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ABSTRACT An intact gut microbiota confers colonization resistance against Clostridioides
difficile through a variety of mechanisms, likely including competition for nutrients.
Recently, proline was identified as an important environmental amino acid that C. difficile
uses to support growth and cause significant disease. A posttranslationally modified form,
trans-4-hydroxyproline, is highly abundant in collagen, which is degraded by host pro-
teases in response to C. difficile toxin activity. The ability to dehydrate trans-4-hydroxypro-
line via the HypD glycyl radical enzyme is widespread among gut microbiota, including C.
difficile and members of the commensal Clostridia, suggesting that this amino acid is an
important nutrient in the host environment. Therefore, we constructed a C. difficile DhypD
mutant and found that it was modestly impaired in fitness in a mouse model of infection,
and was associated with an altered microbiota when compared to mice challenged with
the wild-type strain. Changes in the microbiota between the two groups were largely
driven by members of the Lachnospiraceae family and the Clostridium genus. We found
that C. difficile and type strains of three commensal Clostridia had significant alterations to
their metabolic gene expression in the presence of trans-4-hydroxyproline in vitro. The
proline reductase (prd) genes were elevated in C. difficile, consistent with the hypothesis
that trans-4-hydroxyproline is used by C. difficile to supply proline for energy metabo-
lism. Similar transcripts were also elevated in some commensal Clostridia tested,
although each strain responded differently. This suggests that the uptake and utilization
of other nutrients by the commensal Clostridia may be affected by trans-4-hydroxypro-
line metabolism, highlighting how a common nutrient may be a signal to each orga-
nism to adapt to a unique niche. Further elucidation of the differences between them
in the presence of hydroxyproline and other key nutrients will be important in deter-
mining their role in nutrient competition against C. difficile.

IMPORTANCE Proline is an essential environmental amino acid that C. difficile uses to
support growth and cause significant disease. A posttranslationally modified form,
hydroxyproline, is highly abundant in collagen, which is degraded by host proteases
in response to C. difficile toxin activity. The ability to dehydrate hydroxyproline via
the HypD glycyl radical enzyme is widespread among gut microbiota, including C.
difficile and members of the commensal Clostridia, suggesting that this amino acid is
an important nutrient in the host environment. We found that C. difficile and three
commensal Clostridia strains had significant, but different, alterations to their meta-
bolic gene expression in the presence of hydroxyproline in vitro. This suggests that
the uptake and utilization of other nutrients by the commensal Clostridia may be
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affected by hydroxyproline metabolism, highlighting how a common nutrient may
be a signal to each organism to adapt to a unique niche. Further elucidation of the
differences between them in the presence of hydroxyproline and other key nutrients
will be important to determining their role in nutrient competition against C. difficile.

KEYWORDS Clostridioides difficile, hydroxyproline, amino acids, Clostridia, Stickland
reaction, colonization resistance, Stickland fermentation

C lostridioides difficile infection (CDI) is the cause of significant morbidity and mortality
and is responsible for over 4.8 billion dollars in excess medical costs each year (1, 2).

The current front-line treatment for CDI is the antibiotic vancomycin, which can resolve
CDI (3). However, 20–30% of patients will experience a recurrence of CDI within 30 days,
and 40–60% of the patients who have experienced one recurrence will have multiple
recurrences (4, 5). The use of antibiotics, including vancomycin, is a major risk factor for
CDI due to their effect on the gut microbiota, which causes a loss of colonization resistance
against C. difficile (6–8). Colonization resistance, or the ability of the gut microbiota to
defend against colonization by gastrointestinal pathogens such as C. difficile, has many
potential mechanisms, including the production of inhibitory metabolites and competition
for nutrient sources (9–11). Conversely, C. difficile toxin activity is associated with altered re-
covery of the gut microbiota, as well as liberation of numerous sugars and peptides/amino
acids in vivo (12–15). However, it is unknown if C. difficile has a hierarchy of preferred nutri-
ent sources in a host, or whether members of the microbiota also utilize similar nutrients,
and if they do, whether their use contributes to colonization resistance.

Much of the research on colonization resistance against C. difficile has focused on
the effects of secondary bile acids produced by the gut microbiota (16–20). While sec-
ondary bile acid metabolism is an important contributor, other factors such as compe-
tition for nutrients are also likely to play a role. For example, colonization of a host by
nontoxigenic C. difficile can prevent colonization by toxigenic C. difficile, indicating that
bacteria with similar nutritional needs can occupy an exclusive niche (21, 22). In addi-
tion, the increased amount of succinate available in the antibiotic treated gut pro-
motes expansion by C. difficile, indicating that the depletion of the microbiota that
occurs after antibiotic use creates a beneficial environment for C. difficile colonization
and expansion (23). Metabolic and transcriptomic analysis have also shown that the
availability of amino acids and other nutrients is very important in the early stage of
CDI (15, 23, 24). Additionally, the degradation of collagen by host proteases that is
induced by C. difficile toxin activity may be a source of peptides and amino acids to
support C. difficile growth through the course of infection (14, 15).

