kingdom inter-
actions and an ecological role of (or effect on) Blastocystis,
whose exploration could help unravel the diet-Blastocystis-
health axis but is beyond the scope of the current work. Our
metagenomic profiling approach, exploiting reference genomes
and metagenome-assembled genomes clustered into SGBs®*#°
allowed us to detect and quantify both known and unknown
SGBs, with the latter being among the most predictive microbes
of Blastocystis carriage. Finally, a meta-analysis showed that
Blastocystis-positive participants were more likely to be healthy
controls in various case-control studies of diseases linked to
altered gut microbial configurations (e.g., IBD, T2D, and CRC).
Collectively, these results support the hypothesis that Blastocys-
tis may not have detrimental host effects but, rather, is a favor-
able constituent of the human gut microbiome. This paradig-
matic shift must be considered in future studies with analyses
targeting the eukaryotic component of the human microbiome
and Blastocystis in particular.

Microbiome-targeted interventions such as fecal microbiome
transplantation (FMT) often consider Blastocystis carriage as
an exclusion criterion for would-be donors.®® However, our re-
sults linking Blastocystis to host health support its non-patho-
genic, if not favorable, role. Relatedly, prior reports indicate
that FMT from Blastocystis-positive donors was not associated
with a greater risk for adverse events and yielded comparably
high success rates.®” While it remains to be clinically tested
whether including Blastocystis-positive individuals in FMT trials
could expand the candidate donor pool without risking treatment
efficacy®>®%-9? or harming recipients, our data support the ratio-
nale for performing such tests. Furthermore, direct artificial
administration of Blastocystis has never been attempted and

12 Cell 187, 1-17, August 22, 2024

presents technical limitations (e.g., axenizing Blastocystis cul-
tures remains a significant challenge®) as well as potential clin-
ical risks, especially in immunocompromised hosts, but pilot
studies in animal models could start addressing the causal link
with host health. Such a link could also be largely indirect as
Blastocystis might impact the bacterial component of the micro-
biome,* further strengthening the potential of Blastocystis-
based administration strategies.

Overall, our results offer an improved understanding of the
complex interplay between the human gut microbiome, diet,
and cardiometabolic diseases*’ involving the currently over-
looked Blastocystis species. In the future, precision nutrition in-
terventions aimed at modifying gut ecology may constitute a
viable disease-prevention strategy,”® and our work suggests
that underappreciated non-bacterial taxa can have considerable
roles in maintaining and promoting human health.

Limitations of the study

Several genetic and genomic aspects of Blastocystis remain to
be elucidated. Comparative genetic analyses may provide a
more nuanced discernment of the roles of different STs and a
better characterization of relevant genes and underlying mecha-
nisms potentially affecting host health. Genetic and functional
analyses coupled with longitudinal data on disease incidence
may help our understanding of whether Blastocystis presence
has an impact on the development of cardiometabolic diseases.
Our computational workflow relies on a set of nine available Blas-
tocystis genomes representing eight STs previously found in the
human gut. Prioritizing the discovery and validation of high-qual-
ity genomes for rarer and non-human STs may improve detec-
tion sensitivity and allow profiling of currently unreported STs.
The profiling pipeline used a validated conservative 10% breadth
of coverage threshold to determine Blastocystis presence, and
future work can further optimize the trade-off between false
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positives and false negatives. Furthermore, given evident ethno-
geographical patterns of Blastocystis presence, as well as asso-
ciations with the consumption of different foods, broader, more
inclusive data-sharing practices and additional metagenomic
studies, including metadata on dietary habits and also targeting
underrepresented countries, will be valuable to support our re-
sults. Moreover, specific experimental works are needed to
elucidate possible transmission or acquisition routes and to un-
ravel the relative contributions of various environmental and host
factors to gut Blastocystis colonization. Finally, although tech-
nical issues in establishing axenic Blastocystis cultures need to
be addressed, interventional protocols could be developed to
directly assess causality, and our work provides extensive data
for proposing such studies with ethical support.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

DNA/RNA-Shield Zymo buffer Zymo Cat#R1100 DNA/RNA Shield™ (Zymo Research)

Qiagen DNeasy PowerSoil Pro Qiagen Cat#47016_DNeasy PowerSoil Pro Kit (250)

lllumina DNA Prep Tagmentation kit lllumina Nextera DNA Flex Library Prep

lllumina NovaSeq 6000 S4 flowcell lllumina Cat#20012866 NovaSeq 6000 S4 Reagent Kit (300 cycles)
QlAamp PowerFecal DNA Kit Qiagen Cat#12830-50

Deposited data

curatedMetagenomicData (v3)

Full table of Blastocystis presence/absence
Metagenomic samples (PREDICT 2)
Metagenomic samples (PREDICT 3 US21)
Metagenomic samples (PREDICT 3 US22A)
Metagenomic samples (PREDICT 3 UK22A)
Metagenomic samples (PREDICT 3 UK23ART)

Pasolli et al.®

This paper
This paper
This paper
This paper
This paper
This paper

Accession number of publicly available human metagenomic
samples are available at: https://github.com/waldronlab/
curatedMetagenomicData

