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Introduction
Recent surveys estimate that 32 million children and adults in the
United States suffer from food allergies (1, 2). This represents a
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BACKGROUND. There has been a striking generational increase in the prevalence of food allergies. We have proposed that this
increase can be explained, in part, by alterations in the commensal microbiome.

METHODS. To identify bacterial signatures and metabolic pathways that may influence the expression of this disease, we
collected fecal samples from a unique, well-controlled cohort of twins concordant or discordant for food allergy. Samples
were analyzed by integrating 16S rRNA gene amplicon sequencing and liquid chromatography-tandem mass spectrometry

RESULTS. A bacterial signature of 64 operational taxonomic units (OTUs) distinguished healthy from allergic twins; the

OTUs enriched in the healthy twins were largely taxa from the Clostridia class. We detected significant enrichment in distinct
metabolite pathways in each group. The enrichment of diacylglycerol in healthy twins is of particular interest for its potential
as a readily measurable fecal biomarker of health. In addition, an integrated microbial-metabolomic analysis identified a
significant association between healthy twins and Phascolarctobacterium faecium and Ruminococcus bromii, suggesting new
possibilities for the development of live microbiome-modulating biotherapeutics.

CONCLUSION. Twin pairs exhibited significant differences in their fecal microbiomes and metabolomes through adulthood,
suggesting that the gut microbiota may play a protective role in patients with food allergies beyond the infant stage.

TRIAL REGISTRATION. Participants in this study were recruited as part of an observational study (ClinicalTrials.gov
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marked increase in allergic responses to food in industrialized
societies worldwide (3), which parallels increases in other non-
communicable diseases (NCDs), including obesity, diabetes,
asthma, autism, and inflammatory bowel disease. These NCDs
share an association with dysbiosis of the commensal microbi-
ome, particularly in the gut (4). Microbes colonize the skin and all
mucosal surfaces and have profound influences on basic aspects
of physiology and health. Emerging evidence suggests that
increased antibiotic use, low-fiber/high-fat diets, reduced expo-
sure to infectious disease, caesarean delivery, and formula feed-
ing have collectively depleted bacterial populations beneficial to
health (4). Early childhood is a particular period of vulnerability
for the maturation of the microbiota and the developing immune
system, which are intimately intertwined (5, 6). The intestinal
microbiome of children with food allergies may differ in import-
ant ways from genetically similar nonallergic children and age-
matched controls. The aim of this study was to characterize fecal
microbiomes to identify taxa that may influence the expression of
food allergy in children and adults.
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Participants screened (2014-2018) food requires the induction of both a food allergen-
(n=339, 168 twin pairs and 1 triplets) specific immunoregulatory response and a com-
1 @ mensal bacteria-induced intestinal barrier-pro-
Assessed for eligibility a tective response, which regulates epithelial
+ The availability of fecal samples g permeability to food allergens (17). Thus, micro-
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16S amplicon Metabolic profiling examined fecal samples from a unique cohort of
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twins a significant enrichment in particular metab-

Figure 1. Flow diagram of study design and participating patients.

An association between gut microbial community changes
and childhood food allergies has been reported in some epidemi-
ological studies (7-9). The Canadian Healthy Infant Longitudinal
Development study showed alterations in the gut microbial com-
munity of food-sensitized infants; in that study, Enterobacteriace-
ae were overrepresented in a less diverse microbial community in
infants at 3 months of age, whereas Bacteroidaceae were under-
represented at 1 year (9). A Chinese infant cohort study showed
that infants with food allergies had a higher abundance of Firmic-
utes and a lower abundance of Bacteroidetes at 6 months, but no
significant difference in the total microbial diversity was found (8).

Oral immunotherapy (OIT) and epicutaneous immunothera-
py, allergen-specific desensitization protocols performed by intro-
ducing small but gradually increasing doses of allergen, have been
shown to safely and effectively desensitize patients with food
allergies to their allergens (10-12). However, OIT requires a pro-
longed period of updosing (usually years), during which gastroin-
testinal symptoms are common and might contribute to the high
withdrawal rate observed in clinical trials (13, 14). Although OIT
can achieve short-term desensitization, this desensitization is not
sustained without daily maintenance dosing, and long-term toler-
ance is not induced in the majority of the cases (11). Live micro-
biome-modulating biotherapeutics are already showing prom-
ise in clinical trials for a variety of diseases (15, 16). Preclinical
data suggest that microbiome-modulating therapeutics have the
potential for improving both the efficacy and safety of OIT. Our
mouse model work shows that preventing an allergic response to

olite pathways not seen in their allergic counter-
parts, particularly diacylglycerol (DAG), an essen-
tial lipid second messenger, involved in numerous
cell signaling cascades supporting biosynthesis of
glycerolipids and regulating protein kinase C (19).
We also identified 2 bacterial species more abundant in healthy
twins that correlate with differentially abundant metabolites and
are potential targets for future translational and clinical studies:
Phascolarctobacterium faecium, an acetate/propionate-producing
obligate anaerobe (20, 21) associated with increased DAG and
biotin metabolism, and Ruminococcus bromii, a keystone resistant
starch-degrading strict anaerobe (22, 23) associated with fatty
acid, sterol, and amino acid metabolism.

Results

Healthy and allergic twins exhibit distinct fecal microbial profiles.
The composition of the fecal microbiota has been reported to dif-
fer in young children with food allergies compared with healthy
children (whether siblings or unrelated) (24). We therefore exam-
ined both the microbial signatures and metabolomic profiles in
the fecal samples from a unique collection of twin pairs that were
raised in the same household, in which they equally avoided the
foods to which the affected twin was found to be allergic and were
either concordant or discordant for food allergy (Figure 1). Base-
line demographic and clinical characteristics of the twin cohort
are shown in Table 1, and a food diary prepared at the time of
sample collection is shown in Supplemental Table 1 (supplemental
material available online with this article; https://doi.org/10.1172/
JCI141935DS1). Interestingly, the concordant twins did not nec-
essarily share the same food allergy (Table 1). The average age
of participants at sample collection was 39.4 * 4.1 years (mean *
SEM). All of the twins lived independently after the age of 19 years.

J Clin Invest. 2021;131(2):e141935 https://doi.org/10.1172/)CI141935
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There were no significant differences in the baseline demographic
and clinical characteristics between the healthy and food-allergic
twin pairs (Table 1).

We first performed 16S rRNA gene amplicon sequencing on
fecal samples from 13 healthy and 23 food-allergic individuals
consisting of 18 twin pairs. After excluding 1 sample with low
sequencing depth and the corresponding twin pair, we included
34 samples for analysis, including 24 samples from 12 discordant
twin pairs (1 allergic, 1 healthy) and 10 samples from 5 concordant
twin pairs (both allergic). An overview of the analytical workflow is
shown in Supplemental Figure 1. The composition of commensal
microbiota is shown in Figure 2A, with quantitative measures pro-
vided in Supplemental Table 2. While there was sample-to-sample
variation, the presence of major families, such as Bacteroidaceae,
Lachnospiraceae, and Ruminococcaceae, was consistent with that
reported in previous studies on fecal samples (25). For each twin
pair, we compared the relative abundance of operational taxo-
nomic units (OTUs), which represent groups of microbes between
closely related individuals. We calculated within-pair, sibling-wise
OTU correlation between the 2 siblings from each twin pair. The
within-pair OTU correlation did not differ significantly between
discordant and concordant twin pairs or between dizygotic and
monozygotic twin pairs (Figure 2, B and C). Across all samples or
within discordant twin pairs only, no significant differences were
detected in the a diversity (Shannon diversity, Figure 2, D and E).
B Diversity (weighted UniFrac distance) metrics also did not differ
between allergic and healthy groups (Supplemental Figure 2).