C. difficile uses proline as an electron acceptor in Stickland metabolism for regeneration
of NAD1 and energy production, which involves ATP synthesis and generation of a proton
motive force (25, 26). Given the importance of Stickland metabolism for C. difficile, it does
not grow well in the absence of proline and other amino acids; therefore, it must compete
for them within the host environment (27–29). The concentration of proline in media affects
expression of genes in the prd operon, which encodes proline reductase and accessory pro-
teins, with maximal expression observed when proline content is high (28). In addition,
the availability of proline and branched chain amino acids in the gut correlates with
increased susceptibility to C. difficile in a mouse model of infection (13). When a C. difficile
prdBmutant that was unable to utilize proline as an energy source was tested in a mouse
model of CDI, it was less fit in vivo and resulted in less toxin (TcdB) in stools when com-
pared to mice challenged with wild-type C difficile (13). In addition, the presence of some
commensal Clostridia causes an increase in the reliance of C. difficile on proline metabo-
lism (30). This suggests that C. difficile may compete with some commensal Clostridia for
proline in the gut. C. difficile also has a competitive advantage over the commensals
Clostridium scindens, Clostridium hylemonae, and Clostridium hiranonis in a rich medium,
although the extent to which this is due to the ability of C. difficile to utilize proline is
unknown (16).
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trans-4-Hydroxy-L-proline (hydroxyproline or Hyp) is a derivative of proline that has
been posttranslationally modified by the host via prolyl-4-hydroxylase, and is a signifi-
cant component of the highly abundant host protein collagen. Recently, we have
shown that inflammation resulting from C. difficile toxin activity leads to increased
expression of host matrix metalloproteinases and subsequent degradation of collagen,
likely supplying C. difficile with hydroxyproline and other Stickland substrates (14). C.
difficile can reduce hydroxyproline to proline in a two-step process that requires the
glycyl radical enzyme 4-hydroxyproline dehydratase (HypD) and a pyrroline-5-carboxy-
late reductase (P5CR) encoded by the gene proC (30–32). Homologs of HypD are wide-
spread in the gut microbiome, and a subset of organisms, largely Clostridia, that carry
the hypD gene also encode an adjacent P5CR homolog, indicating that the ability of
bacteria to reduce hydroxyproline may be useful in the gut (31). The widespread pres-
ence of HypD and the competitive fitness advantage gained by proline utilization indi-
cates that it may play a significant role in C. difficile colonization in the gut (31, 33).

In this study, we hypothesized that use of hydroxyproline by C. difficile contributes to
its fitness in vivo. We tested this by examining disease kinetics of wild-type (WT) C. difficile
and a DhypD mutant in a mouse model of CDI. Mice challenged with the DhypD mutant
had reduced weight loss, less toxin activity, and increased relative abundances of cecal
Lachnospiraceae, a family which includes many commensal Clostridia, as well as members
of the Clostridium genus. We also show that hydroxyproline affects the transcriptomes of
C. difficile and three commensal Clostridia species (C. scindens, C. hylemonae, and C. hirano-
nis), though each had unique gene expression profiles, with alterations to pathways for
carbohydrate and amino acid utilization among them. Together, these data show that C.
difficile relies on hydroxyproline metabolism in vivo for robust sporulation and toxin pro-
duction. Further, it identifies numerous metabolic pathways in C. difficile and commensal
Clostridia that are affected by hydroxyproline, and the unique response of each organism
indicates that hydroxyproline may act as a nutrient source and a signal to prime them for
metabolism of other specific nutrients.

