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ABSTRACT The morbidity and mortality resulting from acute gastroenteritis and as-
sociated chronic sequelae represent a substantial burden on health care systems
worldwide. Few studies have investigated changes in the gut microbiome following
an episode of acute gastroenteritis. By using nondirected 16S rRNA gene amplicon
sequencing, the fecal microbiota of 475 patients with acute gastroenteritis was ex-
amined. Patient age was correlated with the overall microbial composition, with a
decrease in the abundance of Faecalibacterium being observed in older patients. We
observed the emergence of a potential Escherichia-Shigella-dominated enterotype in
a subset of patients, and this enterotype was predicted to be more proinflammatory
than the other common enterotypes, with the latter being dominated by Bacteroides
or Faecalibacterium. The increased abundance of Escherichia-Shigella did not appear
to be associated with infection with an agent of a similar sequence similarity. Stool
color and consistency were associated with the diversity and composition of the mi-
crobiome, with deviations from the norm (not brown and solid) showing increases
in the abundances of bacteria such as Escherichia-Shigella and Veillonella. Analysis of
enriched outliers within the data identified a range of genera previously associated
with gastrointestinal diseases, including Treponema, Proteus, Capnocytophaga, Arco-
bacter, Campylobacter, Haemophilus, Aeromonas, and Pseudomonas. Our data repre-
sent the first in-depth analysis of gut microbiota in acute gastroenteritis. Phenotypic
changes in stool color and consistency were associated with specific changes in the
microbiota. Enriched bacterial taxa were detected in cases where no causative agent
was identified by using routine diagnostic tests, suggesting that in the future, micro-
biome analyses may be utilized to improve diagnostics.
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Acute infectious gastroenteritis results when an enteric pathogen, pathobiont, or
toxin breaches the intestinal epithelial layer, leading to inflammation and a

disruption of normal functions. The most common route of infection is the inges-
tion of contaminated food or water. Although often preventable and treatable,
gastroenteritis is one of leading causes of death in children under 5 years of age (1).
The majority of gastroenteritis-associated deaths can be attributed to severe de-
hydration and/or sepsis (1).

While in many cases, the clinical symptoms associated with gastroenteritis are acute
or transient, the disease can be associated with a range of chronic sequelae, including
reactive arthritis, irritable bowel syndrome, and Guillain-Barré syndrome (2). In partic-
ular, a lasting impact of gastroenteritis on intestinal physiology is that it appears to
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benefit atypical microbial species, which can lead to a disruption of the gut microbiome
(3). Such changes in the microbiome have been shown to persist long after the
clearance of infection and have been associated with an increased risk of developing
chronic sequelae (4).

While current standard laboratory diagnostics are capable of identifying the caus-
ative agent, for a substantial number of patients, a specific pathogen is not identified.
To date, a limited number of studies have characterized the changes in the gut
microbiome following an episode of gastroenteritis. Screening of the gut microbiome
of gastroenteritis patients not only has the potential to identify putative infectious
agents in samples where no agent is identified but also can reveal shifts in the
composition of the microbiome related to infection with specific gastrointestinal
pathogens. The fecal microbiomes of 475 gastroenteritis patients were investigated,
and the results were validated in a replicate analysis of 23 patients and with data from
four cohorts of healthy individuals (n � 688 samples from 590 individuals).

RESULTS
Faecalibacterium abundance contributes to differences in the gut microbiome

across age. Patient age but not gender was found to be significantly correlated with
the composition of the gut microbiota in patients (pseudo-F � 3.8; P � 0.001; df � 354).
A subsequent analysis of the relationship of patient age with individual microbial taxa
identified a significant decrease in the relative abundance of Faecalibacterium
(pseudo-F � 19.5; P � 0.001; df � 354) with age (Fig. 1A). Other taxa found to be
significantly associated with age were Bifidobacterium operational taxonomic unit 0013
(OTU0013) (pseudo-F � 7.9; P � 0.006; df � 354) and Bacteroides OTU0018 (pseudo-
F � 4.2; P � 0.031; df � 354); however, unlike Faecalibacterium, their relationships
appeared to be bimodal (Fig. 1B).