We next compared the microbial composition between aller-
gic and healthy twin pairs and identified 64 OTUs differentially
abundant between the 2 groups, with 62 OTUs higher in healthy
twins (hereafter referred to as “healthy-abundant” OTUs), and 2
OTUs higher in allergic twins (hereafter referred to as “allergic-
abundant” OTUs); this is shown in Figure 3, in the binary presence/
absence heatmap in Supplemental Figure 3, and in Supplemental
Tables 3 and 4. To better illustrate the within-pair OTU abundance
differences, we show in Figure 4A that these 62 healthy-abundant
OTUs were more abundant in the healthy twins compared with
theirallergic siblings, and the 2 allergic-abundant OTUs were more
abundant in the allergic twins than their healthy siblings. Families
in the Clostridia class constituted 84% of the healthy-abundant
OTUs; these were annotated as Lachnospiraceae (n = 21), Rumi-
nococcaceae (n = 28), or unclassified Clostridiales (n = 4) (Figure
4A, highlighted in pink). To develop an aggregated microbiome
signature, we calculated a microbiota abundance score, taking
into consideration the relative abundance of the 64 differentially
abundant OTUs and their change in direction between groups (see
Methods). The OTU abundance score was significantly higher in
healthy relative to allergic twins across all samples (P < 0.00001)
(Figure 4B) or within discordant twins only (P = 0.00049) (Sup-
plemental Figure 4), as expected, because the score was calculat-
ed from preselected OTUs. Variance exists in the relative abun-
dance scores for the discordant twin pairs (Supplemental Figure
4) because the majority of the differentially abundant OTUs are
present in the healthy twins and absent in the allergic twins. If sta-
tistical comparisons are restricted to monozygotic twins only (14
pairs, 28 samples), the test statistics for the 62 healthy-abundant
OTUs and the 2 allergic-abundant OTUs correlated with those of

The Journal of Clinical Investigation

all twins (17 pairs, 34 samples) (Supplemental Figure 5 and Sup-
plemental Table 4), and the OTU abundance scores remained sig-
nificantly different between the healthy and allergic twin groups
(Supplemental Figure 6).

Healthy and allergic twins exhibit differential enrichment in
fecal metabolic pathways. Bacteria produce many metabolites that
modulate the immune system and profoundly influence human
health (26). Limited data exist on unbiased systematic profiling
of fecal metabolites in patients with and without food allergy.
We performed liquid chromatography-tandem mass spectrome-
try (LC-MS/MS) to measure the abundance of compounds in the
same set of fecal samples from the twin cohort (Supplemental
Figure 7). We identified 97 metabolites differentially abundant
between the healthy and allergic twins, with 33 more abundant in
healthy twins, and 64 more abundant in allergic twins (Figure 5
and Supplemental Tables 5 and 6). If statistical comparisons are
restricted to monozygotic twins only (14 pairs, 28 samples), the
test statistics for the 33 healthy-abundant metabolites and the 64
allergic-abundant metabolites correlated with those of all samples
(18 pairs, 36 samples) (Supplemental Figure 8 and Supplemental
Table 6). Among these 97 metabolites, 32 (16 higher in healthy, 16
higher in allergic) also reached a significance level of 0.10 within
discordant twin pairs only (Supplemental Figure 9).

After annotating the 97 metabolites into superpathways and
subpathways, healthy twins showed distinct enrichment at the
pathway level compared with allergic twins (Figure 6A and Sup-
plemental Table 7). Specifically, as shown in Figure 6A, among
other pathways, the DAG subpathway was significantly enriched
in the 33 metabolites more abundant in healthy twins (FDR-
adjusted P < 0.00001), and the food component/plant subpath-
way was significantly enriched in the 64 metabolites more abun-
dant in allergic twins (FDR-adjusted P = 0.0074). One of the DAG
metabolites, linoleoyl-linolenoyl-glycerol (18:2/18:3) [1]*(Comp
ID: 54963), was significantly higher (P = 0.0036) in healthy twins
compared with allergic twins in discordant pairs (Supplemental
Figure 10A) and was significant in the twin cohort overall (Fig-
ure 6B, P=0.019). On the other hand, secoisolariciresinol (Comp
ID: 38105) (SECO) from the food component/plant pathway was
higher in allergic twins compared with healthy twins (P = 0.0067)
(Figure 6C), with the same trend observed in discordant twin pairs
(P =0.094) (Supplemental Figure 10B).

In an attempt to interpret the source of these metabolites, we
compared our data with an internal microbial metabolite database
from Metabolon Inc. (accessed October 24, 2019). We note that
the database is under active development and does not represent
a complete collection of microbiota-derived metabolites. Among
the 992 metabolites with annotated pathways that we examined,
129 overlapped with the Metabolon database (Supplemental
Table 8). Of the 129 overlapping metabolites, 66 were marked
with discovery sites, such as colon, feces, urine, plasma, tissues,
or multiple sites; 38 (58%) of the 66 metabolites were from colon
or feces. In addition, of the 129 metabolites, 13 were among the
97 compounds differentially abundant between healthy and aller-
gic twins, including 1-methylhistamine, 3-hydroxyphenylacetate,
skatol,
creatine, creatinine, putrescine, phenylacetylglycine, taurolitho-
cholate 3-sulfate, biotin, and D-urobilin (Supplemental Table 8).

3,4-dihydroxyphenylacetate, betaine, ethylmalonate,

J Clin Invest. 2021;131(2):e141935 https://doi.org/10.1172/)CI141935
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Figure 2. Relative abundance of microbial composition of healthy and allergic twins does not differ at the family level. (A) Relative abundance of taxon-
omy at the family level. Sample IDs are shown on the x axis (n = 34). Discordant twins (12 pairs, n = 24), for which one member was healthy and the other
member was allergic; concordant twins (5 pairs, n = 10), for which both members were allergic. Of 36 total samples in the twin cohort, 1 sample (S5077)
failed sequencing and yielded O reads, hence the corresponding twin pair (no. 13) was excluded from 16S analysis. (B and C) Correlation of OTU abundance
between members from each twin pair, with the comparison between concordant and discordant twin pairs shown in B and the comparison between dizy-
gotic and monozygotic twins shown in C. Each dot denotes 1 twin pair (17 pairs shown). (D and E) Shannon o diversity index between healthy and allergic
groups, with all samples are shown in D (n = 34) and only discordant twins shown in E (n = 24). Each dot denotes 1 sample. In B-E, the bounds of the boxes
represent the 25th and 75th percentiles, the horizontal centers line indicate the medians, and the whiskers extend to data points within a maximum of 1.5
times the IQR. Two-tailed Wilcoxon’s rank-sum test was used in B-D, and two-tailed Wilcoxon's signed-rank test was used in E.
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343313|Ruminococcaceae
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Figure 3. Healthy twins exhibit a fecal microbial profile distinct from allergic siblings. Relative abundance heatmap of the 64 OTUs identified to be
differentially abundant between healthy (n = 12) and allergic (n = 22) twins. Of these 64 0TUs, 62 were more abundant in the healthy group (healthy-
abundant OTUs), and 2 were more abundant in the allergic group (allergic-abundant OTU). OTU IDs are shown on the row in the format of “OTU_ID|Fami-
ly," and those annotated with the Clostridia class (Lachnospiraceae, Ruminococcaceae, unclassified Clostridiales) are highlighted in pink. Sample 1Ds are
shown on the column, with annotation bars above the heatmap indicating concordant/discordant twin members, sex, and zygosity. A binary presence/
absence heatmap of the 64 0TUs is shown in Supplemental Figure 3. Of 36 samples total in the twin cohort, 1 sample (S5077) failed sequencing and
yielded 0 reads; therefore, the corresponding twin pair (no. 13) was excluded from 165 analysis. DS-FDR was used on all samples (P < 0.05) and 2-tailed
Wilcoxon's signed-rank test was used on discordant twin pairs (P < 0.10), respectively. Unadjusted P value thresholds were used to filter for OTUs of inter-
est. After BH-FDR correction, no OTUs passed the FDR cutoff of 0.10 threshold, potentially due to small sample size.