RESULTS
C. difficile requires hypD for maximum growth in a defined minimal media

supplemented with hydroxyproline. The reduction of hydroxyproline to L-proline is a
two-step process requiring the hypD (CD630_RS17450) and proC (CD630_RS17445) genes
(Fig. 1A) (32). To test the ability of C. difficile to utilize hydroxyproline, wild type, DhypD,
DproC, and complemented strains were grown in a defined minimal medium (CDMM)
with hydroxyproline substituted for proline at the same concentration (4.6 mM) (Fig. 1B).
The DhypD mutant had a significant growth defect in the CDMM –Pro 1Hyp, indicating
that HypD is needed to utilize hydroxyproline (p , 0.001, Student's t test with Welch’s
correction). The DproC mutant had a modest growth defect in CDMM compared to the
wild-type and DhypD strains, suggesting that P5CR may have multiple substrates or a
larger role in amino acid metabolism in C. difficile. Unlike DhypD, the DproC mutant
exhibited increased growth in CDMM –Pro 1Hyp, indicating that P5CR is not essential
for C. difficile to utilize hydroxyproline. The C. difficile 630Derm genome encodes a second
proC homolog, CD630_RS08190, that may result in overlapping or functionally redundant
roles with respect to hydroxyproline metabolism. Interestingly, the WT strain as well as
DproC and both complements grew significantly better in CDMM –Pro 1Hyp than they
did in CDMM alone (,0.05, Student's t test with Welch’s correction). As expected, all
strains had very poor growth in CDMM –pro, as proline is essential for C. difficile growth.

The presence of hypD affects weight loss and toxin activity in a mouse model
of CDI. To determine if hydroxyproline utilization is required for colonization and dis-
ease, WT C57BL/6J mice (n = 8 per group) were challenged with 105 spores of WT C. dif-
ficile or DhypD, and colonization and disease progression were measured for 7 days
(Fig. 2A). There was no significant difference in vegetative C. difficile bacterial load in
the feces during infection (Fig. 2B), but there was a significant decrease in fecal spores
from DhypD challenged mice when compared to the WT challenge group on day 7
postchallenge (Fig. 2B and p , 0.001, Mann-Whitney). On day 7, bacterial enumeration
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of cecal contents showed no significant difference in the level of C. difficile spores (Fig.
S1A and B in the supplemental material), while the C. difficile vegetative cells were sig-
nificantly higher in mice challenged with DhypD (p, 0.05, Mann-Whitney). The biggest
difference between the groups was seen in the weights of the mice throughout CDI.
WT challenged mice weighed significantly less than the cefoperazone control group
(no C. diff) on days 3 (p , 0.01), 5 (p , 0.001), and 7 (p , 0.05) postchallenge (Fig. 2D,
Kruskal-Wallis with Dunn’s multiple comparisons). There was no significant difference
in weights between the DhypD group and the no C. diff control group, indicating that
the WT mice had increased clinical signs of disease compared to the DhypD group.
This finding correlated with high toxin activity from the mice in the WT group com-
pared to the DhypD group on Day 3 postchallenge (Fig. 2E and p , 0.01, Mann-
Whitney), although the difference was not significant by Day 7.

Differences in the microbiota between mice challenged with WT C. difficile and
DhypD are driven by members of the Lachnospiraceae family. To elucidate the rea-
son behind the observed differences in CDI between mice challenged with WT and
DhypD, the fecal microbiota of the no C. diff, WT, and DhypD mice were analyzed
through V4 16S rRNA amplicon sequencing on day 0 as well as on days 2, 4, and 6
postchallenge (Data File S1). The cecal microbiota were analyzed on day 7 postchal-
lenge, when necropsy occurred. When the alpha diversity was analyzed in the stool at
the family level, there were significant differences between the no C. diff and DhypD
groups on day 6, and when the cecal microbiota were analyzed on day 7, there were
significant differences between all groups (Fig. S2A, Data File S2). When the beta diver-
sity was analyzed using nonmetric multidimensional scaling analysis (NMDS), there
were significant differences between the groups on days 2, 4, 6, and 7, indicating that
there was a difference between the three groups after challenge with C. difficile (Fig.
S2B). When only the infected groups were analyzed using NMDS, there were significant
differences between the WT and DhypD groups on day 0 and day 7 (Fig. S2C). While
the microbiomes did show differences on day 0 before C. diff challenge, all three

FIG 1 C. difficile DhypD mutant has a growth defect when hydroxyproline is substituted for proline in the growth medium.
(A) Schematic depicting conversion of trans-4-hydroxy-L-proline to L-proline by HypD, gene hypD (CD630_RS17450), and
P5CR, gene proC (CD630_RS17445). (B) Growth of C. difficile 630Derm WT, the DhypD and DproC mutants, as well as the
complements of both mutants after 24 h of growth in the defined medium CDMM, in CDMM –proline 1hydroxyproline
(–Pro, 1Hyp), and CDMM –proline (–Pro). Statistical significance was determined using Student's t test with Welch’s
correction to account for multiple comparisons (*, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001).
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FIG 2 WT C. difficile induces more weight loss and toxin activity than the DhypD mutant in a mouse model of CDI. (A) Schematic depicting
experimental design. All mice (n = 24) received the antibiotic cefoperazone in their drinking water. Subsets of mice were orally challenged with