Potential emergence of an enterotype in acute gastroenteritis defined by
Escherichia-Shigella abundance. Patient microbiomes clustered into three putative
enterotypes, dominated by Bacteroidetes (Bacteroides), Proteobacteria (Escherichia-
Shigella), or Firmicutes (Faecalibacterium) (Fig. 2A; see also Fig. S1A in the supplemental
material). A network analysis taking into account an ensemble of Pearson and Spear-
man correlations across microbial taxa showed clustering of common members of the
gut microbiota belonging to the Bacteroidetes and Firmicutes (Fig. 2B). Each of the
networks arising from Pearson and Spearman correlations showed similar relationships
(Fig. S1B). In line with the presence of a third enterotype, Enterobacteriaceae, Strepto-
coccaceae, and Veillonellaceae formed a distinct cluster within the network (Fig. 2B and
Fig. S1B). The exclusion relationship between the Bacteroidetes and Firmicutes and the
Enterobacteriaceae was confirmed through a heat map of the correlations (Fig. 2C). The
absence of the Escherichia-Shigella enterotype was confirmed in four cohorts of healthy
individuals from Australia, France, Chile, and Japan (n � 688 samples from 590
individuals) (Fig. S2).

Dirichlet multinomial mixtures were employed to confirm the classification of
enterotypes in our data set using an unbiased unsupervised clustering method (Fig. S3).
The analysis partitioned the patient data into two groups dominated by Bacteroides or
Escherichia-Shigella. Partition 1 had an average relative abundance of Bacteroides
OTU0001 of 21.4%, an average relative abundance of Escherichia-Shigella OTU0002 of
28.8%, and an average relative abundance of Faecalibacterium OTU0003 of 44.0%, while
partition 2 contained Bacteroides OTU0001 at an average relative abundance of 44.5%
(2-fold higher), Escherichia-Shigella OTU0002 at an average relative abundance of 7.3%
(3.9-fold lower), and Faecalibacterium OTU0003 at an average relative abundance of
43.6% (0.98-fold). A total of 88% of samples classified into the Escherichia-Shigella-
dominated enterotype were classified into partition 1.

Stool color and consistency appear to be phenotypic markers of the Escherichia-
Shigella enterotype. The color and consistency of stool samples were significantly
associated with �-diversity measures. There was a nonsignificant drop in species
richness (number of OTUs) when stools of other colors were compared to brown stools,
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except for green stools, which were significantly different from brown stools (Fig. 3A).
A range of differences was also identified across evenness and Shannon’s diversity
values (see Fig. S4A and S4B in the supplemental material). Furthermore, a nonsignif-
icant drop in the number of OTUs was identified in liquid stool compared to solid stool
(Fig. 3B). No differences in evenness or Shannon’s diversity values were identified across
consistency (Fig. S4C and S4D).

The global microbial composition was also impacted by the color and consistency
of stool samples. Nonmetric multidimensional scaling (nMDS) plots showed that stool
of colors other than brown shifted the microbial composition toward an increased
relative abundance of Escherichia-Shigella (Fig. 3C). A similar pattern was observed for
liquid stool compared to solid stool (Fig. 3D). Differences in microbial compositions
were confirmed by using permutational multivariate analysis of variance (PERMANOVA).
Brown stools were found to be significantly different from stools of all other colors with
respect to bacterial content (Fig. 3E). Furthermore, red stools were also found to be
significantly different from other stools of colors except for colorless stools (Fig. 3E).
Compared to solid stool samples, liquid stool samples were found to be not only
significantly different (t � 3.85 and P � 0.0001 for phylum; t � 2.22 and P � 0.0001 for
OTU) but also more dispersed in content (t � 3.99 and P � 0.0001 for phylum; t � 2.01
and P � 0.063 for OTU). Hierarchical clustering analysis across different variables within