metabolites in the healthy and allergic twins, we next correlated
these 2 data sets to identify any bacterial species or metabolites

Additionally, we profiled 8 short-chain fatty acids (SCFAs) using
GC-MS technology: 2-methylbutyric acid, acetic acid, butyric

;

acid, hexanoic acid, isobutyric acid, isovaleric acid, propionic
acid, and valeric acid. We then compared the abundance of these
SCFAs between allergic and healthy twins. Within the 13 discor-
dant twin pairs, no SCFA reached P < 0.10, potentially due to the
single point-in-time analysis (Supplemental Table 9).

Identifying microbes and metabolites associated with health.
After demonstrating the differential abundance of both OTUs and

that may be mechanistically related to health in our cohort. Over-
all, the OTUs differentially abundant between healthy and allergic
twin groups were correlated with different sets of metabolites and
pathways. We correlated the abundance of 64 differentially abun-
dant OTUs with the 97 metabolites (Supplemental Figure 11 and
Supplemental Table 10) and identified 21 healthy-abundant OTUs
and 1 allergic-abundant OTU with consistent correlation across
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Figure 4. Healthy and allergic twins exhibit within-twin pair differences in microbial composition.
(A) Bubble plot showing the per-twin pair abundance differences of the 64 OTUs shown in Figure 3
between the healthy and allergic groups. The size of each circle corresponds to the relative abundance
of an OTU. Samples were arranged as discordant twins (12 pairs, n = 24), where one member is healthy
and the other member is allergic; concordant twins (5 pairs, n = 10), where both members are allergic.
(B) The aggregated OTU abundance score was significantly higher in healthy (n = 12) relative to allergic
twins (n = 22). The score was calculated using the 64 differentially abundant OTUs from A. The score for
discordant twin pairs only is shown in Supplemental Figure 4. Each dot denotes 1 sample. The bounds
of the boxes represent the 25th and 75th percentiles, the horizontal center lines indicate the medians,
and the whiskers extend to data points within a maximum of 1.5 times the IQR. In A, DS-FDR was used
on all samples (P < 0.05) and 2-tailed Wilcoxon's signed-rank test was used on discordant twin pairs
(P < 0.10), respectively. Unadjusted P value thresholds were used to filter for OTUs of interest. After
BH-FDR correction, no OTUs passed the FDR cutoff of 0.10 threshold, potentially due to small sample
size. In B, 2-tailed Wilcoxon's rank-sum test was used on all samples.
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Sex 'HEl W l- Il N EER W [ Female B Male
Zygosity "l W | EE B ] B Dizygotic [ Monozygotic
| ] | | 54952|linolenoyl-linolenoyl-glycerol (18:3/18:3) [2]*|Lipid|Diacylglycerol
| | 54964 |linoleoyl-linolenoyl-glycerol (18:2/18:3) [2]*|Lipid|Diacylglycerol
54965|palmitoyl-linolenoyl-glycerol (16:0/18:3) [2]*|Lipid|Diacylglycerol
54963|linoleoyl-linolenoyl-glycerol (18:2/18:3) [1]*|Lipid|Diacylglycerol
I I I [ ] 41515|tyrosol|Amino acid|Tyrosine metabolism
54951|linolenoyl-linolenoyl-glycerol (18:3/18:3) [1]*|Lipid|Diacylglycerol
|| | | | | 20703|2,3-dimethylsuccinate|Amino acid|Leucine, Isoleucine and Valine metabolism
| B | | | | [ ] ] 2734|gamma-glutamyltyrosine|Peptide| Gamma-glutamyl amino acid
54723|3-carboxyadipate|Lipid|Fatty acid, Dicarboxylate
54947 |stearoyl-linoleoyl-glycerol (18:0/18:2) [2]*|Lipid|Diacylglycerol
| ] 57637|carotene diol (3)|Cofactors and Vitamins|Vitamin A metabolism
| | 568|biotin|Cofactors and Vitamins|Biotin metabolism
[ 33997|campesterol|Lipid|Sterol
52634 |palmitoyl-linoleoyl-glycerol (16:0/18:2) [2]*|Lipid|Diacylglycerol
52633|palmitoyl-linoleoyl-glycerol (16:0/18:2) [1]*|Lipid|Diacylglycerol
W 57534|behenoyl ethanolamide (22:0)*|Lipid|Endocannabinoid
63671|3-hydroxymargarate|Lipid|Fatty acid, Monohydroxy
| B | 33953|N-acetylarginine| Amino acid|Urea cycle; Arginine and Proline metabolism
52473|gamma-tocopherol/beta-tocopherol|Cofactors and Vitamins|Tocopherol metabolism
63060|stigmastadienone|Lipid|Sterol
38175tribuloside|Xenobiotics|Food Component/Plant
54969linoleoyl-linoleoyl-glycerol (18:2/18:2) [2]*|Lipid|Diacylglycerol
[ ] 1413|3-hydroxyphenylacetate| Amino acid|Phenylalanine metabolism
| | I 33418|delta-tocopherol|Cofactors and Vitamins|Tocopherol metabolism
] | | 57532|arachidoyl ethanolamide (20:0)*|Lipid|Endocannabinoid
| | | | 2150|pyridoxamine|Cofactors and Vitamins|Vitamin B6 metabolism
15765|ethylmalonate|Amino acid|Leucine, Isoleucine and Valine metabolism
34393|1-linolenoylglycerol (18:3)|Lipid|[Monoacylglycerol
57651|hexadecatrienoate (16:3n3)|Lipid|Long Chain Polyunsaturated Fatty acid (n3 and n6)
42989|N-methyltaurine| Amino acid|Methionine, Cystelne SAM and Taurine metabolism
62104|gamma—gli Icitrulline*|Peptide| | amino acid
40084|D-urobilin|Cofactors and V|tam|ns|HemogIobln and Porphyrin metabolism
39577|N-methyl-GABA|Amino acid|Glutamate metabolism
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Group —
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Sex HEl W W [ Female W Male
Zygosity Il W [ ] B Dizygotc [0 Monozygotic
38109|2—-aminophenol|Amino acid|Tryptophan metabolism
62947|N,N,N-trimethyl-alanylproline betaine (TMAP)|Amino acid|Urea cycle; Arginine and Proline metabolism
53223|palmitoleoylcarnitine (C16:1)*|Lipid| Fatty acid metabolism (Acyl Carnitine, Monounsaturated)
27722|erythrose|Xenobiotics|Food component/plant
383999,10-DiHOME|Lipid|Fatty acid, dihydroxy
[ ] 18497 taurocholate|Llpllenmary bile acid metabolism
| ] 15650|1-methyladenosine|Nucleotide|Purine metabolism, Adenine containing
| | 33968|5-dodecenoate (12:1n7)|Lipid|Medium chain fatty acid
429752,8-quinolinediol|Xenobiotics|Food component/plant
37465|cytidine 2',3'-cyclic monopt |Pyrimidine I Cytidine containing
48691|2,8—quinolinediol sulfatelXenoblotlcleood component/plant
| | 52438|1-stearoyl-2-oleoyl-GPC (18:0/18:1)|Lipid|Phosphatidylcholine (PC)
64049|2-methoxyhydroquinone sulfate (1)|Xenobiotics|Benzoate metabolism
52273|beta-carotene|Cofactors and Vitamins|Vitamin A metabolism
40474|chrysoer|ol|Xenoblotlcs|Food component/plant
[ | 3155|3-ureidopropionate|Nucl; Pyrimidine I Uracil containing
| | | | 33021|skatol|Amino acid|Tryptophan metabolism
62951|2,4-dihydroxybutyrate|Lipid|Fatty acid, dihydroxy
| | 12142|phenethylamine|Amino acid|Phenylalanine metabolism
32807|taurocholenate sulfate |Lipid|Secondary bile acid metabolism
| | 15443|glucuronate|Carbohy |Aminosugar
33945 phenylacetylglycmelPeptldelAcetylated peptides
53254|caffeic acid sulfate| X t/plant
37137|uridine-2',3'-cyclic monophosphatelNucleotudelenmldlne metabolism, Uracil containing
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I 41397|(15:2)-anacardic acid|Xer Wplant
43831|1-methylhistamine|Amino a<;|d|H|snd|ne metabolism
37139|guanosine-2',3'-cyclic monophosphate|Nucleotide|Purine metabolism, Guanine containing
[ | | 46146|4-methylcatechol sulfate|Xenobiotics|Benzoate metabolism
54925|sc nin 11| Xenobioti ood Wplant
| 57577|isoL 10late|Lipi dary bile amd metabolism
| [ ] 48428| pyrralme|>(enob|ot|cs|Food component/plant
62296|sulfate of piperine metabolite C16H19NO3 (3)*|Xenobiotics|Food component/plant
63990|2-O-methylascorbic acid|Cofactors and Vitamins|Ascorbate and Aldarate metabolism
| W | 40091|secoisolariciresinol diglucoside|Xer |Food Wplant
[ ] 39732|N-oleoyltaurine|Lipid|Endocannabinoid
35320|catechol sulfate|
55014|succinylglutamine|Amino acid|Glutamate metabolism
63224|hexanoyltaurine|Lipid|Endocannabinoid
| | 2125|taurine| Amino acid|Methionine, Cysteine, SAM and Taurine metabolism
63264|pentose acid*|Partially characterized molecules|Partially characterized molecules
[ ] 48351|N1-methylinosine|Nucleotide|Purine metabolism, (Hypo)Xanthine/Inosine containing
48580|2-acetamidophenol sulfate|Xenobiotics|Drug - Analgesics, Anesthetics
37188|5alpha—androstan-3beta,17alpha-diol monosulfate (1)|Lipid|Androgenic steroids
54910|vanillactate|Amino aC|d|Tyrosme metabolism
36850|taurolithocholate y bile acid
54738|alpha-| hydroxymetoprolol|Xenob|ot|cs|Drug Cardiovascular
15130 d component/plant
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Figure 5. Healthy and allergic twins exhibit differential enrichment in
fecal metabolic pathways. (A) Of 36 samples, 33 metabolites were more
abundant in the healthy (n = 13) group relative to the allergic (n = 23)
group. Metabolites are shown on the row in the format of “COMP_ID|Bio-
chemical_Name|Super_Pathway|Sub_Pathway.” Sample IDs are shown on
the column, with annotation bars above the heatmap indicating concor-
dant/discordant twin members, sex, and zygosity. (B) Of 36 samples, 64
metabolites were more abundant in the allergic group (n = 23) relative to
the healthy (n = 13) group. Same annotations as in A. In A and B, 2-tailed
Welch's 2-sample t test was used on all samples (P < 0.10) and unadjusted
P value thresholds were used to filter for individual metabolites of inter-
est. After FDR correction, no individual metabolites passed the FDR cutoff
of 0.10 threshold, potentially due to small sample sizes.

