Supplementary Information
for

A Predictive Index for Health Status Using
Species-level Gut Microbiome Profiling

Gupta et al.



Table of Contents

SUPPLEMENTARY FIGURES .....cciiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiisiiisisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns 3
Supplementary FigUIe 1. .....iiiiiiiiiiiiiiiiiiiieiieiessiesimsieeimsmieimssiesimsseeimsseeimssiessssieeiomsstesemsssess 3
Supplementary FiGUIe 2. .....ciiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiisieiisieeimsmieimssiesiomsieeiomssieiemssiessssiesiomsstesessssese 4
Supplementary FigUre 3. .....ciiiiiiiiiiiiiiiiiiiiiiiieieiieieeisieeiesmieimssiesimsieeiemsseeiemssiesiessiessessseesessssess 5
Supplementary FiGUIe 4. .....ciiiiiiiiiiiiiiiiiiiiiiiiiiieieieiesisieeiensiieimssiesiemsieeiemssieiemssiesssieesessstesessssese 6
Supplementary FigUIe S. .....ciiiiiiiiiiiiiiiiiiiiiieieisieeisiieissiesimsieeiomssieiemsstessessieesomsstesessssess 7
Supplementary FiGUIe 6. ........ccceiviiiiiiiiiiiiiiiiiiiiiiiiiiiiieiieiesiesieeiissieiissiesiomsseeiomssieiemsstesiesstesiossstesessssseses 8
Supplementary FiGUI'e 7. c...ociiiiiiiiiiiiiiiiiiiiiiiiiiiiieieiisiesiesieeiensmieimssiesimsseeimssteiemssiessssiessossstesesssseses 9
Supplementary Figure 8. .....cocciiiiiiiiiiiiiiiiiiiiiiiiiiiiiieieieisiesesieeiessiessessiesiesstesesstesssssssessessnes 10
Supplementary FigUre 9. ...ttt 11

SUPPLEMENTARY TABLES .....coiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiississssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns 12
Supplementary Table L. ... s e sass e s e s s s s s sans s e e e s s e s s sannn e e e e e seaas 12
Supplementary Table 2. ...t sas s aa s e e s e s e aanr e e e e s s e as 13
Supplementary Table 3. ... e an s e e s e s e s 14
Supplementary Table 4. ... s e e e aanr e e e s s e s 15
Supplementary Table S. ... e n e e s s s as 16
Supplementary TabIe 6. ..........eiiiiiiiiiiiiiiiiiiiiiiineirrr e e aa s e e e aanr e e s e s e s 17
Supplementary Table 7. ...t as s s s s aa s e e s e s e aann e e e e e s e as 18
Supplementary Table 8. s aan e e s e 19
Supplementary Table 9. ...t e e e e s aanr e e s e s e s 20

SUPPLEMENTARY NOTE ... ciiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiisisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns 21
Supplementary NOE L......ccccovcciiiiiiiiiiiiiiirniiieerrr s s sass s s e s s s s saas s e e e s s ss s sanss e e e s sesesssssnnssennsssnas 21
Supplementary NOLE 2.....ccccciveciiiiriiiiiiiiintreniiiiiierre et sses e s s s sass s s e s s se s e s s saas s e s e s s sassssssansseenssssssssssnnssnnnsssnas 22

SUPPLEMENTARY IMETHODS .....ciiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiisiisiisisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 24