FIG 1 Relationship between the gut microbiota and patient age. (A) Faecalibacterium OTU0003 was significantly correlated with age, showing a decrease in
the relative abundance with increasing age. Graphs are distance-based redundancy analysis (dbRDA) plots of coordinate scores against age. The sizes of the
circles represent the relative abundances (4 to 40%) of the OTUs of interest within each patient. DistLM analysis between the Euclidean distance matrix of
patient ages and relative abundances of microbial taxa was performed. (B) Bifidobacterium OTU0013 and Bacteroides OTU0018 were also found to be
significantly correlated with age. The sizes of the circles represent the relative abundances (percent) of the OTUs of interest within each patient.
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sample color and consistency showed that the microbiomes in brown and solid stools
clustered together and away from those of liquid stools and stools of other colors (Fig.
3F). These findings were supported by hierarchal clustering analyses at the individual
OTU and sample levels (Fig. S4E and S4F).

Krona plots of the relative abundances of microbial taxa confirmed the expansion of
Proteobacteria in stool samples of all colors compared to brown stool as well as in liquid
stool compared to solid stool (Fig. S5). This expansion, most strikingly seen in colorless
stool (Fig. 3G), was due mostly to an increase in the abundance of Escherichia-Shigella
and was accompanied by a drop in the abundances of Bacteroides and Faecalibacterium
(Fig. S6). Of interest, Veillonella, previously identified to be correlated with Escherichia-
Shigella (Fig. 2B), was consistently enriched in white stool samples (Fig. 3G). Linear
discriminant-analysis effect size (LEfSe) analysis was also performed to identify addi-
tional microbial taxa that were significantly different between stools of each color and
brown stool, and genera uniquely enriched in stools of each color relative to brown
stool are shown in Fig. 3H.

FIG 2 Composition of the gut microbiota in cases of acute gastroenteritis. (A) Principal-component analysis of square-root-transformed relative abundances
showing samples clustering into three possible enterotypes, dominated by Bacteroidetes (Bacteroides OTU0001) (blue), Proteobacteria (Escherichia-Shigella
OTU0002) (green), or Firmicutes (Faecalibacterium OTU0003) (red). The sizes of the circles represent the relative abundances (percent) of OTUs within each
patient. (B) Network analysis (ensemble between Spearman and Pearson correlations) showing Bacteroidaceae, Rikenellaceae, Lachnospiraceae, and Rumino-
coccaceae forming a distinct cluster that can be differentiated from a cluster of Enterobacteriaceae, Veillonellaceae, and Streptococcaceae. (C) Heat map of
correlations across the top 20 OTUs confirms the relationships observed in the network analysis.

Castaño-Rodríguez et al. Infection and Immunity

July 2018 Volume 86 Issue 7 e00060-18 iai.asm.org 4

http://iai.asm.org


FIG 3 Microbial diversity across colors and consistencies of fecal samples. (A and B) Changes in species richness (number of OTUs) across stool
color (A) and consistency (B). (C and D) Nonmetric multidimensional scaling plots on Bray-Curtis resemblances of square-root-transformed relative

(Continued on next page)
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Predicted enrichment of virulence-associated functions in the Escherichia-
Shigella enterotype. Metabolic differences arising from changes in the microbiome were
predicted by using Phylogenetic Investigation of Communities by Reconstruction of Un-
observed States (PICRUSt), and the nearest-sequenced-taxon index (NSTI) was calculated for
these predictions. The average NSTI score for all samples was 0.054 � 0.001.