metabolites at the per-sample level (Figure 7 and Supplemental
Table 11). We divided the metabolites into 5 categories based on
their abundance correlation consistency among OTU clusters
1-3 (consisting of 21 healthy-abundant OTUs; cluster 4 only con-
tains 1 OTU from an allergic-abundant taxon and was not used for
metabolite group annotation). The 5 metabolite groups are as fol-
lows (Figure 7 and Supplemental Figure 12): group 1, positively cor-
related with the 3 OTU clusters, stronger in clusters 1 and 2 relative
to cluster 3 (n = 9); group 2, positively correlated with the 3 OTU
clusters, stronger in cluster 3 relative to clusters 1 and 2 (n = 8);
group 3, correlated with OTU clusters with mixed patterns (17 =16);
group 4, negatively correlated with the 3 OTU clusters, stronger in
cluster 1 relative to clusters 2 and 3 (n = 46); and, group 5, nega-
tively correlated with the 3 OTU clusters with similar distribution
(n = 22). These 5 metabolite groups showed distinctly different
distributions of metabolite superpathways and subpathways (Fig-
ure 8A). In particular, group 1 was dominated by metabolites from
the lipid superpathway, including DAG and monoacylglycerol
(Figure 8A), whereas amino acid metabolism, including tyrosine,
phenylalanine, arginine, proline, methionine, cysteine, S-adeno-
sylmethionine, and taurine, was enriched in group 2 (Figure 8A).
To annotate the 22 metabolite-correlated OTUs at spe-
cies-level resolution, we searched the assembled 16S sequence of
each OTU against NCBI’s Bacteria/Archaea 16S reference data-
base using BLAST (27). At a sequence identity of 99% or higher,
OTU556835wasmatched to P. faecium (accessionID NR_026111.1)
and both OTU188079 and OTU823634 were matched to R. bromii
(accession ID NR_025930.1). The other OTUs (abundant in either
healthy or allergic twins) did not have matches meeting the identi-
ty threshold. Quantitative PCR (qQPCR) validated the significantly
higher abundance of P. faecium in healthy twins compared with
allergic twins (P = 0.016) (Figure 8, B and C; Supplemental Figure
13; and Supplemental Table 12). P. faecium is an obligate anaero-
bic non-spore-forming bacterium that consumes succinate and
produces SCFAs, including acetate and propionate (20, 21). P fae-
cium was grouped in cluster 1 and was most highly correlated with
a number of DAG metabolites. P faecium was also strongly posi-
tively correlated with tocopherol and negatively correlated with
a variety of metabolites, including those from the secondary bile
acid metabolism pathway. R. bromii was also qPCR validated to be
enriched in the healthy compared with the allergic twin group (P
=0.022) (Figure 8, D and E; Supplemental Figure 14; and Supple-
mental Table 12). R. bromii is a strictly anaerobic, spore-forming
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Clostridia important for the degradation of dietary resistant starch
(22). It was associated with group 2 metabolites involved in fatty
acid, amino acid, and sterol metabolism.