SUPPLEMENTARY FIGURES

Actinobacteria

ILSPNe.j LU
il B1jod
oy Eo0liop BiLio

Fusobacteria

Saccharibacteria
Others

PR, e
m&\%@ 0 0

5 %058
R 0
RS e0ies B0 A E o
2000000 Ce0- (av‘s‘o\qe
200105027 O\ 3 i
O} s
09 inal
Ies\" 08
Al
copGius
~ St o e
ity A, salYFiosily!
ClonClosthme ;essc?“"ss‘.neﬂs's
Clogedtin /0 maste
OStrcfgm s 01085, Ca008!
s, Closm hyionge, " 0ides. Gercori®
s Wie 72 IC ere
1L05trigg, MWlemgens s StoCls
ium ol Nae '2;%95 o‘/a?'grmn
101005 eggerile
eroides Sligatus.
R s e icon
uming acto oides
A N clerol jilis
B o \ Baironss it
lautia hydroge ey oLoum N idia magna i
Coprbcocscaciopnica S fiheglococcus obecens
rococc h \naerococ .
SRR R
Coprococeus sp. ARTSS/1 PR Szolarctobacterim succinatutens
Roseburia intestinalis su
o Acidaminococcus intestini
foseburia hominis Acidaminococcus fermentan:
Roseburia inulinvorans Mitsuokella multacica
Dorea lofm',c'gg‘ Retona jegarmonas rupeliensis
Aroorostipes cacese SGamses finformis
‘anarostioss fexils Ander0g100,0 S Megale
Tyzzerella TS ailii QUSIT SuceiaeMinatus
Angerobutyicy'Tectale st s atohis
Eubact®iiorossoliie Phaera
ibrio CIOSSinu Vlegasppacra microy,
Bu ','f{,'acrlvfﬂ.ﬂ%?ﬁ VQ%%//:@@S/S@D,',’,}"”W%
cterium-=y 157! SHlon, "
prosptec Bacte T SR
Lachno™ ira 6 AL
0PI cten! A S/ Iohariode b,
Lachno°t, e ba%% “gerh e/ Chalae oroClery,
e RN Fo e sas Loty m sy o
cerUio 1363 > G070 1% 3l 27,
. LIy o 590G, | ) 25,
TS e Saicn i i bac, 6. s Sty
2© 100 S 'Ag,:\b“ss &%f@z, /cy/,[/su,,,o%‘ ) up, 45
2 > a2 s 2ol 2 0, %, S, 2
U e SR o R,
o 08P 02 e VR Tus ot o S e Ot 8 /oy
' \9”“‘::75\";3“60"“ .\Eoﬁﬁﬁoﬁi\g%&ﬁe '5943 0%/» %%‘Xv//, % h’o%
\C! \0* o R e Ly % o
v ) 'm“ﬁf\a%@ ) & 050 o S
PN % »;’27;’@ s/ B N
LoD RTIORNS S 20 % AN
M) Qe SR X o o
S R SRS BB, ‘s
@ AR EN e s oy o U
@ ‘\10%‘9%\“{\(@:?‘? < %8 ”%b 5,
[ B G0 I S

X O
e G

'S mac
d $102000j(

swose

Stre,
Strepto

Firmicutes

Supplementary Figure 1. A phylogenetic tree showing the evolutionary relationships among 313 microbial species
found to be present across 4,347 stool metagenomes. Microbial species comprising the Health-prevalent and Health-
scarce groups are shown in blue and orange, respectively. Species are grouped according to their phyla (outer circle labels).
‘Others’ correspond to the Verrucomicrobia (for Akkermansia muciniphila), Synergistetes (for Pyramidobacter piscolens),
Ascomycota (for Saccharomyces cerevisiae), and Euryarchaeota (for Methanobrevibacter smithii and Methanosphaera

stadtmanae) phyla.
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Supplementary Figure 2. Sensitivity analysis of classification performance (i.e., balanced accuracy y) with respect
to a prevalence threshold (67 or 6;). (a) 6, and y generally portray an inverse correlation. (b) y displays a very weak

but positive correlation for smaller values of Hf, but then follows an inverse correlation for higher values of Hf.
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Supplementary Figure 3. Relative abundance distributions of all 50 species in the healthy (blue density plot) and
non-healthy (orange density plot) groups. Health-prevalent and Health-scarce species all show higher relative abundance
distributions among healthy and non-healthy gut microbiome samples, respectively.
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Supplementary Figure 4. Heatmap indicating the prevalence of Health-prevalent and Health-scarce species in the
healthy and/or non-healthy cohorts from each of the 34 published studies comprising the stool metagenome meta-
dataset.