Samples were separated into two groups according to their levels of Proteobacteria
(Fig. 4A). A relative abundance of 25%, which corresponded to the mean plus 0.5
standard deviations, was used as a cutoff. As expected, this showed that the two groups
differed significantly at the phylum (t � 15.2; P � 0.001; number of permutations �

998; df � 491) and OTU (t � 5.8; P � 0.001; number of permutations � 999) levels as
well as in predicted KEGG pathways (t � 5.3; P � 0.001; number of permutations �

998). Microbial taxa and pathways that were found to be significantly different between
the two groups by LEfSe analysis are shown in Tables S1 and S2 in the supplemental
material. Six pathways showed large fold changes in abundances between the two
groups, including bacterial invasion of epithelial cells, drug metabolism-cytochrome
P450, lipopolysaccharide biosynthesis proteins, the RIG-I-like receptor signaling path-
way, and glycan biosynthesis and metabolism, which were increased in the
Proteobacteria-enriched group, as well as flavone and flavonol biosynthesis, which was
decreased (Fig. 4B). In support of the impact of Escherichia-Shigella, shifts in the
predicted metabolic contributions were identified between brown stool and stools of
other colors (Fig. 4C to E).

Analysis of the possible origins of the Escherichia-Shigella enterotype. To
understand the possible origins of the Escherichia-Shigella enterotype, the frequency
and identity of known pathogens in samples belonging to this enterotype (n � 87
samples) were examined. No infectious agent was identified in 77/87 samples by using
routine diagnostics. Three of the 10 remaining samples were infected with Gamma-
proteobacteria with high sequence similarity to Escherichia-Shigella: Shigella sonnei (n �

2) and Salmonella (n � 1). The other seven samples had a diverse array of infectious
agents, including Clostridium difficile (n � 2), rotavirus group A (n � 1), Giardia (n � 1),
astrovirus (n � 1), adenovirus serotype 40/41 (n � 1), and Campylobacter (n � 1),
suggesting that the dominance of Escherichia-Shigella in this enterotype is not neces-
sarily the causative agent itself but a consequence of infection.

Individual sequences corresponding to Escherichia-Shigella were then examined
further (classified at 100% similarity) to differentiate between those potentially associ-
ated with disease and those arising from the resident microbiota. Of the eight unique
sequences that had a reasonable presence in the cohort (i.e., total read count of
�1,000) (Fig. 5A), the second most abundant sequence clustered farthest from the
most common sequence (Fig. 5B). Upon further analysis, this sequence was found to
cluster closer to Salmonella within the Enterobacteriaceae (Fig. 5C and D) and was
present at a relatively high abundance in 3/6 of the confirmed cases of Salmonella
infection in this cohort.

Specific infectious agents induce distinct shifts in the gut microbiota. Microbial
compositions differed significantly at the OTU level (t � 1.8; P � 0.001; number of
permutations � 998; df � 70) between confirmed bacterial (n � 45) and viral (n � 27)
infections. Specifically, significant differences in microbial compositions were observed
between cases of C. difficile (n � 29) and norovirus genotype II (n � 11) infections (t �

2.0; P � 0.001; number of permutations � 999; df � 38) and between cases of C. difficile
and rotavirus group A (n � 11) infections (t � 1.6; P � 0.002; number of permuta-
tions � 998; df � 38) but not between norovirus genotype II and rotavirus group A (t �

1.0; P � 0.28; number of permutations � 999; df � 20). No other comparisons were

FIG 3 Legend (Continued)
abundances across stool color (C) and consistency (D). (E) Results of PERMANOVA following Bray-Curtis resemblance analysis of square-root-transformed
relative abundances across colors of fecal samples. (F) Analysis of hierarchal clustering across different variables within sample colors and consistencies. (G)
Box plot of relative abundances (percent) of Escherichia-Shigella and Veillonella across colors of samples. (H) Microbial genera found to be enriched by LEfSe
analysis and unique for stool of a specific color following comparison with brown fecal samples.