Discussion

From our investigation of bacterial abundance in fecal samples
from well-characterized healthy and allergic twins, we identi-
fied a unique microbiota signature consisting of 64 OTUs (62
healthy-abundant and 2 allergic-abundant) that was significantly
different between the 2 groups using 16S rRNA gene amplicon
sequencing. In addition, we developed a microbial abundance
score that is higher in healthy twins compared with that in aller-
gic twins. The 64 OTUs showed marked enrichment of bacteria
in the Clostridia class, particularly the families Lachnospiraceae
and Ruminococcaceae, in the healthy twins. We first described
a role for mucosa-associated intestinal bacteria in the Clostrid-
ia class in protecting mice from allergic sensitization to peanuts
(17). We went on to show that the composition of the fecal micro-
biota is altered in infants with cow’s milk allergy (28). When we
colonized germ-free mice with the feces of healthy or cow’s milk
allergic (CMA) infants we discovered that mice colonized with
CMA infants’ microbiota produced an anaphylactic response to
the cow’s milk allergen B-lactoglobulin, while mice colonized
with healthy infants’ microbiota were protected against such an
allergic response (18). We developed a microbiota signature that
distinguished the CMA from healthy populations in both human
donors and colonized mice. Correlating ileal bacterial taxa with
differentially expressed genes in the ileal epithelium from healthy-
colonized mice allowed us to identify a Clostridial species, Anaer-
ostipes caccae, that mimicked the effects of the healthy microbio-
ta, thus providing proof of concept that bacteria or their products
can protect against an allergic response to food. Our results align
with findings from other groups (24, 29, 30), suggesting that fecal
microbiome signatures are different between healthy children and
children with food allergies.

In this report we have used positive correlation with distinct
metabolic pathways to identify two potentially new allergy pro-
tective bacterial species, the Clostridia R. bromii and P. faecium,
a species from a taxon not previously associated with protection
against allergy. R. bromii has been described as a keystone spe-
cies in fiber degradation (22), and its abundance in feces signifi-
cantly increases upon dietary intervention with resistant starch
(31, 32). Individuals that do not have detectable R. bromii in the
feces before beginning a resistant starch-supplemented diet con-
sume about 40% less total starch than individuals colonized with
R. bromii, demonstrating that this species alone is responsible for
much of the total starch digestion in the colon (31, 32). R. bromii
produces acetate and propanol but does not produce butyrate
(23). However, R. bromii is involved in the primary stages of resis-
tant starch digestion, which is correlated with increased butyr-
ate production downstream (33). Interestingly, in the Canadian
Healthy Infant Longitudinal Development birth cohort, deple-
tion of R. bromii early in life (3 and 12 months of age) was associ-
ated with the development of atopy and reduced genetic potential
to produce butyrate (34).

Mouse model studies from our laboratory showed that pro-
tection against allergic sensitization to food requires a bacteria-
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linoleoyl-linolenoyl-glycerol (18:2/18:3) [1]*
(Comp ID: 54963)

induced barrier protective response mediated by the cytokine IL-22
(17). Interestingly, recent work has shown that P. faecium’s ability
to protect against Clostridium difficile infection in mice depends on
IL-22-mediated glycosylation of intestinal mucus in the absence of
succinate (35). Genes involved in this glycosylation and IL22RA2
are differentially expressed in colonic tissue of patients with active
or inactive ulcerative colitis (35), which correlates well with previ-
ous data showing decreased abundance of Phascolarctobacterium
species in adults with inflammatory bowel diseases (36).

To the best of our knowledge, no data yet exist on unbiased
systematic profiling of fecal metabolites in patients with food
allergy compared with controls. Among the metabolites that were
significantly differentially abundant between healthy and aller-
gic twins, we identified those derived from microbiota, which
included but are not limited to histamine metabolites (1-methyl-
histamine), 3,4-dihydroxyphenylacetate, betaine, skatol, creatine,
creatinine, putrescine, phenylacetylglycine, and taurolithocholate
3-sulfate, all of which are higher in allergic siblings, and biotin,
3-hydroxyphenylacetate, ethylmalonate, and D-urobilin, all of
which are higher in healthy siblings.

The DAG subpathway was the most significantly different
between healthy and allergic twins (FDR-adjusted P < 0.00001)
and was enriched in the 33 metabolites more abundant in healthy
twins. In addition to P. faecium (cluster 1), metabolites in the DAG
subpathway were strongly correlated with other bacteria in OTU
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Food component/plant
Secoisolariciresinol
(Comp ID: 38105)

clusters 1 and 2, many of which are from the Clostridia family.
Several reports have shown that Clostridia can produce DAG (37)
and may make DAG more bioavailable to the host by facilitating its
conversion from dietary phospholipids (38). Whether DAG metab-
olism is reflective of a healthy microbiota and whether or how it
contributes to protection against allergy will be the subject of
future studies. However, the identification of readily measurable
metabolites that distinguish healthy and allergic twins has import-
ant implications for the development of microbiome-modulating
therapeutics because of their potential as biomarkers, particularly
in clinical trials. Laboratory-based assays measuring, in particular,
DAG may have great utility as biochemical indicators of therapeu-
tic interventions that shift the microbiota toward health.

The food component/plant pathway was most significantly
enriched in allergic twins after FDR correction (FDR-adjusted
P=0.0074), particularly the metabolite SECO. SECO is common-
ly observed as an intermediate product in the bacteria-mediated
breakdown of plant-derived lignans into enterolignans, such as
enterodiol and enterolactone, which have numerous benefits for
human health (39-41). Several bacterial species and genes are
involved in the multistep process of lignan metabolism (40, 42,
43). Of particular interest, the gene glm codes for an enzyme that
methylates SECO into dmSECO, allowing further biotransforma-
tion into enterodiol by other bacteria. Phylogenetic analysis sug-
gests that glm is expressed by a wide variety of bacteria, the major-
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OTUs from Figure 3, 4 0TUs showed a strong correlation with the 97 metabolites from Figure 5, A and B. The filtering of OTUs is illustrated in the analytical
workflow (Supplemental Figure 1). Metabolites are shown on the row in the format of “COMP_ID|Biochemical_Name|Super_Pathway|Sub_Pathway,”
and OTU IDs are shown on the column in the format of “OTU_ID|Family.” Three OTUs that match to bacteria species at >99% identity are bolded. On the

heatmap, between each OTU and each metabolite, a positive correlation is shown in red, and a negative correlation is shown in blue. 0TUs were divided

into 4 clusters based on same height on the dendrogram shown on the column using R function cut.tree. Similarly, metabolites were divided into 5 groups
based on same height on the dendrogram shown on the row. Annotation to metabolite groups 1-5 was added based on the distribution of Spearman’s
correlation coefficient p among the healthy-abundant OTU clusters 1-3 consisting of 21 0TUs (Supplemental Figure 12). Cluster 4 only contains 10TU from