Gut Microbiome Health Index (GMHI)
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Supplementary Figure 5. Library size (i.e., read count) is not associated with GMHI. Scatter-plot showing the
relationship between library size and GMHI for all metagenome samples (n = 4,347). A strong trend between the two
parameters was not observed. In addition, mixed-effects linear regression (‘lmer’ function in the R package ‘lme4’) was
used to create a model for GMHI, wherein model covariates consisted of read count and study of origin (the latter as a

random effect to accommodate for inter-study variance). Our model found no significant association between library size
and GMHI (P = 0.45).
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Supplementary Figure 6. Distribution of GMHIs for healthy individuals generally do not vary between studies.
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Among the 34 studies used in our discovery cohort, i.e., training dataset (Table 1), 31 that contain gut microbiome samples

from healthy subjects were chosen to investigate whether GMHI distributions from healthy individuals significantly differ
between studies. Of these 31, Sankaranarayanan et al. was not considered, as it has only a single sample from healthy; in
addition, the two HMP1 studies, i.e., Huttenhower et a/. (HMP1) and Lloyd-Price et al. (HMP1-1I), were merged. The
sample size of each study is shown in the parentheses. A wide variation was observed among the GMHI distributions from
study to study. Among all pairwise comparisons between study groups, only one pair of cohorts was found to have
distributions significantly different from each other (Dwass-Steel-Critchlow-Fligner test followed by Holm-Bonferroni
method to control for family-wise error rate, P,y = 0.03). This shows that, by and large, the distributions of the index for
healthy individuals do not vary much between studies. Furthermore, most healthy cohorts (22 of the 29 independent sources)

were found to show positive GMHI distributions based on their medians.
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Supplementary Figure 7. Top healthy and non-healthy stool metagenomes, as defined by their GMHIs, show clear
separation based on gut microbiome composition. Principal Coordinates Analysis (PCoA) ordination plot based on Bray-
Curtis distances for top (a) 10; (b) 25; (c¢) 50; and (d) 100 healthy and non-healthy stool metagenomes samples (identified
based on GMHI score) show that healthy and non-healthy groups have significantly different distributions of gut
microbiome profiles (PERMANOVA, P<0.001). Large points in the middle of both healthy (blue) and non-healthy (orange)
regions depict centroids of all other points, which correspond to stool metagenome samples. Each shaded ellipse represents
the 95% confidence region for the centroid of each group. Dispersion of the groups are shown using blue- and orange-
colored straight lines between centroid and each sample of its respective group.
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Supplementary Figure 8. GMHI stratifies healthy (n =2,636) and non-healthy (n =1,711) groups more strongly than
(a) 80% abundance coverage; and (b) species richness. Each point in the scatter-plot corresponds to a sample. Histograms
show the distribution of healthy (blue) and non-healthy (orange) samples based on the parameter of each axis. In general,
GMHI demonstrates weak correlations with 80% abundance coverage (Spearman’s p = 0.22, 95% CI: [0.19, 0.25], P =
8.5x10*) and richness (Spearman’s p = -0.27, 95% CI: [-0.30, -0.24], P = 4.3x107*). The P-value (Ho: p = 0) was
determined by using a t-distribution with n-2 degrees of freedom, where n is the total number of observations.
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Supplementary Figure 9. Evaluation of other ecological characteristics in distinguishing healthy from non-healthy
phenotypes of the validation cohort. (a) Shannon diversity was significantly lower in healthy than in non-healthy
individuals (two-sided Mann-Whitney U test, P = 0.008). (b) 80% abundance coverage (two-sided Mann-Whitney U test,
P =0.025) and (c) species richness (two-sided Mann-Whitney U'test, P =2.6x10"'%) in stool metagenomes were significantly
different between the healthy group and non-healthy group. (d) Shannon diversity; (e) 80% abundance coverage; and (f)
species richness showed very inconsistent results in distinguishing healthy from non-healthy sub-cohorts. The number in
superscript adjacent to phenotype abbreviations corresponds to a particular study used in validation (see Supplementary
Table 5 for study information). Standard box-and-whisker plots (e.g., center line, median; box limits, upper and lower
quartiles; whiskers, 1.5x interquartile range; points, samples) are used to depict groups of numerical data. * indicates
significantly higher distribution in healthy sub-cohort (two-sided Mann-Whitney U test, P < 0.01). The number adjacent to
* indicates the healthy sub-cohort (H', H, or H?) to which the respective sub-cohort was compared. The sample size of each
group or cohort is shown in parentheses. AS, ankylosing spondylitis; CA, colorectal adenoma; CC, colorectal cancer; CD,
Crohn'’s disease, H, healthy; LC liver cirrhosis; NAFLD, non-alcoholic fatty liver disease; RA, rheumatoid arthritis.
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SUPPLEMENTARY TABLES

Supplementary Table 1. Prevalence thresholds used to select Health-prevalent and Health-scarce species with
ensuing classification performances for predicting general health status (i.e., healthy or non-healthy).