(Continued on next page)
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groups were dominated by Enterococcaceae (Fig. 3A). These differences are likely due
to cage effects, but did not result in a significant difference when comparing the alpha
and beta diversity of mice from day 0. Day 2 postchallenge had the highest relative
abundance of Peptostreptococcaceae, the family to which C. difficile belongs, in both
WT and DhypD mice, which was also when the greatest weight loss was observed
(Fig. 1D). The amplicon sequence variant (ASV 6) classified as Peptostreptococcaceae
resolved to C. difficile, so this was likely due to the expansion of C. difficile in the murine
gut microbiota. By day 7 postchallenge, the Lachnospiraceae family made up a signifi-
cant percentage of the cecal microbiota for all three groups, with the highest abun-
dance being in the DhypD group at 73%, while the WT group and the no C. diff group
had 60% and 43% abundance of Lachnospiraceae, respectively (Fig. 3A). Differential
abundance analysis was calculated between the WT and DhypD groups using ALDEx2
(34). For each ASV analyzed, ALDEx2 estimates the difference in the centered-log-ratio
(a measure of relative abundance) between groups and reports an effect size. The only
day that had significant effect sizes for any ASVs was day 7, when the cecal microbiota
were analyzed. Although only 3 ASVs were significant, the top 8 ASVs driving differen-
ces between the WT and DhypD microbiotas were examined via NCBI BLAST to deter-
mine the identity of each ASV (Fig. 3B, Data File S1). Lachnospiraceae bacterium strain
D2 1 � 41 and Clostridium species MD294 were significantly higher in the WT micro-
biome than the DhypD microbiome. Clostridium species Clone 49 was significantly
higher in the DhypD microbiota than the WT microbiota. There were also two
Lachnospiraceae strains, including another ASV that resolved to Lachnospiraceae bacte-
rium strain D2 1 � 41 as well as Lachnospiraceae bacterium DW17, that were higher in
the DhypD microbiome, but did not reach significance. It is unclear why two separate
ASVs that resolved to the same strain (Lachnospiraceae bacterium strain D2 1 � 41)
showed such different results in terms of abundance in the WT and DhypDmicrobiotas,
although it could be due to misassignment, as all 8 ASVs investigated via BLAST
matched with multiple strains with high ID, and the highest match was selected to be
the identified strain.

Of the top 8 ASVs driving the difference between the WT and DhypD cecal micro-
biomes on day 7 postchallenge, 5 were either Clostridium species or members of the
Lachnospiraceae family, including all statistically significant ASVs (Fig. 3B). This suggests
that hydroxyproline may be differentially abundant between the two groups of mice
and that members of the Lachnospiraceae family and the Clostridium genus respond to
this by utilizing it for growth. Given the previous work showing that commensal
Clostridia are important to colonization resistance against C. difficile, we next wanted
to investigate the response of commensal Clostridia to hydroxyproline (16, 19).

Hydroxyproline is utilized by commensal Clostridia and C. difficile when
supplemented into a rich medium. To test for the utilization of hydroxyproline by C.
difficile and the commensal Clostridia strains, WT C. difficile, DhypD, and the commen-
sals C. hiranonis, C. hylemonae, and C. scindens were grown in BHI and in BHI 1 600mg/
L (4.6 mM) of hydroxyproline (BHI and BHI 1Hyp) media for 14 h, then amino acids
and 5-amino-valerate, the product of proline metabolism, were measured using LC/
MS. As expected, the BHI 1Hyp control had significantly higher levels of hydroxypro-
line than the BHI alone (Fig. 4A and P , 0.01, Student's t test with Welch’s correction).
WT C. difficile utilized hydroxyproline, as did all the commensal Clostridia; however, the
DhypD mutant did not (Fig. 4A and P , 0.01, Student's t test with Welch’s correction).
There were no significant differences in levels of proline in bacterial cultures grown in
BHI compared to BHI 1Hyp, which is likely explained by the fact that the bacteria were

FIG 2 Legend (Continued)
C. difficile 630Derm (WT, n = 8) or C. difficile 630DhypDDerm (DhypD, n = 8). The third group of mice were only treated with cefoperazone (no C. diff,
n = 8). (B–C) C. difficile vegetative cell (B) or spore (C) CFU in feces on days 1, 3, 5, and 7 postchallenge. (D) Mouse weights from 1, 3, 5, and 7 days
postchallenge, shown as a percentage of baseline weight for each mouse from day 0. (E) Toxin activity on 3 and 7 days postchallenge. Statistical
significance for data shown in B–E was determined using Mann-Whitney (*, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001).
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grown in a rich medium and that proline is being metabolized into 5-amino-valerate
and other intermediates (Fig. 4B). The levels of 5-amino-valerate were higher on aver-
age in supernatants for all bacteria grown in BHI or in BHI1Hyp than in the media con-
trol for either condition, indicating that all strains tested were likely utilizing proline
and producing 5-amino-valerate (Fig. 4C, Data File S3). The levels of 5-amino-valerate

