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ABSTRACT Cattle are the primary carrier of Escherichia coli O157:H7, a foodborne
human pathogen, and those shedding >104 CFU/gram of feces of E. coli O157:H7
are defined as supershedders (SS). This study investigated the rectoanal junction
(RAJ) mucosa-associated microbiota and its relationship with host gene expression in
SS and in cattle from which E. coli O157:H7 was not detected (nonshedders [NS]),
aiming to elucidate the mechanisms involved in supershedding. In total, 14 phyla,
66 families, and 101 genera of RAJ mucosa-associated bacteria were identified and
Firmicutes (61.5 = 7.5%), Bacteroidetes (27.9 * 6.4%), and Proteobacteria (5.5 = 2.1%)
were the predominant phyla. Differential abundance analysis of operational taxo-
nomic units (OTUs) identified 2 OTUs unique to SS which were members of Bacte-
roides and Clostridium and 7 OTUs unique to NS which were members of Coprococ-
cus, Prevotella, Clostridium, and Paludibacter. Differential abundance analysis of
predicted microbial functions (using PICRUSt [phylogenetic investigation of commu-
nities by reconstruction of unobserved states]) revealed that 3 pathways had higher
abundance (log, fold change, 0.10 to 0.23) whereas 12 pathways had lower abun-
dance (log, fold change, —0.36 to —0.20) in SS. In addition, we identified significant
correlations between expression of 19 differentially expressed genes and the relative
abundance of predicted microbial functions, including nucleic acid polymerization
and carbohydrate and amino acid metabolism. Our findings suggest that differences
in RAJ microbiota at both the compositional and functional levels may be associated
with E. coli O157:H7 supershedding and that certain microbial groups and microbial
functions may influence RAJ physiology of SS by affecting host gene expression.

IMPORTANCE Cattle with fecal E. coli O157:H7 at >10% CFU per gram of feces have

been defined as the supershedders, and they are responsible for the most of the E.
coli O157:H7 spread into farm environment. Currently, no method is available for
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ut microbiota has been suggested to regulate the host immune function; nutrient

metabolism; energy harvest; and liver, muscle, and even brain function (1), with a
metagenome more than a hundred times greater in size than the host genome (2). It
has been suggested that gut commensal microbiota can inhibit pathogenic microbes
through both direct effects, such as releasing antimicrobials and competitive exclusion,
and indirect effects, such as activation of host immune protection (3). Thus, investigat-
ing the composition and function of gut microbiota can provide understanding of the
interaction between the host and gut commensal/pathogenic microorganisms.

Commonly, the foodborne pathogen Escherichia coli O157:H7 is known to inhabit
the intestinal tract of cattle without causing symptoms of iliness. However, it has been
suggested that it can occasionally cause pathogenesis in cattle evidenced by the
formation of attaching and effacing lesions at the rectoanal junction (RAJ), the primary
colonization site of E. coli O157:H7 of calves, and by damage to intestinal epithelium of
yearling cattle (4, 5). Cattle shedding >10* CFU of E. coli O157:H7 per gram of feces
have been defined as supershedders (SS) (6). These cattle usually account for less than
10% of the animals in a feedlot but are the source of most of E. coli 0157:H7 shed into
the farm environment. Furthermore, the E. coli O157:H7 strains that are most commonly
isolated from SS have also been reported to be associated with human infection (6) and
to cause severe human diseases, including hemolytic uremic syndrome and even death.
Therefore, there is an urgency to better understand supershedding phenomena to
develop control strategies against this pathogen on farm.

Studies on SS cattle have been conducted for more than a decade, but the
mechanisms of supershedding remain unclear, especially from the perspective of gut
microbiota and its interaction with host. A previous study reported that the levels of
diversity of fecal microbiota differed between SS and cattle with negative fecal E. coli
0157:H7 results (NS), suggesting a potential linkage between gut microbiota and E. coli
0157:H7 shedding (7). In addition, it has been speculated that the mucosa-associated
microbiota plays a role in host-microbe interaction in its direct interaction with the host
and that it differs in composition from luminal microbiota (8). We speculate that the RAJ
mucosa-associated microbiota plays a role in regulating shedding of E. coli O157:H7, as
this bacterium cohabitates the host’s gut with other commensal species. Our previous
study (9) revealed that host gene expression profiles differed between SS and NS and
that the differentially expressed (DE) genes were associated with immune function, but
whether such a difference is caused by host or microbial factors is unknown. In this
study, we hypothesized that the RAJ mucosa-associated microbiota of SS is different
from that of NS and that such difference could affect host gene expression at the RAJ,
leading to a more favorable environment for growth of E. coli 0157:H7 in SS. Taxonomic
profiling was performed to characterize the mucosa-associated microbiota by 16S rRNA
gene amplicon sequencing, and the functions of the microbiome were also predicted
using PICRUSt (phylogenetic investigation of communities by reconstruction of unob-
served states) based on the identified bacterial taxa. Correlation analysis was conducted
to identify potential relationships between bacterial groups/predicted functions and
the differentially expressed RAJ genes that are involved in supershedding.