# of Health-

Difference?, Fold-change®, revalent # of Health- Balanced Accuracy®
|Pu-Pn| (%) Pu/Pyor Pn/Py pSp‘(:,cies scarce Species uracy
10 1.4 7 43 69.7
5 1.4 12 77 69.6
5 1.5 8 75 69.1
5 1.6 5 69 69.0
10 1.5 4 42 68.9
10 1.6 4 39 68.7
5 1.3 16 82 68.6
15 1.4 6 25 68.4
10 1.3 9 45 68.1
15 1.6 3 23 68.1
15 1.5 3 25 68.0
15 1.3 7 27 67.6
5 1.2 27 87 67.2
10 1.2 14 47 67.1
15 1.2 8 27 67.1
5 1.8 4 62 66.6
20 1.2 3 12 66.6
20 1.3 3 12 66.6
20 1.4 3 12 66.6
5 1.7 4 66 66.4
10 1.7 3 36 65.7
10 1.8 3 36 65.7
15 1.7 2 21 64.6
15 1.8 2 21 64.6
20 1.5 1 12 61.5
20 1.6 1 11 60.8
5 1.9 3 59 59.9
5 2 3 54 59.5
20 1.7 1 9 59.3
20 1.8 1 9 59.3
10 1.9 2 34 58.5
10 2 2 30 57.7
15 1.9 1 21 56.3
15 2 1 18 55.4
20 1.9 0 9 N/A
20 2 0 9 N/A

*Absolute difference between prevalence of a species in the healthy group (Pr) and that of the same species in the nonhealthy group
(Pw). Differences of 5, 10, 15, and 20% were assessed. "Ratio of larger value to smaller value. Fold-changes of 1.2 to 2.0, at increments
of 0.1, were assessed. “As defined by x in the Results section of this manuscript. Abbreviation: N/A, Not Applicable, as Health-
prevalent and/or Health-scarce species are not defined.
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Supplementary Table 2. Each feature set (i.e., taxonomic rank or MetaCyc pathways)’s highest balanced
accuracy for predicting general health status (i.e., healthy or non-healthy).

Fold-change®,  # of Health-  # of Health-

Feature Set E)lbf:(;*];n(ﬁza), Pu/Py or prevalent scarce ffclﬁ::s;c
PN/Py Species Species

Phylum 5 1.1 2 2 42.1

Class 5 1.1 3 3 60.1

Order 5 1.1 3 6 62.4
Family 10 1.1 2 10 67.2
Genus 5 1.4 3 25 68.2
Species 10 1.4 7 43 69.7
MetaCyc pathways? 5 1.1 8 121 59.4

*Absolute difference between prevalence of a species in the healthy group (Pr) and that of the same species in the nonhealthy group
(Pw). Differences of 5, 10, 15, and 20% were assessed. "Ratio of larger value to smaller value. Fold-changes of 1.1 to 2.0, at increments
of 0.1, were assessed. °As defined by x in the Results section of this manuscript. “MetaCyc metabolic pathway abundances obtained
through HUMAnNN?2 (Franzosa ef al. Nature Methods (2018), PMCID: PMC6235447).
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Supplementary Table 3. Classification accuracy of GMHI in 10-fold cross-validation.

Accuracy
Cross- Fold- # of # of Accuracy in in
validation Difference’, change®, Health- Health- Hea}thy Non- Balanced
oy |Pu-Pn| (%) Pur/Pnor preva!ent scarce Subjects hea!thy Accuracy®
PN/Py Species Species (%) Subjects
(%)
1 5 1.4 11 77 81.4 67.3 74.3
2 5 1.4 12 75 78.7 64.3 71.5
3 5 1.4 13 79 76.8 59.1 67.9
4 5 1.4 12 79 74.9 61.4 68.2
5 5 1.4 12 78 78.8 56.7 67.8
6 5 1.4 12 78 77.7 64.3 71.0
7 5 1.4 12 77 73.9 63.7 68.8
8 5 1.4 13 77 78.4 56.7 67.6
9 5 1.5 9 77 73.5 62.6 68.0
10 10 1.4 7 40 74.6 67.4 71.0

*Absolute difference between prevalence of a species in the healthy group (Pr) and that of the same species in the nonhealthy group
(Pw). Differences of 5, 10, 15, and 20% were assessed. "Ratio of larger value to smaller value. Fold-changes of 1.2 to 2.0, at increments
of 0.1, were assessed. “As defined by y in the Results section of this manuscript.
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Supplementary Table 4. Intra-study comparisons among GMHI and other microbiome ecological
characteristics in distinguishing healthy and non-healthy groups.