FIG 3 The Lachnospiraceae are important when determining the difference between the microbiota of mice challenged with WT and
DhypD. (A) Relative abundance at the family level for no C. diff, hypD, and WT fecal microbiome for days 0, 2, 4, and 6 postchallenge and
the cecal microbiome for day 7 postchallenge. (B) Top 8 ASVs driving differences between hypD and WT cecal microbiome on day 7
postchallenge. Significant ASVs (q , 0.1) are bolded.
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were significantly higher for C. scindens in BHI 1Hyp, although it is unclear if the differ-
ence is biologically relevant (P , 0.01, Student's t test with Welch’s correction).

The genomic position of proC in relation to hypD and the transcriptional
response to hydroxyproline varies between C. difficile and commensal Clostridia.
When hypD (CD630_RS17450) and proC (CD630_RS17445) were aligned across strains
using C. difficile as the reference strain, it was found that only C. difficile and C. hiranonis
had the proC gene next to the hypD gene (Fig. 5A). In C. hylemonae and C. scindens, the
proC gene was not adjacent to the hypD gene. In addition, hypD from C. hiranonis showed
the greatest amino acid identity (84%) to the C. difficile HypD protein while the other two
commensals only showed 55% (Fig. 5A). All commensals showed a 69% AA identity to the
P5CR protein encoded by proC in C. difficile. To determine if this would affect the transcrip-
tional response of hypD and proC to hydroxyproline, C. difficile, C. hiranonis, C. hylemonae,
and C. scindens were each grown in BHI or BHI 1Hyp overnight, and the relative copy
numbers of hypD and proC transcripts were analyzed using qRT-PCR (Fig. 5B to E).

All four strains tested had different transcriptional responses to hydroxyproline supple-
mentation of rich media (Fig. 5B to E). C. hiranonis had significantly increased expression of
hypD and proC in the presence of hydroxyproline, which was expected given that the two
genes are possibly operonic in that strain (P , 0.001, Student's t test). C. hylemonae had
significantly increased expression of hypD, but not of proC (P , 0.01, Student's t test).
Neither C. difficile nor C. scindens showed significantly altered expression for either gene,

FIG 4 C. difficile WT, C. hiranonis, C. hylemonae, and C. scindens utilize hydroxyproline when it is
supplemented into a rich growth medium. Concentration of (A) hydroxyproline, (B) proline, and (C) 5-
amino-valerate in BHI and in BHI 1 600 mg/L (4.6 mM) hydroxyproline. Supernatants were taken after
24 h of growth by WT, hypD, C. hiranonis, C. hylemonae, or C. scindens. BHI alone (dotted line) and BHI 1
600mg/L (4.6 mM) of hydroxyproline were used as controls. Statistical significance was determined using
Student's t test with Welch’s correction to account for multiple comparisons (*, P , 0.05; **, P , 0.01; ***,
P , 0.001; ****, P , 0.0001).
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but the overall relative copy number for C. difficile was approximately 10-fold higher than
the relative copy number for C. scindens (Fig. 5B and E).

C. difficile and commensal Clostridia each have different transcriptomic responses
to the presence of hydroxyproline. C. difficile, C. hiranonis, C. hylemonae, and C. scin-
dens were all grown in BHI or BHI supplemented with 600 mg/L of hydroxyproline
4.6 mM (BHI 1Hyp) media. At mid-log growth (OD600 0.3–0.5), RNA was extracted, and
the transcriptomic response was analyzed using RNAseq. For C. difficile, many of the
genes that were upregulated upon exposure to hydroxyproline are involved in proline me-
tabolism, including the copy of proC that is adjacent to hypD. In particular, many of the genes
in the prd operon, which encodes enzymes for the reduction of proline and has previously