Castaño-Rodríguez et al. Infection and Immunity

July 2018 Volume 86 Issue 7 e00060-18 iai.asm.org 6

http://iai.asm.org


performed, as the numbers of confirmed cases of infections by other pathogens
were �10 and were not considered powered enough. The identification of bacterial
taxa that were differentially abundant between cases of viral and bacterial infections
showed that Bacteroides OTUs were enriched in cases of viral infection and that

FIG 4 Predicted bacterial metabolic contributions. (A) Principal-coordinate analysis of the Bray-Curtis resemblance matrix of square-root-transformed relative
abundances. Samples were separated into two groups according to their levels of Proteobacteria, with a relative abundance of 25% being used as a cutoff. (B)
KEGG pathways (level 3) significantly different between the two groups (Yes, high abundance of Proteobacteria; No, low abundance of Proteobacteria). Only
pathways that had relatively high counts and a high fold change were plotted. (C) nMDS plot of log-transformed pathway (KEGG level 3) counts across colors
of fecal samples. (D) PERMANOVA following Bray-Curtis resemblance of log-transformed pathway (KEGG level 3) counts. Only comparisons that were significant
or close to significant are shown. (E) Box plot of PICRUSt counts across colors of samples. The two pathways “bacterial invasion of epithelial cells” and “flagellar
assembly” are shown. P values were generated by analysis of variance with Tukey’s multiple-comparison test.

Gut Microbiome in Acute Gastroenteritis Infection and Immunity

July 2018 Volume 86 Issue 7 e00060-18 iai.asm.org 7

http://iai.asm.org


Fusobacterium and Enterobacter OTUs were enriched in cases of bacterial infection (see
Table S3 in the supplemental material).

Identification of outlier bacterial taxa within the microbiome of patients with
acute gastroenteritis. A strict analysis was developed to identify outlier bacterial taxa
in samples where no known agent was identified by using routine diagnostics. OTU
abundances within individual samples were analyzed, and those that satisfied three
criteria, (i) a relative abundance of �3%, (ii) a relative abundance higher than two
standard deviations above the mean for all samples, and (iii) a relative abundance
higher than the upper fence of a box plot, were considered outliers. A range of OTUs
classified within genera known to be associated with disease, including Treponema,
Proteus, Capnocytophaga, Arcobacter, Campylobacter, Haemophilus, Aeromonas, and
Pseudomonas, were identified as outliers (Fig. 6A). Relatively unknown genera, includ-
ing Cloacibacillus, Alloscardovia, Brevibacillus, Providencia, and Pyramidobacter, were
also identified (Fig. 6A). The majority of the genera were classified as Firmicutes,
followed by Proteobacteria (Fig. 6B). However, OTUs of an unclassified taxonomy (�60%
similarity) at the phylum level were also identified to be outliers in a number of patients
(Fig. 6A and B).

OTUs within Sutterella (OTU0026, OTU0064, and OTU0485) were identified as outliers
32 times across the patient samples (Fig. 6A). Furthermore, OTUs within Clostridium
cluster XI were identified to be outliers in a range of samples (Fig. 6A), consistent with

FIG 5 Analysis of sequences belonging to Escherichia-Shigella. (A) Total numbers of reads of the top eight most abundant unique sequences classified as
Escherichia-Shigella following classification at 100% similarity and not 97% similarity. Only sequences with �1,000 reads are included. Sequence codes
correspond to the sequence names in the raw data, given that these are unique sequences. (B) Phylogenetic analysis (Clear-cut) of all unique sequences
classified as Escherichia-Shigella and branch locations of the top eight sequences within the tree. The color coding in the tree corresponds to the colors in the
table in panel A. (C) Sequence alignment of the second most abundant Escherichia-Shigella sequence (1_1101_3767_19360) (red) with the sequences of other
microbial taxa within the Gammaproteobacteria. (D) Phylogenetic analysis of the second most abundant Escherichia-Shigella sequence (1_1101_3767_19360)
relative to other microbial taxa within the Gammaproteobacteria. Salmonella Waycross, Salmonella enterica serovar Waycross.
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the diagnostic results from this cohort of patients showing that C. difficile alone was
responsible for 29 cases. Of interest, OTU0244, classified as Parvimonas, a genus related
to Clostridium XI, was identified as an outlier in one sample identified as C. difficile. A
decrease in the threshold from a 3% to a 0.5% relative abundance identified Parvimonas
OTU0244 as an outlier in an additional seven patients.