Zenodo: https://doi.org/10.5281/zenodo.11202497
EBI: PRJEB75460
EBI: PRJEB75462
EBI: PRJEB75463
EBI: PRJEB75464
EBI: PRJEB75465

Software and algorithms

Python (v3.9)

R (v4.3)

MetaPhlAn4 (v4.beta)
Bowtie2 (v2.3)
SAMtools (v1.19)

Python Software Foundation
R Core Team
Blanco-Miguez et al.?*
Langmead and Salzberg®®

Lietal.””

https://www.python.org/
https://www.R-project.org/
https://github.com/biobakery/MetaPhlAn
https://github.com/BenLangmead/bowtie2
http://github.com/samtools/

BEDtools Quinlan®® https://github.com/arg5x/bedtools2

Meta-analyses N/A https://github.com/waldronlab/curatedMetagenomic
DataAnalyses

preprocessing pipeline N/A https://github.com/Segatalab/preprocessing

Pyani (v0.2) N/A https://github.com/widdowquinn/pyani

mapsharper N/A www.mapshaper.org

Other

curatedMetagenomicData (v3) Pasolli et al.® https://github.com/waldronlab/curatedMetagenomicData

2021 US Divisions Cartographic Boundary File ~ N/A https://www.census.gov/

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Francesco Asnicar

(f.asnicar@unitn.it).

Materials availability

This study did not generate new unique reagents.

Data and code availability

@ This paper analyzes existing, publicly available data as well as new data. Sequence data for all publicly available datasets and
their accompanying metadata can be found at their respective public repositories as specified in their parent manuscripts (DOls
are reported in Table S1) or using the curatedMetagenomicData package,? where applicable. For the Dutch Microbiome Proj-
ect (DMP), raw microbiome sequencing data and basic phenotypes (including age, sex and BMI) are available at the European
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Genome-Phenome Archive under accession EGAS00001005027. These datasets can be accessed from https://forms.gle/
eHeBdXJMXbVvCJRc8. Raw metagenomic samples are provided for all participants of the ZOE PREDICT Studies. Specif-
ically, PREDICT 1 is made available as reported previously,” whereas PREDICT 2 and PREDICT 3 US21, US22A, UK22A,
and UK23ART cohorts are deposited in EBI: PRJIEB75460, PRJEB75462, PRUEB75463, PRJEB75464, PRJEB75465. These
accession numbers are also listed in the key resources table. Sex, age, BMI, country, and the presence or absence of each
Blastocystis subtype in each sample of all the human cohorts analyzed have been deposited at Zenodo: https://doi.org/10.
5281/zenodo.11202497. To obtain individual-level data from the Mind Body Study and Men’s Lifestyle Validation Study,
including metadata not used in the current manuscript, a written application is required. As per standard controlled access pro-
cedures and consistent with prior precedent, applications to use MBS/MLVS data will be reviewed by the External Collabora-
tors Committees for scientific merit, fit for the proposed methodology, and verification that the proposed use meets the guide-
lines of the Ethics and Governance Framework and consent provided by participants. All other initial inquiries may be directed
nhsaccess@channing.harvard.edu (MBS), and hpfs@hsph.harvard.edu (MLVS), respectively. Table S1 reports Blastocystis
and ST-specific prevalences for all the included datasets.

e Computational analyses were performed using the bioBakery suite of tools and a Blastocystis-specific workflow previously
described.” The code to perform meta-analyses is available at (https://github.com/waldronlab/curatedMetagenomicData
Analyses). Other code and tools are listed in the key resources table.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

84,99

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The ZOE PREDICT Study cohorts

The ZOE PREDICT program comprises multiple individual studies that collectively constitute one of the largest multi-omic population
health initiatives, linking nutrition, individualized metabolic responses to foods, and the gut microbiome.'®"'%° In brief, we jointly
considered and harmonized five ZOE PREDICT Studies: PREDICT 1, PREDICT 2, PREDICT 3 US 21, PREDICT 3 US 22A, and
PREDICT 3 UK 22A. The previously described PREDICT 1 cohort (Clinicaltrials.gov identifier: NCT03479866) enrolled 1,098 partic-
ipants from the United Kingdom (UK) and United States (US) to a study protocol involving a monitored clinical visit to collect both
blood and anthropometric information, followed by a subsequent at-home phase during which postprandial responses to both stan-
dardized test and ad libitum meals were recorded, along with the collection of 1,098 metagenomic stool samples.” The PREDICT 2
study (Clinicaltrials.gov identifier: NCT03983733) largely mirrored the collection protocol of PREDICT 1, but to offer a more represen-
tative and patient-friendly approach to precision nutrition, enroliment targeted 975 individuals from groups historically underrepre-
sented in US clinical trials and was conducted completely remotely. Finally, the three PREDICT 3 cohorts consisted of 32,622 paying
customers of a smartphone-aided personalized nutrition program (n=11,798 for P3_US21, n=8,470 for P3_US22A, and n=12,353 for
P3_UK22A) for whom health questionnaires were administered and baseline stool samples collected (P3 US protocol number (IRB):
Pro00044316; P3 UK ethical review reference: HR-23/24-28300; Clinicaltrials.gov identifier: NCT04735835). All the participants of the
PREDICT 1 study were screened and considered only if considered healthy, while for the other cohorts, we considered as “not
healthy” participants who self-reported a diagnosis or treatment for cardiovascular diseases, diabetes, pre-diabetes, hyperlipidemia,
and high blood pressure. The “ZOE Microbiome Ranking 2024 (Cardiometabolic Health)” (abbreviated to “ZOE MB Health-rank”)
reported in Figure 5 were defined as the average summary of the five PREDICT cohorts rankings from partial correlations (corrected
by sex, age, and BMI) between SGBs’ relative abundance with personal, fasting, and postprandial markers representing cardiome-
tabolic health.