FIG 5 Expression of hypD and proC differs between C. difficile and selected commensal Clostridia in rich media supplemented
with hydroxyproline. (A) Alignment of hypD and proC across C. difficile and selected commensal Clostridia strains. Each protein
sequence was compared against its counterpart in the reference strain C. difficile 630Derm, generating the amino acid percent
identity labeled within each gene. (B–E) Expression of hypD and proC in BHI media and BHI media with 600 mg/L (4.6 mM)
hydroxyproline added of C. difficile (B), C. hiranonis (C), C. hylemonae (D), and C. scindens (E). Experiments were run in triplicate,
and three biological replicates were performed. The expression in medium supplemented with hydroxyproline was compared to
expression in medium without additional hydroxyproline. Statistical significance was determined using Student's t test (*,
P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001).
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been shown to be upregulated in the presence of proline, were upregulated in C. difficile
(Fig. 6A, Data File S4) (28). Genes involved in regenerating NAD1 via the reduction of succi-
nate and its conversion to butyrate were decreased in expression in the presence of hydroxy-
proline, consistent with the role of proline reductase as a preferred mechanism of reducing
equivalent regeneration. In C. hiranonis, most of the differentially expressed genes were
downregulated, including amino acid and branched chain amino acid biosynthetic genes, as
well as carbohydrate utilization genes. The putative ferrous iron importer gene feoB2 was
increased in C. hiranonis in the presence of hydroxyproline, as well as genes encoding a puta-
tive NADP-dependent a-hydroxysteroid dehydrogenase, although the overall expression of
the latter was quite low (Fig. 6B). Similarly, C. hylemonae had several transcripts that signifi-
cantly decreased with supplementation of hydroxyproline, including those encoding the gly-
cine reductase (Fig. 6C). Conversely, the genes encoding the glycine cleavage system were
increased in C. hiranonis in the presence of hydroxyproline. C. scindens had the largest num-
ber of differentially expressed genes between the two media conditions (Fig. 6D). A number
of genes from the prd operon were upregulated in response to hydroxyproline, as were a
number of genes encoding subunits of an electron transport complex (rnfABCDGE) (Fig. 6D).
Several genes from the bai (bile acid inducible) operon were significantly decreased, although
their expression levels in BHI alone were quite low. The expression of genes in the bai operon
was decreased in C. scindens and C. hylemonae, in the presence of hydroxyproline, but in C.
hiranonis, the expression of bai operon genes was increased in the presence of hydroxypro-
line (Fig. S3). Overall, the variable transcriptional responses to the presence of hydroxyproline
observed between C. difficile and the three commensal Clostridia revealed changes in nonhy-
droxyproline associated metabolic pathways, including those for utilization of other Stickland
substrates.

DISCUSSION

Understanding which nutrients are required for C. difficile to persist and cause disease
in the host is important to developing targeted therapeutics against CDI. In this study, we
employed bacterial genetics to examine how the utilization of hydroxyproline by C. difficile
affects CDI and the microbiome in a mouse model of infection. To facilitate the interpreta-
tion of the in vivo data, the DhypD and DproC mutants and their complements were first
grown in a minimal medium with hydroxyproline substituted for proline (CDMM –pro).
While there was a growth defect in the DhypDmutant, as expected, no growth defect was
observed for the DproC mutant (Fig. 1B). This is potentially due to functional redundancy
within the C. difficile 630Derm genome, where a second homolog of P5CR is present
(encoded by CD630_RS08190), which did not significantly change expression in the pres-
ence of hydroxyproline. Also of interest is that all strains other than the DhypD mutant
showed significantly increased growth when hydroxyproline was present in the media as
opposed to proline. This is likely due to the repression of alternative NAD1 regeneration
pathways that would result in butyrate production, which would impede growth of C. diffi-
cile, but further experiments are required to test this hypothesis (27, 31, 35).

Since DhypD growth was impaired in vitro when hydroxyproline was the only pro-
line source, we reasoned that hypD may be important for colonization and disease pro-
gression in a mouse model of CDI. While the fecal burden of C. difficile was similar
between the strains, the mice challenged with the WT strain showed more weight loss
on days 3, 5, and 7 after challenge and toxin activity was higher on day 3 postchal-
lenge relative to mice colonized with DhypD (Fig. 2D and E). There was no significant
difference in toxin activity 7 days postchallenge, indicating that this effect is the
strongest earlier during disease. While the effect is subtle, the differences in weight
and toxin activity suggest that C. difficile may rely on hydroxyproline for maximal fit-
ness in vivo, highlighting the importance of a host-derived amino acid that is likely
made available via toxin-induced expression of host matrix metalloproteinases (14, 36,
37). As C. difficile is a nutritional generalist and the proline content of the murine gut is
likely sufficient to support growth, removing the ability to utilize a single nutrient
(hydroxyproline) via hypD mutation was not predicted to produce orders of magnitude
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C. difficile C. hiranonis