allergic-abundant bacteria and, hence, was not used for metabo

lite group annotation. Spearman’s correlation was used.
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Figure 8. Two bacterial species correlated with pathways that were differentially abundant between healthy and allergic twins. (A) Distribution of
pathways in group 1and 2 metabolites from Figure 7. Top: Superpathways in each group. The fraction of metabolites from each superpathway on the y
axis was calculated by the number of metabolites that belong to this pathway divided by the total number of metabolites in a group. Bottom: Number of
metabolites that belong to each subpathway; (left) group 1, (right) group 2. SAM, S-adenosylmethionine. (B) OTU 556835 (family Acidaminococcaceae) is
significantly more abundant in the healthy group compared with the allergic group by 165 sequencing. This OTU was annotated as Phascolarctobacterium
faecium at the species level. (C) Quantitative PCR (gPCR) validates the abundance differences between healthy and allergic groups using P. faecium-
specific primers. (D) 0TU188079 (family Ruminococcaceae) is significantly more abundant in the healthy group compared with the allergic group by 165
sequencing. This OTU was annotated as Ruminococcus bromii at the species level. (E) gPCR validates the abundance differences between healthy and
allergic groups using R. bromii-specific primers. Units shown on the y axis in C and E represent 2 normalized to total 165 rRNA copies per gram of fecal
material and multiplied by a constant (1 x 10%) to bring all values above 1(see Methods). In B-E, n = 30 samples (15 twin pairs) with DNA available for gPCR
validation are shown (10 healthy, 20 allergic). Each dot denotes 1 sample. The bounds of the boxes represent the 25th and 75th percentiles, the horizontal
center lines indicate the medians, and the whiskers extend to data points within a maximum of 1.5 times the IQR. DS-FDR was used in B and D. In Cand E,

] -

qPCR data were log,; transformed, and 2-tailed Wilcoxon'’s rank-sum test was used.

ity of which are Lachnospiraceae (43). The abundance of SECO
in feces was negatively correlated with the abundance of several
OTUs in healthy individuals (many of which were Lachnospira-
ceae or Ruminococcaceae). We infer that the high abundance of
SECO in the feces of allergic twins supports our taxonomic anal-
ysis, as the buildup of this intermediate product may be a direct
effect of the lower abundance of Clostridia in these individuals.

A strength of our study is that this twin cohort allows us to
examine lasting differences between genetically similar “litter-
mate-controlled” subjects with similar lifestyle in childhood in a
way that is not often possible with human samples. We have con-

trolled for many potential demographic variables by sampling
healthy and allergic twins across a broad age range. It is known that
healthy and allergic children have differences in the abundance of
allergy-protective Clostridia (18, 24, 28-30), and here we show that
these same signatures persist into adulthood. The broad age range
in this study provides a unique context to study how these early-life
changes persist, despite years of separation and lifestyle changes
between twins/siblings. We acknowledge, however, that the small
sample size is a limitation to our report.

In summary, we performed an integrated microbial and metab-
olomic analysis of human fecal samples from allergic and healthy
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twins and identified differentially abundant bacteria and metabol-
ic compounds as well as pathways between the 2 groups. We devel-
oped a microbiota abundance score dominated by bacteria with
greater abundance in healthy twins and used positive correlation
with distinct metabolite pathways to identify P. faecium and R. bro-
mii as significantly enriched in the healthy twins. Our data demon-
strate that the gut microbiota may play a protective role in patients
with food allergies beyond the infant stage and through adulthood.
Our findings warrant further studies in larger populations to uncov-
er the mechanism(s) underlying microbiota-mediated modulation
of systemic effects in food allergy and to provide insight into new
interventions to treat and prevent food allergy.

Methods
Study design. The design of the analytical workflow is shown in Supple-
mental Figure 1, which illustrates the enrollment of the twin pairs that
were food allergic and those that were healthy. Collected fecal samples
were analyzed for microbes and metabolites as described below. Wil-
coxon’s rank-sum tests were used as statistical tests for analysis of data.

Human fecal sample collection. Participants in this study were
recruited as part of an observational study (ClinicalTrials.gov
NCTO01613885) at multiple sites (Stanford Main Hospital and Clinics,
Palo Alto, California, USA and El Camino Hospital Stanford/Lucile
Packard Children’s Hospital Stanford, Mountain View, California,
USA) from 2014 to 2018. Food-allergic participants in this study were
diagnosed with food allergy by a staged and validated food challenge
(14) performed by trained center staff. Fecal samples were collected
per a standard operating procedure developed by the NIH Microbi-
ome Project (44). Fecal samples were collected from 18 pairs of twins.
Among 18 twin pairs, 13 were discordant for food allergy (one sibling
had food allergy and the other was healthy) and 5 were concordant for
food allergy (both siblings had food allergy) (Table 1). No one was on
any medications or experienced any respiratory infections (e.g., cold,
flu, pneumonia) at the time of fecal sample collection. For food diary
records see Supplemental Table 1. All samples that passed quality con-
trol (QC) (n =34 for microbiota analysis; n = 36 for metabolite analysis)
were used for statistical comparisons.

16S rRNA-targeted library preparation and sequencing. Bacteri-
al DNA was extracted from fecal samples of the twin cohort using
the Power Soil DNA Isolation Kit (MoBio). 16S rRNA-targeted gene
amplicon library preparation and sequencing were performed at
the Environmental Sample Preparation and Sequencing Facility
at Argonne National Laboratory (DuPage, Illinois, USA). The V4
region of the 16S rRNA gene was amplified by PCR with region-spe-
cific primers 515F (Parada) to 806R (Apprill) (45, 46) that include
sequencer adapter sequences used in the Illumina flowcell. 151 bp
paired-end reads with 12 bp barcodes were generated following pre-
viously described protocols (47) on an Illumina MiSeq instrument.
On average, each sample yielded 183,952 + 7011 (mean * SEM; rang-
ing from 94,917 to 268,423) read pairs. One sample (S5077, allergic
sibling of a twin pair) failed sequencing and yielded O reads and the
corresponding twin pair (no. 13) was therefore excluded from 16S
data analysis. A total of 34 samples (from 22 allergic and 12 healthy
twins) were kept for further analysis, including 12 discordant twin
pairs (n = 24), 5 concordant twin pairs (n = 10).

16S rRNA microbial quantification and normalization. The microbi-
al 16S rRNA-targeted gene amplicon sequencing data were processed
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by Quantitative Insights into Microbial Ecology (version 1.9) (48) using
a procedure similar to one we have previously described (18). In brief,
low-quality bases were trimmed at 5’ end of raw paired-end reads and
3’ overlapping mates were merged by SeqPrep (v1.2) (https://github.
com/jstjohn/SeqPrep; master branch, commit ID bda7a3d). The open
reference OTU picking protocol was used at 97% sequence identity
against the Greengenes database (08/2013 release) (49). Reads were
aligned to reference sequences using PyNAST (50), and taxonomy
was assigned using uclust consensus taxonomy assigner (51). Chi-
meric sequences were identified and removed using ChimeraSlayer
(v20110519) (52). Sequences with “Unassigned” taxa at the kingdom
level were also removed. Data were then rarefied to an even depth of
92,670 sequences across all samples (n = 34, the twin cohort). o Diver-
sity (Shannon index) was compared between the allergic and healthy
groups using Wilcoxon’s rank-sum test (unpaired, nonparametric) for
all samples or Wilcoxon’s signed-rank test (paired, nonparametric)
within the discordant twin pairs only. B Diversity metrics were calcu-
lated and compared between the 2 groups using permutational mul-
tivariate analysis of variance (PERMANOVA) with weighted UniFrac
distance in R package vegan (v2.4.5) (53).