The PREDICT 3 UK 23A RT cohort

The PREDICT 3 UK 23A RT (also P3_UK23ART) cohort enrolled 1,124 healthy individuals (867 females and 257 males) who followed a
six-month personalized dietary program (PDP) intervention study and from whom pre and post-intervention gut microbiome samples
were collected (n=2,248). The duration of the PDP intervention'®' was on average 5 months and 3 weeks (min 42 days and max
295 days; Table S7), during which participants received personalized food-level dietary advice through the ZOE mobile phone
application. Recommendations were based on person-specific food quality scores computed using the ZOE 2022 Algorithm that in-
corporates food characteristics (e.g. macronutrients, glycemic load, fat quality, level of processing), individual’s glucose control and
postprandial triglyceride concentrations, gut microbial composition, baseline CVD risk, and prior health history. These person-
specific (“personalized”) food scores ranged from 0 to 100 with higher values indicating more healthful food items. The PDP did
not specifically seek to restrict energy intake (i.e., calorie counting). Participants also received more generalized nutrition and lifestyle
advice through interactive smartphone-based curriculum that covered basic nutritional and dietary health concepts (e.g., the poten-
tial benefits of increasing the intake of plant-based foods, fiber, fermented foods, or replacing refined carbohydrates with whole
grains). Participants completed two validated food frequency questionnaires (FFQs), one at baseline and one post-intervention.
Other than enrolling adults with no chronic health issues, participants were also required to self-report that they had not taken an-
tibiotics in the 3 months prior to the study enroliment, nor during the two sampling times.
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The MBS and MLVS cohort

From 2012 to 2013, longitudinal stool samples were collected from men in the Men’s Lifestyle Validation Study (MLVS), nested within
the long-running Health Professionals Follow-up Study (HPFS), and similarly, from women in the Mind-Body Study (MBS) nested
within the Nurses’ Health Study Il (NHS II) from 2013 to 2014. Study design and biospecimen collection for these two prospective
cohorts have been described previously,>*?*"971% byt in brief, participants consented to provide two stool specimens from
consecutive bowel movements at-home one to three days apart employing a validated self-collection protocol.'®>'% A second
collection of paired samples was conducted approximately six months after the initial pair. Participants were also asked to complete
questionnaires detailing the collection time, stool appearance, and information on various lifestyle factors, including diet and recent
antibiotic use. As previously described, samples were shipped overnight and stored at -80°C until sequencing at the Broad Institute
of MIT and Harvard on the HiSeq paired-end shotgun sequencing platform (lllumina Inc., San Diego, CA). Blastocystis STs were pro-
filed using the same computational workflow described below (see Blastocystis detection and ST profiling). In the current study, par-
ticipants with hyperlipidemia, diabetes and/or cardiovascular diseases, were considered “not healthy”. For the non-longitudinal
analysis, out of the four samples of each subject, we retained the one with the highest number of reads.

DeFilippisF_2019, MeslierV_2020, TaralloS_2021

The DeFilippisF_2019 cohort comprised 97 healthy Italian participants grouped into three categories based on their habitual diet:
omnivores (n=23), vegetarians (n=38), and vegans (n=36).>° The MeslierV_2020 cohort included 82 healthy Italian persons living
with overweight or obesity and with a habitually low intake of fruit and vegetables and a sedentary lifestyle. Participants joined a par-
allel randomized controlled intervention trial of the Mediterranean diet.?" In this case, for each subject we retained only one sample,
choosing the one with the highest number of reads. Finally, the TaralloS_2021 cohort included 120 healthy individuals categorized as
omnivores (n=40), vegetarians (n=40), and vegans (n=40).2

The SardiNIA cohort

The SardiNIA project is a longitudinal study '™’ of 7,730 individuals from the general population (57% females and 43% males),
ranging from 14 to 103 years, native of the central east coast of Sardinia, Italy. All participants signed informed consent to study pro-
tocols approved by the Sardinian Regional Ethics Committee (protocol no. 2171/CE). Volunteers were asked to collect stools in the
morning of the visit (or the day before), and to store them at home (in the refrigerator). At the clinic site, stools were frozen at -80°.
Then, all at once, were aliquoted (0,25 grams)-avoiding thawing—in safe-lock tubes and frozen at -80°C within 10 minutes, until
DNA extraction. Microbial DNA extraction was performed with Bead Beating Plus Column (RBB+C), through high-speed shaking
(15 Hz for 10 min with Tissuelyser I, Qiagen) coupled with QlAamp PowerFecal DNA Kit. Metagenomic sequencing was performed
at the University of Trento, using the lllumina Novaseq 6000 platform to generate, on average, 8.68 Gb of 150 bp paired-end reads per
sample. In this work, we considered the subset of 2,596 individuals with a sequenced metagenome available. We considered as “not
healthy” those individuals who reported cardiovascular diseases (including infarction, heart failure, and stroke), diabetes (both T1D
and T2D), any type of cancer, high cholesterol, Crohn’s disease, peptic ulcer, ulcerative colitis, pancreatitis, and asthma.