Non- P-values®
Author Healthy healthy® Sh S0 b Speci
Year)® sample # annon o Abundance pecies
(Year) (sample #) (sample#) ~GMHI Diversity Coverage Richness
Feng (2015) 21 125 6.25E-02 8.41E-01 7.58E-01 3.10E-02
He (2017) 39 60 8.30E-06 7.20E-06 4.70E-06 4.60E-05
Jie (2017) 75 207 4.83E-02 2.16E-01 1.89E-01 8.30E-07
Karlsson
(2013) 18 116 7.87E-02 8.94E-01 2.49E-01 4.53E-01
Le (ggal‘ge)her 39 74 6.44E-01  3.60E-02 1.50E-02 6.40E-02
Liu (2017) 101 104 3.90E-03 3.17E-01 4.56E-01 4.99E-01
Nielsen (2014) 58 169 6.41E-01 6.98E-01 8.40E-01 3.78E-01
Qin (2012) 61 237 6.81E-01 9.95E-01 6.42E-01 3.96E-01
Schirmer
(2018) 17 68 2.60E-03 1.45E-01 2.60E-02 4.06E-01
Vogtmann
(2016) 30 70 4.80E-03 7.89E-01 8.80E-01 1.85E-01
Zeller (2014) 42 155 5.00E-04 2.32E-01 1.39E-01 8.18E-01
Zhang (2015) 55 129 3.52E-01 8.61E-01 9.23E-01 5.26E-01

2Qur criteria for selecting which cohorts to perform intra-study, case-control comparisons was to have both groups to be composed
of at least 10 samples, which we deemed as reasonably sufficient sample size; in this case, there were only 12 studies (i.e., cohorts)
that satisfied this sample size cut-off. ®All non-healthy phenotypes were pooled together (when applicable) into a single ‘Non-healthy’
group. ‘P-values (Mann-Whitney U test) for each study-specific comparison between healthy and non-healthy groups. P-values less
than 0.05 are highlighted.
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Supplementary Table 5. Independent validation set of human stool metagenomes.

Unbhealthy .
Study Author Healthy Total Sequencing Geography
# (Year)? (n) Disease’ n (n) Platform (Ethnicity/Race®)
1 Bedarf (2017) 28 - - 28 [llumina HiSeq 4000 Germany
2 Dhakan (2019) 58 - - 58 NextSeq 500 India
) Illumina HiSeq
3 Wirbel (2019) 32 CcC 22 54 2000/4000 Germany
4 Wen (2017) - AS 97 97 [llumina HiSeq 2000 China
CA:

Thomas 27, . .

5 (2019) - CA, CC CCl- 128  Illumina HiSeq 2500 Italy & Japan
101

6  vaughn i CD 15 15  Illumina HiSeq2000 USA

(2016) “ «d
7 Qin (2014) - LC 164 164 Illumina HiSeq 2000 China

Loomba ) . USA (white &
8 (2017) - NAFLD 86 86 [llumina HiSeq 2500 hispanic)

) [llumina HiSeq

9 This study - RA 49 49 3000/4000 USA

Total 118 - 561 679 - -

“Bibliography provided in Supplementary Data 4.*AS: Ankylosing Spondylitis; CA: Colorectal Adenoma; CC: Colorectal Cancer;
CD: Crohn’s Disease; LC: Liver Cirrhosis; NAFLD: Nonalcoholic Fatty Liver Disease; RA: Rheumatoid Arthritis. “As provided in
the original study. ‘Colorectal cancer samples were from two different cohorts (Italy and Japan); therefore, validation analyses were
performed separately.
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Supplementary Table 6. Classification accuracy using the Health-prevalent species as class cut-offs.