Differentially abundant microbial taxa identification. Bacterial taxa
differentially abundant between allergic and healthy groups of the twin
cohort were identified using the following approach. First, OTUs pres-
ent in fewer than 4 samples were removed. Second, for all samples (n =
34), relative abundance of OTUs was compared between the 2 groups
using discrete FDR (DS-FDR) (54) method (hereafter referred to as test
no. 1) with parameters “transform_type = normdata, method = mean-
diff, alpha = 0.10, numperm = 1000, fdr method = dsfdr” (accessed
10102018) (https://github.com/biocore/dsFDR; master branch, com-
mit ID 51521d7). The DS-FDR algorithm computes test statistics, raw P
values, and estimates FDR from a permutation test (default 1000 per-
mutations). Of 5590 OTUs total, 180 reached P < 0.05; none reached
FDR cutoff of 0.10 potentially due to sample size. Within the discor-
dant twin pairs (n = 24, from 12 pairs), for which one sibling is allergic
and the other is healthy, the relative abundance of OTUs was compared
between groups using Wilcoxon’s signed-rank test (paired, nonpara-
metric) (hereafter referred to as test no. 2). Of 5590 OTUs total, 259
reached a significance level of P < 0.10. A more lenient P value cut-
off (0.10) was used here considering that nonparametric rank-based
method has less power than the DS-FDR method (54). After Benjami-
ni-Hochberg FDR (BH-FDR) correction (55) for multiple testing, no
OTUs passed the FDR cutoff of 0.10, potentially due to small sample
sizes. Between 180 OTUs returned by test no. 1 and 259 OTUs returned
by test no. 2, 64 OTUs overlapped and showed consistent direction of
change in abundance (more abundant in healthy or allergic) in both
tests and were kept for further analysis (Supplemental Table 4).

OTU abundance score calculation. Of 64 OTUs differential-
ly abundant between allergic and healthy twin members, 62 were
healthy-abundant OTUs and 2 were allergic-abundant OTUs (Supple-
mental Table 4, Figure 3, and Figure 4A). The limited number of aller-
gic-abundant OTUs did not warrant the calculation of an OTU ratio
as we had previously (18), defined as the total number of potentially
healthy-abundant OTUs divided by the total number of potential-
ly allergic-abundant OTUs per sample. We were able to compute an
OTU abundance score as an aggregated signature taking into consid-
eration the relative abundance of 64 OTUs shown in Figure 4B. First,
the rarefied absolute count matrix of OTUs was added by offset 1.0
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and log, -transformed to bring data close to Gaussian distribution, and
then data were scaled by dividing the value by their root mean square
across samples. The abundance of allergic-abundant OTUs was mul-
tiplied by -1. Second, the sum of the transformed abundance of the 64
OTUs was calculated to generate the aggregate score.

qPCR. The presence of P. faecium and R. bromii in fecal samples
was confirmed using qPCR with species-specific primers for the 16S
gene. Bacterial DNA was extracted using the Power Soil DNA Isola-
tion Kit (MoBio), and qPCR was performed with PowerUp SYBR green
master mix (Applied Biosystems) using 4 pL of each primer at 10 pM
working dilution and 2 pL of bacterial DNA. Primers are listed in Sup-
plemental Table 13. For normalization purposes, widely recognized
primers 8F (56) and 338R (57) were used to quantify total bacterial
abundance. For P. faecium, we used primers from a previously pub-
lished study (21) and reannotated the taxonomy of the corresponding
OTUS556835 as family Acidaminococcaceae, genus Phascolarctobacte-
rium. For R. bromii, we used primers from ref. 32. The cycling condi-
tions for P. faecium-specific qPCR consisted of an activation cycle of
95°C for 2 minutes; followed by 40 cycles at 95°C for 15 seconds, 58°C
for 30 seconds, and 72°C for 60 seconds; and a final extension period
at 72°C for 5 minutes (21). The cycling conditions for R. bromii-specific
qPCR consisted of an activation cycle of 95°C for 5 minutes; followed
by 40 cycles at 95°C for 30 seconds, 52°C for 30 seconds, and 72°C
for 2 minutes; and a final extension period at 72°C for 8 minutes (32).
The fluorescent probe was detected in the last step of this cycle. A melt
curve was performed at the end of the PCR to confirm the specificity
of the PCR product. Relative abundance is expressed as 2" normal-
ized to total 16S rRNA copies per gram of fecal material and multiplied
by a constant (1 x 10%) to bring all values above 1 and log, , transformed
before statistical analysis.

Metabolic profiling sample preparation. The metabolic profiling of
human fecal samples was performed by Metabolon Inc. All samples
were maintained at -80°C until processed. Samples were prepared
using the automated MicroLab STAR system from Hamilton Company.
Recovery standards were added prior to the first step in the extraction
process for QC purposes. To remove protein, to dissociate small mol-
ecules bound to protein or trapped in the precipitated protein matrix,
and to recover chemically diverse metabolites proteins were precipi-
tated with methanol under vigorous shaking for 2 minutes (Glen Mills
GenoGrinder 2000) followed by centrifugation. The resulting extract
was divided into 5 fractions: 2 for analysis by 2 separate reverse phase/
ultrahigh-performance liquid chromatography-tandem mass spec-
troscopy (RP/UPLC-MS/MS) methods with positive ion mode electro-
spray ionization (ESI), 1 for analysis by RP/UPLC-MS/MS with neg-
ative ion mode ESI, and 1 for analysis by HILIC/UPLC-MS/MS with
negative ion mode ESI; 1 sample reserved for backup. Samples were
placed briefly on a TurboVap (Zymark) to remove the organic solvent.
The sample extracts were stored overnight under nitrogen before
preparation for analysis.

Metabolic profiling sample QA/QC. Three types of controls were
analyzed together with the experimental samples: (a) a pooled matrix
sample generated by taking a small volume of each experimental
sample as a technical replicate throughout the data set, (b) extracted
water samples as process blanks, and (c) a cocktail of QC standards
carefully chosen not to interfere with the measurement of endogenous
compounds was spiked into every analyzed sample, allowing for mon-
itoring of instrument performance and facilitating chromatographic
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alignment. Instrument variability was determined by calculating the
median relative standard deviation (RSD) for the standards that were
added to each sample prior to injection into the mass spectrometers
(3% median RSD in this study). Overall process variability was deter-
mined by calculating the median RSD for all endogenous metabolites
(i-e., noninstrument standards) present in 100% of the pooled matrix
samples (7% median RSD in this study). All 36 fecal samples passed
QC and were included in the metabolic data analysis.

UPLC-MS/MS. All methods utilized a Waters ACQUITY UPLC and
a Thermo Scientific Q-Exactive high-resolution/accurate mass spec-
trometer interfaced with a heated electrospray ionization (HESI-II)
source and Orbitrap mass analyzer operated at 35,000 mass resolu-
tion. The sample extract was dried and reconstituted in solvents com-
patible with each of the 4 methods. Each reconstitution solvent con-
tained a series of standards at fixed concentrations to ensure injection
and chromatographic consistency. One aliquot was analyzed using
acidic positive ion conditions, chromatographically optimized for more
hydrophilic compounds. In this method, the extract was gradient elut-
ed from a C18 column (Waters UPLC BEH C18-2.1 x 100 mm, 1.7 um)
using water and methanol, containing 0.05% perfluoropentanoic acid
(PFPA) and 0.1% formic acid (FA). Another aliquot was also analyzed
using acidic positive ion conditions; however, it was chromatographi-
cally optimized for more hydrophobic compounds. In this method, the
extract was gradient eluted from the same previously mentioned C18
column using methanol, acetonitrile, water, 0.05% PFPA, and 0.01%
FA and was operated at an overall higher organic content. Another ali-
quot was analyzed using basic negative ion optimized conditions using
a separate dedicated C18 column. The basic extracts were gradient
eluted from the column using methanol and water, however, with 6.5
mM ammonium bicarbonate at pH 8. The fourth aliquot was analyzed
via negative ionization following elution from a HILIC column (Waters
UPLC BEH Amide 2.1 x 150 mm, 1.7 um) using a gradient consisting
of water and acetonitrile with 10 mM ammonium formate at pH 10.8.
The MS analysis alternated between MS and data-dependent MSn
scans using dynamic exclusion. The scan range varied slightly between
methods but covered 70-1000 m/z.