107

The Dutch Microbiome Project cohort

The Lifelines Dutch Microbiome Project (DMP) cohort'%® consists of 8,208 individuals with fecal samples collected between 2015 and
2016 and is part of the Lifelines cohort study. Lifelines is a three-generation prospective population-based cohort study from the
northern Netherlands.'?° The study was approved by the ethical committee of the University Medical Center Groningen (METc num-
ber: 2017/152) with additional written consent signed by participants, or parents/legal representatives for underaged (<18) partici-
pants. Sample collection and sequencing were described in the original publication.%® In brief, fecal collection was performed by
participants at home, stool samples were frozen within 15 minutes of production and shipped and stored at -80 °C until DNA extrac-
tion. Microbial DNA was isolated with the QlAamp Fast DNA Stool Mini Kit (Qiagen). Metagenomic sequencing was performed at
Novogene, using the lllumina HiSeq 2000 platform to generate approximately 8 Gb of 150 bp paired-end reads per sample. In
this study, we included 6,047 individuals with sex, age, BMI, and health status information and a minimum sampling depth of
10M reads. We considered an individual as “not healthy” if one of the following was reported: cancer (including breast, cervix, colon,
melanoma, prostate, skin basal); cardiovascular diseases (including arrhythmia, atherosclerosis, high cholesterol, heart attack, heart
failure, heart valve problems, hypertension); endocrine diseases (including T1D and T2D); and gastrointestinal diseases (including
celiac disease, Crohn’s disease, ulcerative colitis).

Publicly available human metagenomic samples

Publicly available metagenomic cohorts and their respective metadata were retrieved from the curatedMetagenomicData version 3
(cMD3) package,”® including age at sample collection, sex, body mass index (BMI), country, lifestyle (i.e., Westernized or non-West-
ernized) and information on health status of the host. Individuals were categorized as “not healthy” as encoded in cMD3. Diseases
comprise cardiovascular disease (ASCVD), diabetes, hyperlipidemia, inflammatory bowel disease, soil-transmitted helminth infec-
tion (STH), cancer; asthma; and migraine. We included only samples with more than 10M reads. Moreover, given the heterogeneity
of study designs in cMD3 (e.g., cross-sectional vs. longitudinal), for each unique participant, we retained only one sample, choosing
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the one with the highest number of reads. Then, we considered only datasets with at least 10 samples from either healthy adults or
children. In total, we gathered 61 distinct datasets with 12,865 microbiome samples from as many distinct participants.

Ancient human gut metagenomic samples

We included 28 publicly-available ancient human gut metagenomic samples from seven datasets.?®*>! Reads were pre-processed
as described in the corresponding works (Table S1). We only considered samples with more than 10M reads (range 14.3 M - 919.5 M),
and profiled them using the same computational workflow described below (see Blastocystis detection and ST profiling). Overall, the
samples were collected from paleofeces found in Austria, Italy, Mexico, South Africa, the United Kingdom, and the United States,
with archaeological dating ranging from 3000 BC to the Post-Medieval Age (Table S1).

Publicly available animal metagenomic samples

We gathered 4,590 metagenomic samples from non-human hosts among 49 different publicly available datasets (Table S2) to assess the
presence of the eight human-associated Blastocystis subtypes. Metadata was retrieved according to instructions offered in the data
availability statements of each respective manuscript. In total, the samples encompassed 214 different host species with mice
(n=3,318), non-human primates (n=560), ruminants (n=326), and birds (n=140) being the most frequently represented. Less represented
animal taxa included insects (n=28), carnivores (bears, dogs, cats, seals, n=31), boned fishes (n=17), turtles (n=17), elephants (n=13),
nematodes (n=10). For most species, only a few samples were available, with 179 species with less than five samples each, including
crabs, mollusks, bats, cetaceous, rabbits, hedgehogs, sponges, anemones, and jellyfishes. Most datasets sampled animal hosts of a
single species, a notable exception was one study that surveyed the microbiomes of 184 different animal speciesin the wild''° (Table S2).