Dataset Used to Evaluate Accuracy in Accuracy in Non-

. . Health-prevalent . . Balanced
Classification Species Cut-off Healthy Subjects  healthy Subjects Accuracy®
Performance P (%) (%) y

1 93.5 16.2 54.9
2 84.0 38.7 61.3
D Coh 3 69.2 61.4 65.3
Iscovery Cohort 4 48.5 84.1 66.3
(4,347 samples)©
5 27.3 94.9 61.1
6 10.2 98.8 54.5
7 2.7 100.0 51.4
Validation Cohort .
(679 samples)® 4 33.9 84.7 59.3

*A metagenome sample was classified as healthy if at least this number of Health-prevalent species were present; else, classified as
non-healthy. There are a total of seven Health-prevalent species. *As defined by y in the Results section of this manuscript. ‘Healthy:
2,636 samples; Non-healthy: 1,711 samples. ‘Healthy: 118 samples; Non-healthy: 561 samples. *Health-prevalent species cut-off that
resulted in the highest balanced accuracy in the discovery cohort.
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Supplementary Table 7. Classification performances using Shannon diversity as class cut-offs.

Dataset Used to Evaluate Shannon Accuracy in Accuracy in Non- Balanced
Classification Diversity Cut- Healthy Subjects healthy Subjects Accuracy®
Performance off? (%) (%) Y

N o Ql 77.3 28.5 52.9

1scovery Cohort Median 52.9 54.4 53.6
(4,347 samples)©

Q3 27.8 79.3 53.5

o Q1 43.2 42.8 43.0

Validation Coh(jrt Median® 21.2 72.9 47.0

(679 samples)
Q3 6.8 90.2 48.5

2Shannon diversity cut-offs were defined from all 4,347 samples of the discovery cohort, i.e., training dataset. A metagenome sample
was classified as healthy if its Shannon diversity was equal to or greater than this cut-off; else, classified as non-healthy. ®As defined
by x in the Results section of this manuscript. “Healthy: 2,636 samples; Non-healthy: 1,711 samples. ‘Healthy: 118 samples; Non-
healthy: 561 samples. Abbreviations: Q1, the 1st quartile (=2.50); median (=2.85); Q3, the 3rd quartile (=3.11). “Shannon diversity
cut-off that resulted in the highest classification accuracy in the discovery cohort.
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Supplementary Table 8. All accuracies for classifying healthy vs. non-healthy by the various classifiers
reported in this study.

Performance on Discovery Cohort Performance on Validation Cohort

(4,347 samples) (679 samples)
Accurac Accuracy
Methodology to Evaluate Balanced nracy in
. ; . Accuracy in
Classifier Classification (%) Accuracy Health Non-
Performance ¢ (%) o y healthy

) (%)

GMHI (species) Balanced accuracy 69.7 73.7 77.1 70.2
GMHI (genus) Balanced accuracy 68.2 - - -
GMHI (family) Balanced accuracy 67.2 - - -
GMHI (order) Balanced accuracy 62.4 - - -
GMHI (class) Balanced accuracy 60.1 - - -
GMHI (phylum) Balanced accuracy 42.1 - - -
GMHI (MetaCyc Balanced accuracy 59.4 - - -

pathways)
GMHI (species) 10-fold cross-validation® 69.6 - - -
Health-prevalent Balanced accuracy 66.3 59.3 - -
species

Shannon diversity Balanced accuracy 53.6 47.0 - -
Random Forests Balanced accuracy 98.5 52.3 - -
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Supplementary Table 9. Cliff’s Delta effect-sizes for all pairwise comparisons in gut microbiome

characteristics between healthy and non-healthy sub-cohorts.

Cliff’s Delta (d)*
(1)
GMHI Shannon Diversity UL LT Species Richness
Coverage
H! H? H? H! H? H? H! H? H? H! H? H?
Cohorts®
28)  (58) (32) | (28) (58) (32) | (28 (58) (32 | 28) (5% (32
AS*(97) | 049 0.51 0.60 | 0.48 -0.50 039 | 0.50 -045 0.46 | -0.01 -0.95 0.05
CA>(27) | 0.17 024 032 | 053 -0.38 0.39 | 056 -0.34 051 | 0.50 -0.87 0.62
CC}(22) | 0.16 023 0.30 | 0.21 -0.69 -0.01 [ 0.17 -0.67 0.03 | -0.20 -1.00 -0.18
CC¥(61) | 037 045 055 | -0.04 -0.70 -0.27 | -0.12 -0.71 -0.27 | -0.27 -0.92 -0.24
CC>*'(40) | 0.63 0.65 0.77 | -0.18 -0.81 -0.39 | -0.23 -0.83 -0.37 | -0.49 -0.98 -0.49
CD®(15) | 0.67 0.72 0.83 | 0.78 0.00 0.72 | 0.80 -0.01 0.79 | 0.78 -0.39 0.80
LC7(164) | 0.89 0.86 0.94 | 041 -0.55 0.28 | 042 -0.53 035 | 020 -0.85 0.25
NAFLD?®
(86) 0.65 065 0.75 | 029 -055 0.13 | 030 -0.53 023 | 0.18 -0.92 0.27
RA%(49) | 0.56 0.57 0.66 | 0.38 -0.60 0.23 | 038 -0.59 0.29 | 0.57 -0.94 0.70