DISCUSSION

The burden of acute gastroenteritis can be divided into two types, an acute burden
that is experienced more frequently in low-income countries and a chronic burden that
appears to affect a subset of gastroenteritis patients worldwide. It is well accepted that
infection and subsequent gastroenteritis lead to shifts in the gut microbiome (4).
However, few studies have examined the nature of these changes and how they may
relate to the development of chronic sequelae.

The concept of enterotypes within the gut microbiome was first introduced by
Arumugam et al., who showed the presence of at least three enterotypes dominated by
Bacteroides, Faecalibacterium (classified as Ruminococcus at the time), or Prevotella (5).
Here, two similar enterotypes dominated by Bacteroides or Faecalibacterium were found
in this cohort. Taxa within the Bacteroidetes and Firmicutes showed strong correlations
in network analyses, reflecting their coevolution within the human gastrointestinal
tract. The presence of these two common enterotypes suggested that a large propor-

FIG 6 Analysis to identify outlier bacterial taxa within individual patients. Abundances of OTUs within individual samples were analyzed, and those that satisfied
three criteria, (i) a relative abundance of �3%, (ii) a relative abundance higher than two standard deviations above the mean for all samples, and (iii) a relative
abundance higher than the upper fence of a box plot, were considered outliers. Only the first 900 OTUs were included in this analysis. (A) Frequency of OTUs
identified as outliers according to classification at the genus level. uncl, unclassified. (B) Total number of genera that contain outlier OTUs per phylum.
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tion of patients may not have experienced large-scale shifts in their microbial compo-
sition. In contrast, for a subset of patients, we observed the emergence of a potential
Escherichia-Shigella-dominated enterotype, and this was absent in four distinct cohorts
of healthy individuals. We also observed a relationship among Escherichia-Shigella,
Veillonella, and Streptococcus in the network analysis, which is in line with reports of the
coaggregation of these bacterial groups in previous studies (6). Predictive metagenom-
ics comparing the Escherichia-Shigella enterotype with other patients showed a striking
enrichment of proinflammatory pathways, such as bacterial invasion of epithelial cells,
lipopolysaccharide biosynthesis proteins, and the RIG-I-like receptor signaling pathway,
as well as a decrease in beneficial bacterial functions, such as flavone and flavonol
biosynthesis. The RIG-I signaling pathway is not known to be present in prokaryotes;
thus, it is not currently clear which genomes contribute to the this pathway’s counts.

Stool color and consistency appeared to be strongly associated with the composi-
tion of the gut microbiota, and deviations from the norm (brown and solid) were
accompanied by increases in the abundance of Escherichia-Shigella. Notably, consistent
increases in the abundance of Veillonella were found in white stool. White stool results
from a lack of bile, and Veillonella species are known to hydrolyze conjugated bile salts
(7). The relationship between Veillonella species and the absence of bile in stool is a
novel finding and should be investigated further.

The possible origins of the Escherichia-Shigella enterotype were investigated. This
investigation showed that the increased abundance of this bacterial taxon within this
enterotype was unlikely to be due to the causative agent itself, given that isolates from
confirmed cases of viral infection and non-Gammaproteobacteria bacterial infection
were also classified within this enterotype. This is supported by a recent study that
reported a significant increase in the richness of Enterobacteriaceae in more-
complicated cases of acute viral gastroenteritis compared to that in mild-to-moderate
cases (8). We also observed that a more stringent analysis of the 16S rRNA gene
sequences allowed the further differentiation of Escherichia-Shigella. In particular, one
sequence with higher similarity to Salmonella clustered away from the more-abundant
Escherichia-Shigella sequence. The presence of the Salmonella-classified sequence in 3/6
confirmed Salmonella cases further supports this conclusion. These results suggest that
more-stringent analyses of the 16S rRNA gene sequences can be used to subdivide this
taxon and that longer 16S rRNA or 23S rRNA gene sequences may hold more promise
for future studies.