METHOD DETAILS

Sample collection, DNA extraction, sequencing, and quality control

For the PREDICT 1 cohort, details on sample collection, DNA extraction, and sequencing, were previously described.” The PREDICT
2 cohort followed the same procedure of PREDICT 1. For the PREDICT 3 cohorts, samples were self-collected at home into sterile
tubes containing the DNA/RNA-Shield Zymo buffer. After collection, total DNA was extracted using the Qiagen DNeasy PowerSoil
Pro. Sequencing libraries were prepared using the lllumina DNA Prep Tagmentation kit, following the manufacturer’s guidelines.
Whole-genome shotgun metagenomic sequencing was then performed targeting 3.5Gbp per sample on the lllumina NovaSeq
6000 with an S4 flowcell. All raw sequenced data were quality controlled using the preprocessing pipeline available at https://
github.com/Segatalab/preprocessing, which entails three steps: (i) removal of reads that were low-quality (Q<20), too short
(<75nt), or with more than 2 ambiguous bases, (ii) removal of host contaminant DNAs (lllumina’s spike-in phiX 174 and human ge-
nomes, hg19), and (iii) synchronization of paired-end and unpaired reads. After pre-processing, the mean number of reads for
each dataset was: 59.4 M in P2, 36.9 M in P3_US21, 35.0 M in P3_US22A, 31.2 M in P3_UK22A, while for the P3_UK23ART were
31.9 M at baseline and 31.1 M at post-intervention.

Longitudinal analysis

To evaluate the persistence of Blastocystis in the gut microbiome over time, we studied datasets with available longitudinal micro-
biome samples for the same individual from cMD3, the MBS, MLVS, and MeslierV_2020 cohorts. In total, we identified nine datasets
with at least five Blastocystis-positive individuals in at least one of their samples (Table S4). These comprised 878 and 156 individuals
with two or three time points, respectively. In each dataset, we considered the total number of persons for which Blastocystis was
always detected (Ba) or never detected (Bn) across all time points. They were compared with the number of individuals found Blas-
tocystis-positive at least at one time point (Bf). Moreover, among the “Ba” individuals, we assessed whether the detected subtype(s)
was the same across all time points (Table S4). For each dataset, we reported the minimum, median, and maximum number of days
elapsed between the sample collections for the same individual.

Twins subgroup analysis

To investigate the potential contribution of host genetics to gut Blastocystis ecology, we focused on available twin pairs. In total, we
analyzed 712 twin pairs from the TwinsUK cohort (=376 monozygotic [MZ] and n=336 dizygotic [DZ] pairs), published in three
distinct works.”*"*® We assessed the probability that both members of a twin pair were Blastocystis-positive given that at least
one was Blastocystis-positive (i.e., pairwise concordance rate''"). We would anticipate that if genetic factors played a major role
in Blastocystis colonization, pairwise Blastocystis concordance would be greater among genetically identical MZ compared to genet-
ically unique DZ twins. Moreover, in concordantly positive twin pairs, we analyzed whether siblings carried the same Blastocystis ST.
Finally, we compared Blastocystis concordance in twin pairs (both DZ and MZ) to randomly matched pairs of participants (Table S4).

Blastocystis detection and ST profiling

The presence of Blastocystis was assessed using a previously described computational workflow. Briefly, nine reference genomes
for eight different Blastocystis STs (ST1 [ST1_LXWWO01], ST2 [ST2_JZRJ01], ST3 [ST3_JZRKO01], ST4 [GCF_000743755 &
ST4_BT1_JZRLO1], ST6 [ST6_JZRMO01], ST8 [ST8_JZRNO01], and ST9 [ST9_JZRO01]) were mapped against metagenomic reads

Cell 187, 1-17.e1-e7, August 22, 2024  e4




Please cite this article in press as: Piperni et al., Intestinal Blastocystis is linked to healthier diets and more favorable cardiometabolic out-
comes in 56,989 individuals from 32 countries, Cell (2024), https://doi.org/10.1016/j.cell.2024.06.018

¢ CellPress Cell

OPEN ACCESS

using Bowtie2.%® Then SAMtools®” and bedtools®® were used to compute the breadth of coverage for each subtype ('genomecov —
bg’ parameter). Finally, we report a sample to be positive for Blastocystis if any genomes of its subtypes had a breadth of coverage of
at least 10% (the minimum sequencing breadth of coverage was zero, i.e. when no reads mapped to the reference genomes). The
10% threshold was selected based on the similarity between different Blastocystis ST genomes (Figure S1A) and the false positive
detection rate for a second Blastocystis ST when another was already detected.® Conversely, depth of coverage is not involved in
Blastocystis calling but was used to approximate relative abundance.

To assess Blastocystis relative abundance, we estimated within-sample Blastocystis DNA concentration for each ST reference
genome. In each sample and for each detected ST, we summed the number of reads that mapped to each genome’s base and
divided it by the sample depth (estimated as the number of reads multiplied by the median read length). When a sample was positive
for more than one ST, we summed up this estimation for all detected STs.