RESULTS

Taxonomic assessment of the RAJ mucosa-associated microbiota of beef
steers. From joined paired-end MiSeq sequencing reads, 94,512 reads passed quality
filtering, with a length of 478 = 14 bases (Table 1). In total, 1,278 operational taxonomic
units (OTUs) were identified from all nine RAJ samples, and the number of OTUs
identified in each sample ranged from 223 (SS 294) to 523 (SS 310) (Table 1; see also
Tables S1 and S2 in the supplemental material). From all the samples, >99% reads were
classified into 14 phyla, with Firmicutes (61.5 * 7.5%), Bacteroidetes (27.9 * 6.4%),
Proteobacteria (5.5 * 2.1%), and Spirochaetes (2.9 = 3.3%) being the predominant phyla
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TABLE 1 Sequencing results and alpha diversity indices for all steers

No. of Good’s Chao1 Shannon
Animal_id No. of reads® OTUs coverage value index value
NS108_NS 10,199 407 >99% 4355 7.6
NS152_NS 7,795 239 >99% 260.0 7.2
NS165_NS 10,175 275 >99% 285.5 7.3
NS242_NS 10,515 296 >99% 310.0 7.0
SS274_SS 9,919 372 >99% 391.3 7.6
5$S287_SS 12,468 409 >99% 431.7 7.1
§5294_SS 10,308 223 >99% 255.7 6.8
S$S299_SS 11,339 225 >99% 241.3 6.8
SS310_SS 11,794 523 >99% 539.2 7.7

aNumber of reads that passed quality filtering.

(relative abundance, >1%). Only four phyla, including Firmicutes, Bacteroidetes, Proteo-
bacteria, and Tenericutes, were identified from RAJ of all the steers (see Table S1 in the
supplemental material). At the family level, 66 families were detected from RAJ of all the
steers, with 56 classified and 10 unclassified. Ruminococcaceae (28.9 *= 6.8%) and
Lachnospiraceae (9.9 £ 4.4%) from the Firmicutes phylum and Bacteroidaceae (8.2 =
3.4%) from the Bacteroidetes phylum were the most abundant families, and 13 families
were identified in all the steers (Table S2 in the supplemental material). At the genus
level, 101 genera, including 44 unclassified and 57 classified, were detected in all
animals, with genera 5-7N15 (6.9 = 2.4%, belonging to family of Bacteroidaceae),
Prevotella (4.7 = 4.1%), and Ruminococcus (3.8 = 6.1%) being the most abundant
classified genera (Table S2). Seven genera, including 5-7N15, Prevotella, Ruminococcus,
CF231 (belonging to family of Paraprevotellaceae), Dorea, Clostridium, and Oscillospira,
were detected in all steers. The most abundantly detected genera (36 genera) belonged
to Firmicutes. These included 27 classified and 9 unclassified genera, and Ruminococcus,
Dorea, and Clostridium were the most abundant (relative abundance ranged from 1%
to 7%) (Table S2 in the supplemental material). Twenty-three detected genera, includ-
ing 11 classified and 12 unclassified, belonged to Bacteroidetes. Of these, 5-7N15,
Prevotella, and CF231 were the most abundant (relative abundance ranged from 2% to
6%) (Table S2). Twenty-three genera, including 11 classified and 12 unclassified genera,
belonged to Proteobacteria, and Pseudomonas, Succinivibrio, and Sutterella were the
most abundant (average abundance ranged from 0.5% to 0.9%) (Table S2). At the
species level, only 1.4 £ 1.6% reads could be classified, and 11 species were detected.
The most abundant species was Edaphobacter modestum (0.5% =+ 1%), and none of
classified species were shared by all the animals.

Comparison of rectal mucosa-associated microbiotas between supershedders
and nonshedders. The Good's coverage was >99% for all samples, indicating ade-
quate sequencing depth that represents the RAJ-attached bacterial community. Neither
of the alpha-diversity indices Chao1 (321.1 = 71.4 for NS and 368.8 = 130.6 for SS) and
Shannon (7.2 = 0.2 for NS and 7.2 = 0.5 for SS) showed statistical significance (t test;
P value, >0.05) in comparisons between SS and NS, indicating no statistically significant
difference in microbial diversity at the RAJ. Steer SS 310 had the highest Chao1 value
(539.2), while SS 299 had the lowest Chao1l value (241.3), indicating that mucosa-
associated bacterial populations exhibited great individual variation within SS animals.
According to beta-diversity analysis results, the SS animals formed two clusters. One
cluster included SS 310, SS 274, and SS 287, and the other cluster included SS 299 and
SS 294 (Fig. 1A).

Although the alpha indices were similar between NS and SS, there were differences
in the composition of the RAJ-associated microbiota. At the phylum level, 9 phyla were
detected in both NS and SS, while 4 phyla, including Elusimicrobia, Fusobacteria,
Lentisphaerae, and OD1, were detected only in NS steers (Fig. 1B). At the genus level,
11 genera were specific to NS and 10 were specific to SS (Table 2), with 36 of them
shared between NS and SS (Fig. 1C). At the OTU level, differential abundance analysis
identified significant differences in 9 OTUs (P value, <0.1), including 7 unique to NS and
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FIG 1 (A) Principal-coordinate analysis (PCOA) based on UniFrac distance of OTUs identified from rectoanal
junction tissue samples. NS, nonshedders; SS, supershedders. (B) Phyla detected in nonshedders and
supershedders. Detected phyla, relative abundance of >0.1% in at least one nonshedder or supershedder.
(C) Genera detected in nonshedders and supershedders. Detected genera, relative abundance of >0.1% in
at least one nonshedder or supershedder. NS, nonshedders; SS, supershedders.