Differences between the microbial compositions of patients with confirmed bacte-
rial infections and those of patients with confirmed viral infections were found in this
cohort. We confirmed differences between C. difficile-colonized individuals and those
infected with either rotavirus group A or norovirus genotype II. The enrichment of a
range of Bacteroides OTUs in patients with viral infections suggested that their bacterial
profiles may not have been altered by infection as strongly as in those with confirmed
bacterial infection. This may relate to the increased presence of mucus and/or blood in
the stool of bacterial gastroenteritis patients compared to that in viral gastroenteritis
patients.

We designed a strict analysis to identify bacterial taxa that behaved as outliers in
individual patients. The analysis identified OTUs belonging to several genera, including
Treponema, Proteus, Capnocytophaga, Campylobacter, Haemophilus, Aeromonas, and
Pseudomonas, some of which were previously associated with gastroenteritis (2, 9). Of
interest, through this analysis, we identified one case of an enrichment of Arcobacter,
a genus related to Campylobacter and previously associated with gastroenteritis (10),
and at least one case related to Parvimonas, a bacterium associated with colorectal
cancer and an array of extragastrointestinal diseases (11–14). A number of OTUs
classified into other relatively unknown genera, including Cloacibacillus, Alloscardovia,
Brevibacillus, Providencia, and Pyramidobacter, were designated outliers in some patient
samples. Notably, sequences that were classified as being of an unknown bacterial
origin were also detected as enriched outliers in some samples. However, it is worth
noting that the identification of outliers in the data is correlative in nature, and future
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mechanistic studies would need to differentiate between bacterial blooms due to
disease and a role in etiology.

The outlier analysis also identified a large number of occurrences of Sutterella OTUs
in this cohort. Interestingly, dogs with acute diarrhea have increased levels of Sutterella
within their microbiome compared to healthy dogs (15). More recently, increased
abundances of Sutterella in the microbiomes of ulcerative colitis patients undergoing
fecal microbiota transplantation with an increased likelihood of therapy failure were
reported (16). In contrast, other studies have reported no difference in the prevalences
(but not abundances) of Sutterella between inflammatory bowel disease patients and
controls, suggesting that this bacterium may be a common commensal (17, 18). The
importance of the increased levels of Sutterella in the gastrointestinal tracts of a subset
of patients remains to be elucidated.

A strong association between the age of patients and their overall microbiota
composition was observed in our patient cohort. The effect of subject age on the gut
microbiome was reported previously (19); however, we found that this association was
driven partly by a decrease in the relative abundance of Faecalibacterium in our older
patients. Given that this bacterial taxon has been shown to possess a range of
anti-inflammatory properties (20), its possible role in age-associated inflammation
should be examined.

This study is not without its limitations. We observed lower levels of confirmed
causative agents in our samples than in previous studies, which limited our ability to
identify microbiota changes associated with specific infectious agents. Stool colors
were determined through subjective methods, and a more quantitative method, such
as imaging, would improve these classifications. This study examined the contribution
of bacteria to disease but not the contribution of viruses, which play a significant role
in etiology. We did not have information regarding the severity of the gastroenteritis
episode, which would likely have a confounding effect. Furthermore, longitudinal
analysis of the microbiome of these patients would establish the importance of our
findings.

Our data represent the first in-depth analysis of the gut microbiota in patients with
acute gastroenteritis and across different stool patterns. We identified the expansion of
Escherichia-Shigella as a potential dysbiotic signature of interest in a subset of patients.
Furthermore, the finding that phenotypic changes in stool color and consistency
appear to be associated with specific changes in the microbiota is novel. For the first
time, microbiota analysis was leveraged to identify enriched bacterial taxa in cases
where no causative agent was identified by using routine diagnostic tests. These data
highlight the importance of examining the microbiome to study the acute and chronic
burdens of acute gastroenteritis.