Sequencing depth and rarefaction

Variability in sequencing depth can affect mapping results, for this reason, shallow sequenced samples may not meet the above-
described criterion for the detection of Blastocystis. Thus, we considered only human metagenomic stool samples with at least
10M reads. Moreover, to evaluate the effect of the sequencing depth on Blastocystis detection, we also profiled all samples by
considering only 10M random reads for each (Figure S1C). We additionally performed a step-by-step rarefaction analysis on the
five datasets with the highest median sequencing depth and at least 15 Blastocystis-positive samples (minimum above 70M reads,
namely, BengtssonPalmed_2015, BritolL_2016, LeChatelierE_2013, XieH_2016, CosteaPI_2017; Figure S1D). Briefly, for each data-
set we computed the median number of reads (only healthy adult samples) and retained samples with a number of reads greater than
the median. For these samples, we assessed Blastocystis presence considering an increasing number of random reads from 10M
and up to the median for each specific dataset.

Westernized vs. non-Westernized populations

Consistent with prior studies,**°*112=117 i this work, we use the terms “Westernized” and “non-Westernized” as umbrella cat-
egorizations to broadly describe different lifestyles, including diet.?® In brief, cohorts enrolling participants from populations with
comparatively limited access to pharmaceuticals, lower caloric and fat intake, higher consumption of locally produced and less-pro-
cessed foods, and/or a larger exposure to wildlife and domesticated animals are herein referred to as “non-Westernized” cohorts.
Conversely, those in more industrialized countries with comparatively greater exposure to xenobiotics and pollutants, higher-calorie
diets enriched in fats and shelf-stable ultra-processed foods, and greater availability and use of antibiotics and other pharmaceuti-
cals are referred to as “Westernized” cohorts. According to these definitions, admittedly somewhat simplistic categorizations unable
to fully capture the unique and distinguishing factors between populations, we analyzed 14 non-Westernized and 55 Westernized
datasets, and three datasets that included samples from both non-Westernized and Westernized populations (Table S1).

Dietary data collection and categorization

For PREDICT 1 (UK), we employed a modified 131-item European Prospective Investigation into Cancer and Nutrition (EPIC) food
frequency questionnaire (FFQ) designed to capture the average intake of foods in the past year, an instrument that has previously
been validated against established nutrient biomarkers.''® Participants in PREDICT 2 (US) were surveyed using a similarly validated
DHQ-IIl FFQ including 135 items about food and beverage as well as 26 questions about dietary supplements."'® For participants in
the PREDICT 3 US21, UK22A, and US22A cohorts, short-term logged dietary data were collected via the ZOE mobile phone appli-
cation. The PREDICT 3 UK22A and US22A were also surveyed using a 264-item FFQ. Food items (both FFQ and logged) were assem-
bled into food groups by mapping them onto a “Food Tree” consisting of a database of nutrient information arranged according to a
hierarchical tree structure as follows; Level 1 (9 food groups); Level 2 (52 food groups); Level 3 (195 food groups). UK foods were
mapped onto the Composition of Foods Integrated Dataset (CoFID)'?° for the UK using food categories or sub-group codes, while
US foods were similarly mapped onto the USDA FNDDS database.'' Level 3 foods were aggregated and harmonized by nutrition
scientists to allow for comparisons across cohorts. From both short and long-term dietary data, we computed three versions of the
Plant-based Dietary Index (PDI), namely, the overall PDI (oPDI), the healthy PDI (hPDI) and the unhealthy PDI (uPDI), as well as the
Healthy Eating Index (HEI).>*?? The oPDI dietary index assigns positive scores to plant foods and negative scores to animal foods.
For the hPDI, healthy plant foods (whole grains, fruits/vegetables, nuts/legumes, oils, tea/coffee) receive positive scores, while less-
healthy plant foods (juices/sweetened beverages, refined grains, potatoes/fries, sweets) and animal foods receive negative scores.
For the uPDI, less-healthy plant foods receive positive scores and animal and healthy plant foods receive negative scores. The HEI-
2015 measures to which extent the individual’s diet aligns with dietary guidelines. The guidelines cover 13 food groups and nutrients
of which 9 adequacy (encouraged) and 4 moderation (discouraged) components are summed to represent overall diet quality.

To assess the intake of ultra-processed foods—defined as those that are shelf-stable, hyper-palatable, energy-dense, and made
from refined ingredients using industrial processes-we classified food items according to established NOVA criteria®>'?* based on
the nature, purpose, and extent of food processing: unprocessed or minimally processed foods, processed culinary ingredients, pro-
cessed foods, and ultra-processed foods (e.g., bacon, cola, energy bars, and ice cream). Finally, individuals were stratified into well-
established dietary regimes (i.e., omnivores, vegetarians, and vegans) based on self-reported answers.
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Metabolic marker collection