2 unique to SS (Fig. 2). However, only OTU108 and OTU260 were classified (Coprococcus
and Prevotella, respectively), and the rest of OTUs could not be classified to the genus
level. The phylogenic analysis was then performed, and the results showed that OTU56
was closely related to Bacteroides; OTU121 and OTU66 were closely related to Clostrid-
ium; OTU45 and OTU180 were closely related to Paludibacter; and OTU228 and OTU336
were clustered together and shared common ancestors with microbes within Proteo-
bacteria (Fig. 3).

Functional prediction of RAJ mucosa-associated microbiota using PICRUSt. Due
to the challenges to obtaining functional aspects for mucosa-associated microbiota
using metagenomics, KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways
were predicted by the use of PICRUSt and the 16S rRNA gene data set. In total, 23 KEGG
categories (abundance, >0.1%) (Table S3 in the supplemental material) were identified,
with the 10 most abundant categories shown in Fig. 4A. Among these categories, six,
including metabolism of amino acids, carbohydrate, energy, lipid, cofactors and vita-
mins, and nucleotides, were related to metabolism; three, including replication and
repair as well as translation and transcription, were related to genetic information
processing; and one was related to membrane transport. Comparing SS and NS, two
pathways, including signal transduction (log, fold change, —0.15) and cell motility (log,
fold change, —0.25), had lower abundance (P value, <0.1) in SS, whereas one pathway
(replication and repair [log, fold change, 0.07]) had higher abundance in SS.

In total, 120 individual pathway maps were predicted to be associated with the RAJ
microbiota (abundance, >0.1%) (Table S4), and the 10 most abundant pathways
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TABLE 2 Nonshedder- and supershedder-specific genera and the microbial families and
phyla to which these genera belonged

Phylum Family Genus

NS-specific microbes
Actinobacteria Intrasporangiaceae Janibacter
Bacteroidetes Paraprevotellaceae Paraprevotella
Bacteroidetes Sphingobacteriaceae Pedobacter
Firmicutes Lachnospiraceae Epulopiscium
Firmicutes Veillonellaceae Mitsuokella
Firmicutes Ruminococcaceae Faecalibacterium
Fusobacteria Fusobacteriaceae ull4
Proteobacteria Bradyrhizobiaceae Bradyrhizobium
Proteobacteria Alcaligenaceae Pelistega
Proteobacteria Bdellovibrionaceae Bdellovibrio
Proteobacteria Shewanellaceae Shewanella

SS-specific microbes
Actinobacteria Corynebacteriaceae Corynebacterium
Actinobacteria Gordoniaceae Gordonia
Actinobacteria Propionibacteriaceae Luteococcus
Firmicutes Lactobacillaceae Lactobacillus
Firmicutes Erysipelotrichaceae Coprobacillus
Firmicutes Staphylococcaceae Jeotgalicoccus
Firmicutes Veillonellaceae Acidaminococcus
Firmicutes Mogibacteriaceae Anaerovorax
Proteobacteria Moraxellaceae Acinetobacter
Proteobacteria Rhodobacterales Rhodobacter

included 3 pathways associated with environmental information processes, including
ABC transporters, transporters, and two-component systems; 4 pathways associated
with genetic information processes, including chromosome, DNA repair, and recombi-
nation proteins, transcription factors, and ribosome; and 3 pathways associated with
metabolism, including peptidases, purine metabolism, and pyrimidine metabolism
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FIG 2 OTUs differentially abundant between nonshedders and supershedders. The blue bars indicate that the OTUs
were more highly abundant in supershedders, and red bars indicate that the OTUs were less abundant in
supershedders.
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FIG 3 Phylogenetic tree built based on sequences of OTUs assigned to known bacterial genera.

(Fig. 4B). In further comparisons of the predicted pathways between SS and NS, 12 of
the pathways had lower abundance (P < 0.1) and three of them had higher abundance
(P < 0.1) in SS (Table 3). Three low-abundance pathways in SS were related to cell
motilities, including flagellar assembly (log, fold change, —0.36), bacterial motility
proteins (log, fold change, —0.33), and bacterial chemotaxis (log, fold change, —0.32).
Nutrient metabolism was also predicted to differ between the RAJ microbiotas of SS
and NS. For example, pyruvate metabolism pathways (log, fold change, 0.10) had a
higher abundance in SS, while pathways associated with glycan biosynthesis and
metabolism (log, fold change —0.29 to —0.28), tryptophan metabolism (log, fold
change, 0.17), and lipid metabolism (log, fold change, —0.27 to —0.21) showed lower
abundance in SS (Table 3). The abundance of cellular signaling, such as the function of
two-component systems, was predicted to be lower (log, fold change, —0.20) in SS,
and the biosynthesis of ansamycins (log, fold change, 0.21) exhibited a higher abun-
dance in SS (Table 3).