Compound identification and curation. UPLC-MS/MS raw data
were extracted, peak-identified, and QC-processed by Metabolon Inc.
Compounds were identified by comparing them to internal library
entries of purified standards or recurrent unknown entities. The library
was based on authenticated standards that contain the retention time/
index (RI), mass-to-charge ratio (m/z), and chromatographic data
(including MS/MS spectral data) on all molecules present in the library.
Furthermore, biochemical identifications were based on 3 criteria: (a)
retention index within a narrow RI window of the proposed identifica-
tion, (b) accurate mass match to the library + 10 ppm, and (c) the MS/
MS forward and reverse scores between the experimental data and
authentic standards. The MS/MS scores were based on comparing the
ions in the experimental spectrum to the ions in the library spectrum.
While there may be similarities among these molecules based on one
of these factors, the use of all 3 data points can be used to distinguish
and differentiate biochemicals. More than 3300 commercially avail-
able purified standard compounds were acquired and registered for
analysis on all platforms to determine their analytical characteristics.
Additional mass spectral entries were created for structurally unnamed
biochemicals, which were identified by virtue of their recurrent nature
(both chromatographic and mass spectral). Entries were further pro-
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cessed by manual curation to ensure accurate and consistent identifica-
tion of true chemical entities and to remove those representing system
artifacts, misassignments, and background noise.

Metabolite quantification and normalization. UPLC-MS/MS peaks
were quantified by the area under the ROC curve. Data were normal-
ized to correct for variations resulting from instrument interday tuning
differences using the median-centered method. In this method, each
compound was corrected in run-day blocks by registering the medi-
an as 1.00 and normalizing each data point proportionately, hereafter
referred to as block correction, and further normalized to account for
differences in metabolite levels due to differences in the quantities of
material in each sample.

Differentially abundant metabolite identification. Metabolites dif-
ferentially abundant across all samples from the allergic and healthy
twin groups (1 = 36) were identified using Welch’s 2-sample ¢ test after
log,, transformation. A total of 1308 metabolites were quantified. After
removing metabolites without pathway annotation, 992 metabolites
were kept for statistical comparisons. Among those, in comparing aller-
gic with healthy groups, 97 metabolites reached a significance level of
P < 0.10 and were kept for further analysis. After BH-FDR correction
for multiple testing, none of the metabolites passed the FDR cutoff of
0.10, potentially due to small sample size. Additionally, the abundance
of metabolites was compared between the 2 groups within discordant
twins only (n = 26, from 13 twin pairs) using paired ¢ test. A sample
(S85077) and the corresponding twin pair (no. 13) excluded from micro-
bial 16S data analysis were kept in the metabolic profiling analysis.

Correlation of bacterial taxa and metabolite abundance. Pairwise
Spearman’s rank correlation was computed among the 64 OTUs and
97 metabolites differentially abundant between allergic and healthy
twins. OTUs were further prioritized using the following approach.
First, OTUs were filtered for those that showed a correlation at P <
0.05 with at least 5 differentially abundant metabolites from the
designated group. For analysis of potentially healthy-abundant
OTUs (more abundant in the healthy group), OTUs were correlated
with metabolites from group “up in healthy” or “down in healthy”;
the potentially allergic-abundant OTUs (more abundant in allergic
group) were correlated with metabolites from group “Up in aller-
gic” or “Down in allergic.” Second, OTUs that passed step 1 were
filtered further for those that showed a relatively consistent trend
of positive correlation (Spearman’s p > 0.20) across at least 30% of
the metabolites from the designated group. For analysis of potential-
ly healthy-abundant OTUs, OTUs were correlated with metabolites
from group “up in healthy” and “down in allergic” joined; the poten-
tially allergic-abundant OTUs were correlated with metabolites from
group “up in allergic” and “down in healthy” together. Third, OTUs
that passed steps 1 and 2 were further filtered to select those at P <
0.05 from the DS-FDR method comparing allergic to healthy groups
across all samples. Of the 64 OTUs, 22 passed these correlation fil-
ters and are shown in Figure 7. After a BLAST search of assembled
16S sequences against the NCBI database (16S ribosomal RNA, Bac-
teria and Archaea) (accessed September 12, 2020) using blastn (27),
3 of 22 OTUs were matched to bacterial species at 99% or higher
sequence identity: OTU556835, matched to P. faecium (accession ID
NR_026111.1, 99.21% identity); OTU188079 and OTU823634, both
matched to R. bromii (accession ID NR_025930.1; 99.21% identity).

Data availability. The 16S rRNA-targeted sequencing raw FastQ
data files have been deposited into the NCBI Sequence Read Archive
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(SRA ID PRJNA663708) and made publicly available. Processed data
files are provided as Supplemental Tables 2-12.

Code availability. The open-source analysis software used in this
study is publicly available and referenced as appropriate. Custom
codes are available from the corresponding author upon request.

Statistics. The DS-FDR method (54) was used to identify differen-
tially abundant OTUs by comparing allergic to healthy twins. Welch’s
2-sample ¢ test was used to identify differentially abundant metabolites
comparing allergic to healthy twins. Unless stated otherwise, Wilcox-
on’s rank-sum test was used for comparing groups using all samples;
if only within discordant twins, Wilcoxon’s signed-rank test was used.
For metabolites, paired ¢ test was used to compare metabolite abun-
dance between the 2 groups within discordant twins after log, trans-
formation. We analyzed metabolic subpathway enrichment using the
hypergeometric test, requiring at least 2 metabolites annotated with
each subpathway. Following Wilcoxon’s rank-sum test or Wilcoxon’s
signed-rank test, and hypergeometric test, we used the BH-FDR meth-
od (55) for multiple-testing correction. For pairwise comparisons of
metabolite Spearman’s correlation coefficients between OTU clusters,
Tukey’s honestly significant difference test was used. Other statistical
tests used included PERMANOVA, as indicated in the figure legends.
Two-tailed Fisher’s exact test was used for contingency tables. For
comparison of healthy and allergic groups across all samples in 16S
analysis, qQPCR validation, and Spearman’s correlation between OTUs
and metabolites, a P value less than 0.05 was considered significant.
For comparison of healthy and allergic groups across all samples in
metabolite analysis, comparison of healthy and allergic groups within
discordant twin pairs in 16S or metabolite analysis, and SCFA analy-
sis, a P value less than 0.10 was considered significant. For metabolite
subpathway enrichment analysis, an FDR-adjusted P value less than
0.10 was considered significant. All tests were 2 tailed.

Study approval. All aspects of this study were approved by the eth-
ics committee of Stanford University and Stanford University Insti-
tutional Review Board (IRB-19495). Written informed consent was
obtained from the parents and/or guardians of all children involved
in the research.
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