In the PREDICT studies cardiometabolic markers selected for this research included sex, age, height, weight, BMI, blood pressure,
fasting HbA1c (%), total cholesterol, C-peptide, GlycA, THR, ASCVD risk, and fasting and postprandial glucose, high-density lipo-
protein cholesterol (HDL-C) and triglyceride (TG) concentrations. In PREDICT 1 descriptive information including sex and age
were self-reported. Height, weight, and blood pressure were measured at a clinic visit (day 0) and dual-energy X-ray absorptiometry
(DEXA) scans were used to measure visceral fat mass following standard manufacturer’s recommendations (DXA; Hologic QDR 4500
plus). Participants were also fitted with wearable CGM devices (Abbott Freestyle Libre Pro (FSL; Abbott, Abbott Park, IL, US)) at the
clinic visit (day 0). BMI (kg/m?) was categorized as “healthy-weight,” 18.5 <BMI<25 kg/m?; “overweight”, 25 <BMI<30 kg/m?; and
“obese”, BMI>30 kg/m?. Fasting GlycA was measured using a high-throughput NMR metabolomics (Nightingale Health) 2016
panel. Fasting and postprandial venous blood samples were collected at the clinic; plasma glucose and serum total cholesterol,
HDL-C, and TG were measured using Affinity 1.0 and whole blood HbA1c (%) was measured using Viapath. The 10-year Atheroscle-
rotic cardiovascular disease (ASCVD) risk was calculated as per the 2019 ACC/AHA Guidelines.'* T2D and hyperlipidemia were self-
reported via health questionnaires. Additional data were collected over the subsequent 13-day period at home; postprandial re-
sponses to eight standardized meals (seven in duplicate) of differing macronutrient (fat, carbohydrate, protein, and fiber) content
were measured using continuous glucose monitors (CGMs) and dried-blood-spot (DBS) analysis as previously described.'® The
PREDICT 2 and PREDICT 3 studies took place after the PREDICT 1 study and were fully remote. Demographic information, cardi-
ometabolic blood biomarkers, and postprandial responses to standardized test meals were collected in PREDICT 2 and 3 but
with some differences from PREDICT 1. Height, weight, and blood pressure were self-reported, while fasting and postprandial re-
sponses for total cholesterol, HDL-C, TG and HbA1c, were assessed using whole blood finger-prick samples collected at home using
DBS by commercial labs (CRL, Eurofins Biomnis). CGMs were fitted at home by participants. A smaller selection of standardized
meals (a metabolic challenge meal, and medium fat and carbohydrate breakfast and lunch meals) were tested in PREDICT 2 & 3.
To address potential noise due to extreme outliers, we filtered out values below the 15t and above the 991" percentiles, respectively.
Detailed descriptions of sample collection, processing, and analysis have been previously described. %'

QUANTIFICATION AND STATISTICAL ANALYSIS

Prediction of Blastocystis carriage

Species-level profiling was performed on all samples using MetaPhlAn 4% (version 4.beta.1 and the database vJan21_CHOCO-
PhIAnSGB_202103) with default parameters. We then trained a random forest-based machine learning algorithm, consistent with
prior investigations, ' only on species-level bacterial and archaeal relative abundance to predict Blastocystis carriage. In each model,
we performed a cross-validation (CV) by randomly splitting the data into training and testing sets with an 80/20 ratio, repeated 100
times. We also applied a LODO (leave-one-dataset-out) classification framework in which each training cohort is left out of training
with subsequent prediction modeling. Models were evaluated using the median area under the receiver operating characteristic
curve (AUC).”” To avoid biases due to low sample size, we included in the machine learning framework only cohorts with at least
50 samples from healthy adults and (i) Blastocystis prevalence >20% or (i) more than 50 Blastocystis-positive samples. Moreover,
we excluded the datasets without available MetaPhlAn 4 profiles (i.e., TaralloS_2021, SardiNIA, GacesaR_2022).

Statistical analyses

The Mann-Whitney U test was performed using the function mannwhitneyu from the scipy Python library.'?® Otherwise, when explic-
itly stated in the text and paired samples were available, the Wilcoxon signed-rank test was applied, using the function wilcoxon from
the scipy Python library.'?® Unless otherwise specified, nominal p values were corrected for multiple hypothesis testing using the
Benjamini-Hochberg procedure’*® with the function fdrcorrection from the statsmodels Python library.'?” False discovery rate
(FDR) corrected p values were reported as g-values. Mann-Kendall test was used to evaluate the presence of monotonic trends (no-
trend_test (test="MK") function from the R package funtimes'*?). The hPDI scores and BMI values were divided into deciles to have
sufficient points for the trend test (Figures 2B, 4A, and 4B). Effect sizes were calculated using the function compute_effsize from the
pingouin Python library.’®® Unless otherwise noted, g-values are represented in figures with asterisks as follows: *=g-value<0.1,
**=qg-value<0.01, **=g-value<0.001, and ****=g-value<0.0001.

GeoPandas v0.11.0 was used to work with the geospatial data in Python. The world map with contours of countries was down-
loaded from the GeoPandas dataset “naturalearth_lowres”. The 2021 US Divisions Cartographic Boundary File (shapefile,
1:500,000 resolution) was downloaded from https://www.census.gov/. The mapshaper Interactive web interface (www.
mapshaper.org) was used to remove the states “Alaska”, “Puerto Rico”, and “Hawaii”, from the Pacific division for better visualiza-
tion, and to convert the shapefile in the GeoJSON format.