MATERIALS AND METHODS
Subjects. Fecal samples were collected from 475 adult and pediatric patients (aged 1 month to 98

years) presenting with clinical gastroenteritis (loose stools for �24 h with or without concomitant signs
of fever, weight loss, and upper gastrointestinal symptoms) at the Prince of Wales Hospital (Australia).
This cohort represents a subset of patients reported previously (21). Routine diagnostic testing was
undertaken at the NSW Health Pathology Randwick Microbiology Laboratory to detect common gastro-
intestinal pathogens (21). Briefly, testing to detect Salmonella spp., Shigella spp., Campylobacter jejuni-
Campylobacter coli, toxigenic Clostridium difficile, and Yersinia enterocolitica was performed by using
bacterial multiplex PCR (22). Samples positive for C. jejuni-C. coli by PCR were cultivated on agar to
identify the Campylobacter species present. Samples where isolation was unsuccessful were reported as
being C. jejuni-C. coli positive. Detection of rotavirus group A, norovirus genotype II, adenovirus serotype
40/41, and astrovirus was performed by using viral multiplex PCR. Enzyme immunoassays were per-
formed for the detection of Cryptosporidium and Giardia lamblia, and any positive results were confirmed
by microscopy (22). Fecal samples were also classified according to their color (brown, yellow, green, red,
black, white, and colorless) and consistency (solid and liquid) by two independent researchers prior to
DNA extraction. Any classification discrepancies between researchers were labeled unknown.

Ethics approval and consent to participate. This study was approved by the UNSW Biomedical
Human Research Ethics Advisory Panel (UNSW reference number HC14235), and experiments were
performed in accordance with relevant guidelines and regulations.

DNA extraction and 16S rRNA amplicon sequencing. DNA was extracted from 300 mg feces by
using a phenol-chloroform-isoamyl alcohol DNA extraction method (21). The 16S rRNA gene was
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amplified by using Kapa HiFi HotStart ReadyMix (95°C for 3 min and 25 cycles of 95°C for 30 s, 55°C for
30 s, and 72°C for 30 s, followed by a final step at 72°C for 5 min) and earth microbiome primers
(515F-806R). Indices and Illumina sequencing adapters were attached by using the Nextera XT index kit
according to the manufacturer’s instructions. Amplicon sequencing was performed with Illumina MiSeq
2x250-bp chemistry at the Ramaciotti Centre for Genomics. A total of 498 samples were sequenced,
representing 475 patient samples and 23 random replicates from the same cohort.

Sequencing and statistical analyses. Raw reads were analyzed by using the MiSeq operating
procedures within Mothur v1.39.1 (RRID: SCR_011947) (23), which resulted in 36,427 � 1,091 total clean
reads/sample. �-Diversity was examined by using both subsampled reads (n � 2,000) and nonsub-
sampled read counts, and reported patterns were consistent across both data sets. Multivariate analyses,
including nMDS, PERMANOVA, and PERMDISP (homogeneity of dispersions), were performed on a
Bray-Curtis resemblance matrix of square-root-transformed relative abundances by using Primer-E v7.
The distribution of square-root-transformed relative abundances is shown in Fig. S7A in the supplemen-
tal material.

Distance-based linear modeling (DistLM) analyses between age and the microbiota were performed
on either on a Bray-Curtis resemblance matrix of square-root-transformed relative abundances or
Euclidean distances across patient ages. Hierarchal clustering analysis was performed by using Calypso
(24). LEfSe and PICRUSt analyses were also performed (25, 26). Phylogenetic analyses were performed in
Mothur by using the Clear-cut command (23). Classification of samples into enterotypes using Dirichlet
multinomial mixture models was performed in Mothur by using the get.communitytype command. A
replicate analysis of the 23 patients confirmed the reproducibility of our microbiome data (Fig. S7B).

Data availability. Sequences were submitted to the European Nucleotide Archive under accession
number PRJEB23690. Data from healthy adult individuals were obtained from the European Nucleotide
Archive or were reported previously (16, 27–29).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/IAI
.00060-18.
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