C. hylemonae C. scindens

FIG 6 Transcriptomic differences in response to hydroxyproline vary between C. difficile and commensal Clostridia. Heatmap of genes that had significantly
differential expression in (A) C. difficile WT, (B) C. hiranonis, (C) C. hylemonae, and (D) C. scindens between analyses was run using Geneious and DESeq2. All
genes considered differentially expressed had an adjusted P value of ,0.05 and 61 log fold change.
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of difference in terms of colonization or disease. Rather, we hypothesized that the re-
covery of the microbiota over time after cefoperazone treatment and C. difficile chal-
lenge would allow for subtle phenotypes to emerge as newly colonizing bacteria
would begin to utilize and possibly compete for hydroxyproline in the gut.
Stochasticity in this process under the time scales studied here likely affects the magni-
tude of any such effects. C. difficile 630 was chosen for this experiment due to the
genetic tools available for this strain, but it causes less severe disease in a mouse
model than strains R20291 or VPI 10463 (38–40). It is possible that a stronger difference
between the mutant and the wild-type strain would be observed in these strain back-
grounds, especially given their increased expression of hypD in the presence of hydrox-
yproline in a defined medium when compared to C. difficile 630 (Fig. S4).

Each of the bacteria tested had a different transcriptional response to hydroxyproline,
both in terms of RNAseq and when hypD and proC were tested individually using qRT-PCR
(Fig. 5 and 6). Of particular interest was the fact that neither C. difficile nor C. scindens
showed upregulation of hypD or proC when hydroxyproline was supplemented to the
media, but when the levels of amino acids were quantified using LC/MS, both organisms
metabolized the majority of hydroxyproline present (Fig. 4A). For C. scindens, this may mean
that hypD and/or proC are always transcriptionally active or that the bacterium has another
way to utilize hydroxyproline that does not require either gene. For C. difficile 630 Derm, it is
more likely that hypD is always transcriptionally active, as C. difficile DhypD did not utilize the
excess hydroxyproline added to the media, in addition to the growth defect previously
observed (Fig. 1B and 4A). The lack of differential expression in C. difficile 630 is particularly
interesting, as when the C. difficile strains 630, R20291, and VPI 10463 were tested in a mini-
mal medium, 630 was the only one where hypD was not strongly upregulated in the pres-
ence of hydroxyproline, indicating that there are regulatory differences between strains
(Fig. S4). Unfortunately, one of the limitations of the in vitro work in this study was the
requirement to use a rich and undefined medium that contains a basal level of hydroxypro-
line, as C. hiranonis and C. hylemonae do not grow well in defined media (16, 41).

The overall transcriptional response of C. difficile 630Derm and the commensal
Clostridia to hydroxyproline indicated in vitro that while there were some similarities,
each organism had a relatively unique response. In C. scindens, over 60 transcripts
were significantly altered in response to hydroxyproline, with 38 of those genes being
in a metabolic COG category. Of particular interest is that baiA2, baiCD, baiF, and baiH
were all downregulated in response to hydroxyproline, indicating that even without
cholate in the media, the activation of the bai operon can vary depending on the nutri-
tional content of the media. While none of the changes in bai transcripts in C. hylemo-
nae were statistically significant, several bai operon genes, including baiG and baiE,
were downregulated in response to hydroxyproline (Fig. S3). This is particularly inter-
esting given the previous finding that C. hylemonae shows upregulation of the bai op-
eron when exposed to cholate in a defined medium, but not when exposed to cholate
in BHI (16, 41). Despite recent work that suggests bile acids do not play an essential
role in protection against CDI, this study provides further evidence that there is a rela-
tionship between nutrient availability and secondary bile acid production in commen-
sal Clostridia (42). Further work combining bile acids and hydroxyproline, and other
amino acids important for Stickland metabolism, are needed to fully dissect transcrip-
tional networks in these organisms and define their individual and combinatorial roles
in colonization resistance against C. difficile. This supports the finding that each of
these commensal Clostridia have differing metabolic responses to hydroxyproline, and
that further elucidation of their nutrient utilization in vivo will be fruitful for identifying
possible nutritional overlaps with C. difficile. This approach may allow for the develop-
ment of rationally designed cocktails of commensal microbiota that can compete
against C. difficile for one or more nutrient sources in an infected host.

MATERIALS ANDMETHODS
Animals and housing. C57BL/6J WT mice (5–8 weeks old; n = 18 male and n = 18 female) were pur-

chased from Jackson Laboratory. The food, bedding, and water were autoclaved, and all cage changes were
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performed in a laminar flow hood. The mice were subjected to a 12 h light and 12 h dark cycle. Mice were
housed in a room with a temperature of 70°F and 35% humidity. Animal experiments were conducted in the
Laboratory Animal Facilities located on the NCSU CVM campus. Animal studies were approved by NC State’s
Institutional Animal Care and Use Committee (IACUC). The animal facilities are equipped with a full-time ani-
mal care staff coordinated by the Laboratory Animal Resources (LAR) division at NCSU. The NCSU CVM is
accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care International
(AAALAC). Trained animal handlers in the facility fed and assessed the status of animals several times per
day. Those assessed as moribund were humanely euthanized by CO2 asphyxiation.