Differing relationships between host gene expression and the RAJ mucosa-
associated microbiome in SS. To further understand the association between altered
RAJ mucosa-associated microbiota and host functions, the expression of 58 genes
identified as DE between SS and NS (obtained from our previous study [9]) was
subjected to analysis of correlations with the relative abundance of microbial taxa and
predicted functions (described above). The relative abundances of the members of the
Succinivibrionaceae family were negatively correlated with the presence of four DE
genes, including those encoding lysyl oxidase-like 1 (LOXL1) (rho value, —0.80; P value,
0.009), matrix metallopeptidase 16 (MMP16) (rho value, —0.88; P value, 0.001), matrix
remodeling associated 8 (MXRAS8) (rho value, —0.92, P value, <0.001), and heat shock
protein family B (small) member 6 (HSPB6) (rho value, —0.88; P value, 0.002) (Fig. 5A).
The expression of three S100 protein genes showed correlations with the members of
several bacterial families, including positive correlations between the gene encoding
S100 calcium binding protein A8 (S100A8) and Pseudomonadaceae (rho value, 0.80; P
value, 0.009), the gene encoding S100 calcium binding protein A9 (S100A9) and
Paraprevotellaceae (rho value, 0.87; P value, 0.002), and the gene encoding S100 calcium
binding protein A12 (S100A12) and Lachnospiraceae (rho value, 0.85; P value, 0.004) and
a negative correlation between the gene encoding S100A9 and Ruminococcaceae (rho
value, —0.85; P value, 0.003) (Fig. 5A). For the relationship between bacterial genera and
the expression of DE genes, three S100 proteins showed correlations with six genera,
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FIG 4 (A) The top 10 predicted metagenomic functions at level 2 of the KEGG pathway. (B) The top 10
predicted metagenomic functions at level 3 of the KEGG pathway. The blue bars stand for the percentage
of relative abundance of each predicted function.

including ST00A8 with Pseudomonas (rho value, 0.82; P value, 0.007) and Clostridium
(rho value, 0.92; P value, <0.001); STO0OA9 with Parabacteroides (rho value, 0.80; P value,
0.009) and Clostridium (rho value, 0.83; P value, 0.005); and S100A12 with YRC22 (rho
value, 0.82; P value, 0.007), Dorea (rho value, 0.80; P value, 0.009), and Blautia (rho value,
0.80; P value, 0.009) (Fig. 5B).

Moreover, the expression of DE genes was correlated with the abundance of
predicted microbial functions. In total, the expression of 19 DE genes showed a
correlation with at least one bacterial function. Both the expression of ST00A8 and that
of ST00A9 were negatively correlated with the relative abundances of five microbial
functions, including those corresponding to chromosome, DNA replication proteins,
homologous recombination, mismatch repair, and RNA polymerase (rho values below
—0.8; P values, <0.01) (Fig. 6A). The expression of ficolin 2 (FCN2) was negatively
correlated with the relative abundances of metabolic pathways, including those cor-
responding to amino acid-related enzymes, one carbon pool by folate, terpenoid
backbone biosynthesis, and thiamine metabolism (rho values below —0.8; P value <
0.01), and was positively correlated with glyoxylate and dicarboxylate metabolism and
base excision repair (rho values, >0.8; P value, <0.01) (Fig. 6B). The expression of
secreted frizzled related protein 2 (SFRP2) was positively correlated with the relative
abundances of microbial amino acid metabolism pathways (i.e., valine, leucine and
isoleucine, tryptophan, and lysine metabolism; rho values, >0.8; P values, <0.01) (Fig.
6C). The expression of cytokine genes encoding C-C motif chemokine ligand 19 (CCL19)
and C-X-C motif chemokine ligand 13 (CXCL13) was positively correlated with microbial
glycosyltransferases (rho values, >0.8; P values, <0.01), the enzymes involved in glycan
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TABLE 3 KEGG pathways that showed differential abundance between the rectal microbiota of SS and NS

Applied and Environmental Microbiology

Level 2 Level 3 Abundance? Log FC® P value
Amino acid metabolism Tryptophan metabolism 0.17 —-0.32 0.09
Carbohydrate metabolism Pyruvate metabolism 1.07 0.10 0.09
Bacterial chemotaxis 0.62 —0.32 0.05
Cell motility Bacterial motility proteins 1.27 —0.33 0.04
Flagellar assembly 0.55 —0.36 0.06
. . . Lipopolysaccharide biosynthesis 0.21 —0.28 0.07
Glycan biosynthesis and metabolism Lipopolysaccharide biosynthesis proteins 0.30 —0.29 0.02
Lioid metabolism Biosynthesis of unsaturated fatty acids 0.14 -0.27 0.07
P! : Sphingolipid metabolism 0.21 —0.21 0.06
Membrane transport Secretion system 1.35 —0.14 0.07
Metabolism of other amino acids Glutathione metabolism 0.18 —0.25 0.04
Metabolism of terpenoids and polyketides Biosynthesis of ansamycins 0.12 0.21 0.07
Signal transduction Two-component system 1.58 —0.20 0.02
L . ) ) Aminobenzoate degradation 0.13 —-0.26 0.06
Xenobiotics biodegradation and metabolism Naphthalene degradation 016 023 007
aData represent average abundances among all the steers.
bLog FC, log, fold change.
biosynthesis (Fig. 6D). The relative abundance of butanoate metabolism was positively
correlated with the expression of GTPase, IMAP family member 5 (GIMAP5), CD69
molecule (CD69), and thymocyte selection associated (THEMIS) proteins (rho value,
below —0.8; P values, <0.01) (Fig. 6D).
DISCUSSION
This study characterized the RAJ mucosa-associated bacterial community of NS and
SS yearling beef steers and its relationship with host gene expression, with the aim of
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FIG 5 (A) Results of correlation analysis of differentially expressed genes identified in rectal-anal junction samples and microbial abundance at
the family level. (B) Results of correlation analysis of differentially expressed genes identified in rectal-anal junction samples and microbial
abundance at the genus level. The color bars indicate Spearman correlation coefficient rho values; only correlations with rho values of >0.8 (blue)
and <—0.8 (red) with P values of <0.01 are indicated (blue and red data). Data for genes/microbial families that did not show a significant
correlation are not shown.
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identifying whether the differences in the composition of gut microbiota might be
associated with E. coli O157:H7 shedding. The findings indicated that members of