Cliff’s delta values for each healthy (column) and non-healthy (row) sub-cohort comparison across four different gut microbiome
characteristics. *The sample size of each group or cohort is shown in parentheses. AS, ankylosing spondylitis; CA, colorectal
adenoma; CC, colorectal cancer; CD, Crohn’s disease, H, healthy; LC liver cirrthosis; NAFLD, non-alcoholic fatty liver disease; RA,
rheumatoid arthritis. The number in superscript adjacent to phenotype abbreviations corresponds to a particular study used in
validation. See Supplementary Table 5 for study information.
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SUPPLEMENTARY NOTE

Supplementary Note 1. Three major steps in the design of the Gut Microbiome Health Index (GMHI) for
predicting health status.

1. For every possible pairwise combination of the prevalence fold-change threshold (6) and the prevalence
difference threshold (8,), the Health-prevalent (My) and Health-scarce (My) species that simultaneously
satisfy both thresholds in the discovery cohort (i.e., training dataset composed of 4,347 stool metagenome
samples) are obtained. Thus, each pair of thresholds leads to its respective set of My and M.

2. Then, each species set of My and My is used to find its ‘collective abundance’ in sample i (Y, ; and
Yumy i» Tespectively). In turn, h; y,, m,» Which is the log-ratio of ¥y, ; to Yy, i, is used to classify that
sample i as healthy (i.e., by, My > 0), non-healthy (i.e., hyy,, my < 0), or neither (i.e., hjp,, m, = 0).
Accordingly, the balanced accuracy (X, m, ), defined as the average of the proportions of 2,636 healthy
and 1,711 non-healthy samples (all from our training dataset) that were correctly classified, is found. Thus,
each pair of My and My species sets leads to its respective Y, my -

3. Finally, the classification model h; y,, u, (along with its inputs My and My) that results in the highest

balanced accuracy xu,, ., on the discovery cohort is chosen as our final classifier.
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Supplementary Note 2. Evaluation of other ecological characteristics in distinguishing healthy from non-
healthy phenotypes of the validation cohort.

Opposite to its pattern from the discovery cohort, the Shannon diversities of the healthy validation group
were slightly lower than those of the non-healthy validation group (two-sided Mann-Whitney U test, P = 8.1x10"
3; Cliff’s Delta = -0.16; Supplementary Figure 9a); this was also the case for 80% abundance coverage (two-
sided Mann-Whitney U test, P = 2.5x1072; Cliff’s Delta = -0.13; Supplementary Figure 9b). On the other hand,
species richness was found to be lower in the healthy validation group (Mann-Whitney U test, P = 2.6x10°19;
Cliff’s Delta =-0.37; Supplementary Figure 9¢), which was consistent with our previous finding in the discovery
cohort.

Across the individual sub-cohorts, Shannon diversity demonstrated a far less robust and consistent
stratification between healthy and non-healthy compared to GMHI (Supplementary Figure 9d): the first healthy
sub-cohort (H') was found to have significantly higher Shannon diversity than five disease sub-cohorts (AS, CA,
CD, LC, and RA); the second healthy sub-cohort (H?) was found to actually have significantly lower Shannon
diversity than eight disease sub-cohorts (AS, CA, three sub-cohorts of CC, LC, NAFLD, and RA); and the third
healthy sub-cohort (H?) was found to have significantly higher Shannon diversity than only two disease sub-
cohorts (AS and CD) (two-sided Mann-Whitney U test, P < 0.01; see Supplementary Table 9 for Cliff’s Deltas).
Additionally, two healthy sub-cohorts were found to have significantly higher distributions of Shannon diversity
than the third healthy sub-cohort (two-sided Mann-Whitney U test, P < 0.01), whereas no significant differences
were found amongst all three healthy sub-cohorts for GMHI. Furthermore, the two highest Shannon diversities
were observed in colorectal cancer sub-cohorts, whereas the highest GMHIs were observed in the three healthy
sub-cohorts.