To create the heatmaps in Figure 2C, we computed the 25, 50", and 75" percentiles of each food in each cohort and divided
individuals into the four quartiles based on their relative food consumption. Within each quartile, we calculated Blastocystis preva-
lence and colored cells accordingly. In a few cases, due to the discrete nature of dietary data, values for two of the three quantile cut-
offs were identical, thus leaving one quartile empty. To address this, we randomly split individuals into the two adjacent quartile
groups stratifying for Blastocystis presence/absence. If the empty quartile was either Q2 or Q83, both with two adjacent quartiles
(i.e. Q1 and Q3 for Q2; Q2 and Q4 for Q3), we selected the adjacent one with more individuals to be randomly split. Foods were
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categorized based on whether they were concordantly higher in Blastocystis-positive or negative individuals in all PREDICT cohorts.
Then, foods were sorted by the sum, across all PREDICT cohorts, of the differences in consumption between Blastocystis-positive
and negative individuals, normalized by the overall maximum value.

For the heatmap in Figure 5B, we selected the 100 top-ranked SGBs according to their feature importances from the CV ML
models, considering their average percentile rank across the 21 datasets used in the ML analysis (see prediction of Blastocystis car-
riage). In each dataset and for each of the top 100 SGBs, we compared the relative abundance values with the Mann-Whitney U test
and computed the Log, Fold Change of the mean relative abundance between Blastocystis-positive and negative individuals. To
avoid biases due to low prevalence or low sample size, an SGB was tested only if (i) present in at least 5% of Blastocystis-positive
and negative individuals and the total number of such individuals was greater than 10; or (i) the SGB was present in at least 50 Blas-
tocystis-positive and negative samples. SGBs were then sorted according to their average Log,FC across datasets. For visual pur-
poses, we selected only 30 of the 100 SGBs, choosing those tested in all 21 datasets and with an absolute average Log,FC greater
than or equal to 0.5. Only 9 SGBs with higher relative abundance in Blastocystis-negative samples (i.e., negative avg. Log,FC) passed
these filters. We then selected the remaining 21 as those with the highest positive average Log,FC values. White cells indicate no
statistically significant difference after FDR correction of the Mann-Whitney U test (g-value >0.1).

Meta-analyses

We performed meta-analyses using a random-effects model to assess the strength of the associations between Blastocystis pres-
ence with both BMI as a continuous measure and the likelihood of sampling from chronic disease participants vs. healthy/control
participants in our aggregated dataset. For the BMI meta-analysis, we included healthy adults (age >12 years) with available infor-
mation on sex, age, and BMI. We excluded the few individuals who reported BMI <18.5 kg/m?, the usual cutoff for patients living with
underweight according to World Health Organization criteria'*>"'®! (n=22 in PREDICT 1, n=14 in PREDICT 2, n=50 in PREDICT
3 US21, n=54 in PREDICT 3 US22A, and n=120 in PREDICT 3 UK22A). Studies with less than 10 Blastocystis-positive and 10 Blas-
tocystis-negative samples were also excluded (total samples n=36,065 from 24 datasets®®). For the healthy/disease meta-analysis,
we included adults (age >12 years) with age, sex, and BMI information and excluded underweight individuals. We further restricted
the analysis to the cohorts with at least 10 Blastocystis-positive and 10 Blastocystis-negative samples and with at least 10 samples
from healthy/control and 10 from diseased individuals (n=44,906 [13,548 cases and 31,358 controls] from 17 studies spanning eight
disease categories; Table S5). The eight disease categories are atherosclerotic cardiovascular disease (ASCVD), which includes cor-
onary artery disease, cerebrovascular disease, and heart failure; diabetes, which includes Type 2 Diabetes (T2D), Impaired Glucose
Tolerance, and Metabolic Syndrome; Hyperlipidemia; inflammatory bowel disease (IBD); soil-transmitted helminth infection (STH);
colorectal cancer (CRC), which includes precursor adenomas; asthma; and migraine.

For each analysis and each study, we performed logistic regression modeling on Blastocystis presence/absence accounting for
sex, age, and BMI (BMI only in the latter). In the BMI meta-analysis, BMI was used as a continuous predictor in the logistic regression
model, and in the healthy/disease meta-analysis we used logistic regression to assess the likelihood of samples being from those
with chronic illnesses compared to referent healthy/control individuals, the log odds ratio of diseased over healthy individuals coef-
ficient was extracted with their std. errors from each study and synthesized with the program available at (https://github.com/
waldronlab/curatedMetagenomicDataAnalyses), estimating between-study variance with the Paule-Mandel formula. Single-study
p values were computed as coefficient extremeness of the t-statistics; p values for meta-analysis coefficients were computed as
Z scores extreme probability, both under the null hypothesis that the average coefficient is zero.

ADDITIONAL RESOURCES
The PREDICT cohorts are part of the following clinical trials. PREDICT 1 ClinicalTrials.gov ID: NCT03479866 (https://clinicaltrials.gov/
study/NCT03479866); PREDICT 2 ClinicalTrials.gov ID: NCT03983733 (https://clinicaltrials.gov/study/NCT03983733); PREDICT 3:

P3 US protocol number (IRB): Pro00044316; P3 UK ethical review reference: HR-23/24-28300; ClinicalTrials.gov ID:
NCT04735835 (https://clinicaltrials.gov/study/NCT04735835).
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