Firmicutes, Bacteroidetes, and Proteobacteria were the core

microbes of RAJ mucosa-

associated microbiota, which is consistent with previous studies on the rectum content
of dairy cattle (10) and on fecal microbiota of beef and dairy cattle (11, 12). Xu et al. (7)

investigated the rectal content microbiota of the same

beef steers, showing that

Firmicutes, Bacteroidetes, and Proteobacteria were the most predominant phyla in feces,

similarly to the RAJ mucosa-associated microbiota identified

in this study. Nevertheless,

the relative abundances of Firmicutes, Bacteroidetes, and Proteobacteria were 53.9%,
35.6%, and 1.7% in fecal samples (7), respectively, while they were 61.5%, 27.9%, and
5.5% in mucosa, respectively, suggesting the presence of higher numbers of Firmicutes
and Proteobacteria and lower numbers of Bacteroidetes associated with the mucosa of
RAJ than with the fecal microbiota. In addition, studies on humans and mice also

indicated that these microbial groups represent the pred

ominant phyla in the gut,

suggesting that they play an important role in the intestine of mammals (13). The
current study on beef steers and that of Mao et al. on dairy cows (10) showed consistent
findings, with predominance of Bacteroidetes and Firmicutes genera in the mucosa of
the rectum. For example, the Prevotella and unclassified genera of Prevotellaceae and
Rikenellaceae were the predominant genera belonging to Bacteroidetes, although the
relative abundance of Prevotella was >5% in this study but was <2% in the study by
Mao et al. (10). Also, in that study, the unclassified genera of Ruminococcaceae and

Lachnospiraceae were the most abundant Firmicutes, which

was in agreement with our

findings. However, for Proteobacteria, Mao et al. (10) reported that Campylobacter,
Desulfobulbus, and Acinetobacter were the predominant Proteobacteria genera, while
Pseudomonas, Succinivibrio, and Sutterella were more predominant in this study, sug-
gesting that beef and dairy cattle may have similar levels of gut microbial richness but
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that the abundance of each microbial taxon may differ. The higher abundance of
Prevotella in rectal contents of beef cattle compared with dairy cattle was also reported
by Durso et al. (14), further supporting this conclusion.

For the RAJ mucosa-associated microbiota, large animal-to-animal variations were
observed from both taxonomic and beta-diversity analyses. Even for the predominant
taxa shared by all the animals, the relative abundances differed from individual to
individual. Such individual variation was also previously reported in cattle fecal micro-
biota by Durso et al. (14), who suggested that individual animal variation cannot be
attributed simply to breed, gender, diet, age, or environmental factors. As several of
these variables, including diet, environment, and gender, were controlled in this study,
we suggest that the host animal may be the main driver for the individualization of the
RAJ mucosa-associated microbiota.

Comparing NS and SS, the diversity indices did not differ in a statistically significant
manner, suggesting that the levels of estimated richness and of evenness of identified
species at the RAJ of two groups were comparable. However, the identification of
unique microbes associated with NS suggests that the microbial groups that made up
the RAJ microbial communities of SS and NS differ, which may play a role in the
reduced colonization of E. coli 0157:H7 in the NS. The presence of OTU108 (aligned to
Coprococcus), which was unique in NS, has been previously documented in the feces of
cattle (15). Coprococcus spp. produce butyrate and can lower the pH of the media when
cultured in vitro (16). OTU45 and OTU180 were also unique to NS and were closely
related to Paludibacter, a genus previously detected in colonic mucosa of cattle (17) and
reported to produce propionate (18). The short-chain fatty acids, including butyrate and
propionate, have been suggested to decrease the shedding of E. coli O157:H7 in cattle
(19). Thus, the presence of Coprococcus-like and Paludibacter-like microbes (OTU108,
0OTU45, and OTU180) in NS may lead to the formation of a gut environment unfavorable
to E. coli O157:H7. Indeed, the production of short-chain fatty acids (SCFA) by gut
microbiota was suggested by many studies to be an important factor influencing the
shedding of E. coli O157:H7 in cattle (20-22). Further study is needed to evaluate the
SCFA in the RAJ content of NS and SS, as well as in vitro tests to confirm the ability of
these microbes to inhibit the growth of E. coli 0157:H7 and to confirm the role of these
NS-unique microbes in E. coli O157:H7 shedding.