Finally, as was the case with Shannon diversity, we found very weak and inconsistent stratification
between healthy and non-healthy sub-cohorts with 80% abundance coverage (Supplementary Figure 9¢). H!
had significantly higher distributions in five non-healthy sub-cohorts (AS, CA, CD, LC, and RA); H? had
significantly lower distributions in seven non-healthy sub-cohorts (AS, three sub-cohorts of CC, LC, NAFLD,

and RA); and H? had significantly higher distributions in four non-healthy sub-cohorts (AS, CA, CD, and LC)
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(two-sided Mann-Whitney U test, P < 0.01; see Supplementary Table 9 for Cliff’s Deltas). Similarly, species
richness also showed inconsistency in distinguishing healthy from non-healthy (Supplementary Figure 9f): H!
had significantly higher distributions in three non-healthy sub-cohorts (CA, CD, and RA) and a lower distribution
in one non-healthy sub-cohort (CC); H? had significantly lower distributions in seven non-healthy sub-cohorts
(AS, three sub-cohorts of CC, LC, NAFLD, and RA); and H? had significantly higher distributions in three non-
healthy sub-cohorts (CA, CD, and RA) but a lower distribution in one non-healthy sub-cohort (CC) (two-sided
Mann-Whitney U test, P < 0.01; see Supplementary Table 9 for Cliff’s Deltas). Finally, as was the case for
Shannon diversity, two healthy sub-cohorts were found to have significantly higher distributions of 80%
abundance coverage and of species richness than a third healthy sub-cohort (two-sided Mann-Whitney U test, P
<0.01). In conclusion, GMHI is the most accurate, robust, and clinically meaningful classifier compared to other

ecological characteristics.
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SUPPLEMENTARY METHODS

Designing a classifier based upon Health-prevalent species to distinguish healthy and non-healthy groups.
Since there are 7 microbial species identified as ‘Health-prevalent’, we classified each of the 4,347 metagenome
samples in the training dataset as healthy if at least 1 of the 7 Health-prevalent species was present. This led to a
balanced accuracy of 54.9%. Analogously, we classified each sample as healthy if at least 2 of the 7 Health-
prevalent species were present (balanced accuracy: 61.3%). Continuing in an iterative manner, we obtained an
balanced accuracy of 65.3%, 66.3%, 61.1%, 54.5%, and 51.4% when the minimally required count of present
Health-prevalent species was set to 3, 4, 5, 6, and 7, respectively. Next, we used this approach on the 679
metagenome samples of the independent validation dataset; for this, we set 4 as the minimally required count of
present Health-prevalent species (for a sample to be classified as healthy), as this threshold gave the best results
with the training dataset. The balanced accuracy on the validation dataset resulted in 59.3%. All results are
described in Supplementary Table 6. In stark contrast, GMHI displayed far better classification performance by

achieving a balanced accuracy of 69.7% and 73.7% in the training and validation datasets, respectively.

Designing a classifier based upon Shannon Diversity to distinguish healthy and non-healthy groups. As
Shannon diversity doesn’t have a clear cut-off value to serve as a threshold for discriminating the two groups (in
contrast, a sample with a positive and negative GMHI value is classified as healthy and non-healthy, respectively),
we decided to apply three different thresholds and evaluate their performances separately: among the Shannon
diversity measurements from all 4,347 samples of the training dataset, we selected: 1) the 1st quartile (=2.50); ii)
the median (=2.85); and iii) the 3rd quartile (=3.11). More specifically, any sample with a Shannon diversity equal
to or greater than each threshold is classified as healthy; otherwise, as non-healthy. The balanced accuracy on the
training dataset (4,347 samples) when using a threshold of Q1, median, and Q3 was found to be 52.9%, 53.6%,
and 53.5%, respectively. Furthermore, on the independent validation dataset (679 samples), the balanced accuracy
when using a threshold of Q1, median, and Q3 was found to be 43.0%, 47.0%, and 48.5%, respectively. All results

are described in Supplementary Table 7.
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