The further differential abundance analysis of microbial pathways revealed signifi-
cant differences between the microbiotas of SS and NS, including lipopolysaccharide
(LPS) biosynthesis, biosynthesis of ansamycins, and carbohydrate metabolism. The
gene families associated with LPS biosynthesis had lower abundance for the RAJ
microbiota of SS, which suggests a potential lower abundance of Gram-negative
bacteria attached to the RAJ mucosa of SS. Although lower levels of LPS biosynthesis
could be beneficial to the host because LPS is an endotoxin that induces the release of
proinflammatory cytokines (23), a lower level of Gram-negative bacteria at the RAJ of
SS may not create an environment that competitively excludes E. coli 0157:H7. As Zhao
et al. (24) reported, 18 fecal bacterial species (screened from 1,200 isolates from gut
tissues and fecal samples of nonshedder cattle) capable of inhibiting the growth of E.
coli 0157:H7 were Gram-negative species and 17 of them were nonpathogenic E. coli
strains (24). Therefore, the role of nonpathogenic E. coli and LPS in E. coli O157:H7 super
shedding should be further studied in the future. In addition, a higher abundance of
microbial gene families associated with biosynthesis of ansamycins was shown in SS.
Ansamycins were previously reported to have antimicrobial and antiviral activity to-
ward many Gram-positive bacteria and bacteriophages (25, 26). Some Gram-positive
bacteria such as Lactobacillus (27) and Bifidobacterium (28), and bacteriophages such as
T1-like bacteriophages (29), have been reported to have an inhibitory effect on the
growth and shedding of E. coli 0157:H7 in cattle. Thus, a higher potential of production
of ansamycins may put beneficial Gram-positive bacteria and bacteriophage at a
disadvantage, contributing to the growth of E. coli 0157:H7 in SS. It is also interesting
that the predicted microbial gene families associated with carbohydrate, lipid, and
amino acid metabolism had levels of abundance that differed between SS and NS. This
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indicates that microbial nutrient metabolism by RAJ mucosal microbiota maybe an
important factor associated with shedding of E. coli O157:H7. The products of such
metabolisms, such as short-chain/branched-chain fatty acids and biogenic amines, can
cause changes in the intestinal environment that may mediate the growth of E. coli
0157:H7 (30). These bacterial metabolites, by providing energy to epithelial cells and
modulating the development of the mucosal immune system and intestinal barriers,
can also influence the physiology of the host (31), eventually influencing the coloni-
zation of E. coli O157:H7. It is notable that PICRUSt predicts the functions of the gut
microbiota based on 16S rRNA only and that the functional classification database
(KEGG Orthology) within this tool is not specific to gut microbiota. Therefore, further
studies are required to assess the functional composition of rectal mucosa-attached
microbiotas using metagenomics with methods to remove host DNA as well as
metabolomics approaches.

The gut microbiota can influence host gut physiologies, such as energy metabolism,
mucosal immune system development, gut epithelial cell proliferation, and gene
expression (1). Thus, it is possible that certain microbial groups and microbial functions
influence the RAJ physiology of SS by affecting host gene expression, leading to
supershedding. In our previous study, the DE genes showed expression levels that were
significantly different between SS and NS (9). The identified multiple correlations
between the expression levels of some DE genes and the relative abundances of
microbial taxa and function highlight that host-microbe interactions could play an
important role in regulating E. coli 0157:H7 shedding. It is worth noting that the genes
encoding the members of the S100 family of proteins, including ST00A8, S100A9, and
S100A12, showed significant correlations with the abundances of several microbial
genera, such as Clostridium and Pseudomonas. The members of the S100 protein family
are associated with various functions, including protein phosphorylation, cell traffick-
ing, and cell proliferation and differentiation (32). Clostridium has been suggested to be
one of the butyrate producers in the human gut microbiota (33), and butyrate-
producing Clostridium spp. specifically colonized the mucins based on an in vitro gut
model (34). It has been suggested that microbial butyrate enhances the tight junctions
of the epithelium, acts as a chemoattractant to neutrophils, and provides energy to the
epithelial cells (35). The neutrophils and epithelial cells represent the two major types
of host cells that express STO0A8 and S100A9 (32). Also, S100 proteins expressed and
released by epithelial cells have been suggested to serve as antimicrobials to maintain
intestinal mucosal homeostasis (36). Thus, the observed positive correlation between
the presence of ST00A8/S100A9 and Clostridium suggests that it is possible that there
is a higher abundance of butyrate-producing Clostridium at the RAJ of NS (as its level
was positively correlated with the presence of S100A8/ST00A9, which had higher
expression in NS), leading to the development of a stronger intestinal barrier against
colonization by pathogens, including E. coli 0157:H7 (37). However, the quantification
of Clostridium using quantitative PCR (QPCR) measurement did not show a statistically
significant difference (P > 0.05) between SS and NS in the levels of RAJ mucosa-
associated bacteria (data not shown), which is also in agreement with the sequencing
data (compared using the Mann-Whitney U test; P > 0.05). The identification of
bacterial taxa that were unique to SS and NS (OTU121 for SS and OTU66 for NS) and
that were closely related to Clostridium suggests that it is possible that, although the
total numbers of Clostridium were comparable between SS and NS, different Clostridium
spp. were harbored by SS and NS, leading to differential abundances of butyric acid
production from Clostridium. Further characterization of the Clostridium genus at the
RAJ of SS and NS is needed to identify the role of Clostridium in supershedding
phenomena.

The abundances of microbial pathways involved in bacterial DNA replication and
RNA expression were negatively correlated with expression of ST00A8 and S100A9,
indicating that bacterial proliferation and gene expression may influence host gene
expression. Also, the identified correlation between the abundance of bacterial metab-
olism of amino acids, vitamin B, and butyrate and expression of host genes suggests
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that bacterial metabolism plays a regulatory role in host cell gene expression and
physiology. The shift of gut microbiota has long been suggested to be associated with
host innate (38) and adaptive (39) immune system development. The findings pre-
sented here suggest that the differences between SS and NS in the functions of gut
microbiota may contribute to the differential levels of expression of genes in the RAJ,
especially those associated with microbial functions, such as cell proliferation and
nutrient, vitamin, and butyrate metabolism. Our previous speculation was that the host
genetic variation could lead to differential levels of expression of host genes in SS (9,
50), and the results of our current study further suggest that the gut microbiota and
their functions also represent an important factor leading to differential levels of gene
expression between SS and NS.

It is also noticeable that studies on intervention strategies to reduce E. coli 0157:H7
shedding using probiotics and dietary modification have had inconsistent results. As
reviewed by Sargeant el al. (40), only 16 of 27 trials showed decreased E. coli 0157:H7
shedding that occurred as a consequence of probiotic inoculation or dietary changes.
On the basis of our current study, we speculate that if interventions target the
composition of the gut microbiota and host gene expression, there may be a higher
possibility of reducing shedding through modifying the gut environment and/or
enhanced host intestinal barriers. Thus, studies using probiotics and dietary modifica-
tion should be targeted to be more efficient. Nevertheless, our findings highlight the
validity of using microbial treatment and dietary modification to control E. coli 0157:H7
shedding, with the focus on modifying the gut microbiota and gut environment to be
less favorable for the survival of E. coli O157:H7.

Conclusion. In conclusion, this study characterized the RAJ mucosa-associated
microbiome of beef steers with different E. coli 0157:H7 shedding phenotypes. Even
with the small sample size, we still identified potential microbial members phenotyp-
ically associated with the supershedding phenomenon. The results showed that the
members of Firmicutes, Bacteroidetes, and Proteobacteria were the predominant phyla
of RAJ microbiota and that metabolism, genetic information processing, and cellular
signaling were the most abundant microbial functions. Compared between SS and NS,
unique microbial taxa were identified for each group, which could possibly lead to
different abundances of the gene families that constitute the metagenome. The
difference in microbiota composition could influence the growth and colonization of E.
coli O157:H7 at the RAJ through two mechanisms. First, certain commensal bacteria,
such as the short-chain fatty-acid-producing Coprococcus, Clostridium, and Paludibacter
species, may enhance host immune system and intestinal barriers to reduce E. coli
0157:H7 growth and colonization. Second, microbial metabolites, such as short-chain
fatty acids and antimicrobials, may shape the gut environment of cattle to inhibit/
enhance the growth of E. coli 0157:H7. Our findings highlight the possibility of altering
the gut environment to control E. coli 0157:H7 shedding through modifying the gut
microbiota and host gene expression. However, future studies focusing on the rela-
tionship between the identified potential microbes and the shedding of E. coli 0157:H7
in cattle using larger numbers of animals are needed to verify our findings due to the
small sample size in this study.

MATERIALS AND METHODS

Animal tissue sample collection and sample preparation for sequencing. The details of the
animal trial have been reported previously (7, 41). The trial followed the Canadian Council of Animal Care
Guidelines (Animal Care Committee protocol number 1120) and was reviewed and approved by the
Animal Care Committee of Lethbridge Research and Development Centre, Agriculture Agri-food Canada.
Animal tissue sample collection and SS identification protocols have also been described in previous
publications (9, 41). Briefly, the fecal samples (50 g) were collected from 400 beef steers in an Alberta
feedlot. Plate counting was used to enumerate E. coli O157:H7 using MacConkey agar with sorbitol,
cefixime, and tellurite (CT-SMAC) (Dalynn Biologicals, Calgary, AB, Canada). The positive culture isolate
results were then confirmed with an E. coli 0157:H7 Latex Test kit (Oxoid Ltd., Basingstoke, Hampshire,
United Kingdom), followed by further verification performed using a multiplex PCR targeting the VT
gene, eaeA, and fliC. The primer sequences for multiplex PCR were as follows: for VT1f, CATTGTCTGGT
GACAGTAGCT; for VTTr, CCCGTAATTTGCGCACTGAG; for VT2f, CCATGACAACGGACAGCAGTT; for VT2r,
CCTGTCAACTGAGCACTTTG; for eaeAf, GTGGCGAATACTGGCGAGACT; for eaeAr, CCCCATTCTTTTTCACCG
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TCG; for fliCf, GCGCTGTCGAGTTCTATCGAGC; for fliCr, CAACGGTGACTTTATCGCCATTCC. The details of the
multiplex procedures were previously described by Gannon et al. (42). Five of the selected SS (among 11
identified SS) were slaughtered within 11 days of being purchased, and the fecal shedding of E. coli
0157:H7 was monitored daily until slaughter. All the SS steers were feces positive for E. coli O157:H7
before slaughter. For animals with negative results by plating, 1 g of fecal sample was mixed with 9 ml
of tryptic soy broth (TSB) and incubated for 6 h at 37°C, followed by immunomagnetic enrichment
performed using anti-E. coli O157:H7 Dynabeads. The 50 ul of bead-bacteria mixture was then plated
onto CT-SMAC and incubated at 37°C for 18 to 24 h. Positive colonies (non-sorbitol-fermenting clear
colonies) were randomly selected for latex and PCR confirmation as described above. Cattle with
negative results from both enumeration (by culture) and immunomagnetic enrichment were classified as
nonshedders (NS), and five NS were used as control animals.

The RAJ tissue samples were ground into fine powder prior to DNA extraction. DNA extraction was
performed using about 100 mg of tissue and a QlAamp DNA Stool minikit (Qiagen, Germantown, MD,
USA). The amplicon of partial bacterial 16S rRNA gene was generated using a pair of primers (27f
AGAGTTTGATCMTGGCTCAG and 519r GWATTACCGCGGCKGCTG) targeting the V1-V3 hypervariable
region of the 16S rRNA gene (43). The amplicon sequencing (paired end, 2 X 300) was carried out by the
Genome Quebec Innovation Centre (Montreal, Quebec, Canada) using a MiSeq platform.

Sequence data processing and microbial community analysis. The removal of adapter sequences
and quality control for raw sequencing reads were performed using fastg-mcf (44). The pairs of reads
were joined using QIIME (quantitative insights into microbial ecology) (45), and the joined reads were
filtered with the following criteria: minimum length, 400; maximum length of homopolymer, 8. Removal
of reverse primers was enabled, and the default settings were used for the rest of the parameters.
Chimera detection and removal were performed using usearch61 (46). The method used for picking the
operational taxonomic units (OTUs) followed the de novo protocol using usearch61 at 97% identity,
followed by taxonomic assignment. To evaluate the adequacy of the sequencing depth for detecting the
microbes present in the sequenced samples, the Good's coverage index was calculated using the formula
Good's coverage = 1 — S/N, where S is the number of singleton OTUs and N is the total number of OTUs
in a sample. The alpha-diversity (within-sample diversity) was evaluated using Chaol and Shannon
indices. The Chao1 index estimates the number of species present in a sample and was calculated with
the formula Chao1 index value = S_.. + N,%/2N,, where S_, _ is the total number of species detected in
a sample, N, is the number of species observed once, and N, is the number of species observed twice.
The Shannon index estimates both the richness and evenness of a microbial community and was
calculated with the formula Shannon index value = =3P, * In(P)), where P, is the proportion of the ith
OTU to the total number of OTUs in a sample. To evaluate beta-diversity (between-samples diversity), a
principal-coordinate analysis was performed based on a weighted UniFrac distance. All the index and
beta-diversity data were calculated using the script implemented in QIIME. For the taxonomy analysis,
only taxa with a relative abundance of >0.1% in at least one sample were defined as detectable. The
phylogenetic tree was built using the FastTree algorithm implemented by QIIME.

Microbial function prediction. PICRUSt was used to predict the functional composition of the
metagenome using KEGG (Kyoto Encyclopedia of Genes and Genomes) orthology classification schemes
at the second and third KEGG Pathway hierarchy levels (47). KEGG Pathway is a collection of hierarchically
classified pathway maps divided into four classification levels, with the higher levels being more specific
and the third and fourth levels corresponding to individual pathway maps and KEGG orthology entries,
respectively. For PICRUSt analysis, pathways belonging to human diseases, organismal systems, drug
development, and plant functions were filtered out, as they do not reflect microbial functions.

Differential abundance analysis and correlation analysis. All the data were presented as means =
standard deviations unless otherwise indicated. The differential abundance analysis was performed using
the edgeR statistical analysis package (48). The edgeR package modeled the read counts as a negative
binomial distribution and normalized the read counts according to sequencing depth by calculating the
scaling factors computed by internal functions of edgeR. After data fitting to a negative binomial
distribution and dispersion estimation were performed, the differential abundance was determined by an
exact test implemented in edgeR. The differential abundance analysis was performed at the OTU level
for taxonomic data and at the second and third KEGG pathway hierarchical levels for functional
comparisons (49). Only OTUs/microbial functions with a relative abundance of >0.1% in >50% of steers
of either group (NS or SS) were subjected to differential abundance analysis using edgeR. A P value of
less than 0.1 was considered to represent a statistically significant difference between NS and SS. The
correlation was performed using Spearman’s rank correlation, with a Spearman’s correlation coefficient
rho value of >0.8 and a P value of <0.01 used as the cutoff values to select significantly correlated pairs.

Accession number(s). The microbiome sequencing data are described and available under NCBI
BioProject accession no. PRINA379625.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AEM
.01738-17.

SUPPLEMENTAL FILE 1, XLSX file, 0.1 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.1 MB.
SUPPLEMENTAL FILE 3, XLSX file, 0.1 MB.
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