Mouse model of C. difficile infection. The mice were given 0.5 mg/mL cefoperazone in their drink-
ing water for 5 days to make them susceptible to C. difficile infection, then plain water for 2 days, after
which time they (n = 8, 4 males and 4 females) received 105 spores of either C. difficile 630Derm (WT) or
C. difficile 630DermDhypD (DhypD) via oral gavage. One group of mice (n = 8, 4 males and 4 females)
received cefoperazone and no C. difficile spores (no C. diff) and were used as uninfected controls. Mice
were weighed daily and monitored for clinical signs of distress (ruffled fur, hunched posture, slow ambu-
lation, etc.). Fecal pellets were collected 1, 3, 5, and 7 days postchallenge and diluted 1:10 wt/vol in ster-
ile PBS, then serially diluted in 96-well PCR plates and plated onto CCFA for enumeration of vegetative
C. difficile CFU. The serially diluted samples were then removed from the anaerobic chamber and heated
to 65°C for 20 min before being passed back into the chamber. The dilutions were plated onto TCCFA
for enumeration of spore CFU. Additional fecal pellets were collected on days 1–7 and stored at 280°C
for later use in toxin activity assays and 16S rRNA sequencing.

At day 7 postchallenge, mice were humanely sacrificed, and necropsy was performed. Cecal content
was harvested for enumeration of vegetative C. difficile and spore CFU, as well as for toxin activity. Cecal
tissue was harvested for 16S rRNA sequencing. Samples for sequencing and toxin activity were immedi-
ately flash frozen in liquid nitrogen and stored at 280°C until processing.

Toxin activity in the cecal content was quantified using the Vero Cell cytotoxicity assay (43). Briefly, the con-
tent was diluted 1:10 wt/vol in sterile PBS, and 10-fold dilutions were added to Vero cells in a 96-well dish for
;16 h. The reciprocal of the lowest dilution in which;80% of the cells have rounded was reported as the titer.

Bacterial strain collection and growth conditions. The C. difficile strains used in this study were the
wild type C. difficile 630Derm (WT) and the mutants C. difficile 630DermDhypD (DhypD), C. difficile
630DermDproC (DproC), C. difficile 630DermDhypD::hypD (hypD complement), and C. difficile 630DermDproC::
proC (proC complement). All assays using C. difficile were started from spore stocks, which were prepared
and tested for purity as described previously (43, 44). C. difficile spores were maintained on brain heart infu-
sion (BHI) medium supplemented with 100 mg/L L-cysteine and 0.1% taurocholate (T4009, Sigma-Aldrich).
Then cultures were started by inoculating a single colony from the plate into BHI liquid medium supple-
mented with 100 mg/L L-cysteine. The other bacterial strains used in this study were C. hiranonis TO 931, C.
hylemonae TN 271, and C. scindens VPI 12708. All strains were maintained on 15% glycerol stocks stored in
280°C until use and were grown in BHI medium supplemented with 100 mg/L L-cysteine. All strains used in
this study were grown under 2.5% hydrogen under anaerobic conditions (Coy, USA) at 37°C.

Growth studies in CDMM. C. difficile was grown in a well-established, defined minimal medium
(CDMM) (28). CDMM –Pro 1Hyp had 600 mg/L (4.6 mM) of trans-4-hydroxy-L-proline (Sigma) instead of
L-proline. CDMM –Pro was used as a negative control. A single colony was inoculated into 5 mL of media
and incubated at 37°C for 24 h, at which point the OD600 was measured using a spectrophotometer.

Construction of C. difficile strains. To construct the pMTL-YN1C-hypD complementation construct,
primer pair YH-P295 and YH-P296 was used to amplify the hypD gene (Table S1). The resulting PCR prod-
uct was digested with NotI and XhoI and ligated to pMTL-YN1C digested with the same enzymes. The
resulting PCR fragments were inserted into pMTL-YN1C digested with NotI and XhoI using Gibson as-
sembly (45). The assembly mixture was transformed into E. coli DH5a, and the resulting plasmids were
confirmed by sequencing and then transformed into E. coli HB101/pRK24.

Vectors for gene deletion and complementation. To construct the pMTL-YN3-DhypD allelic
exchange construct vector, ;1 kb flanking regions of hypD (CD630_RS17450) were PCR amplified from
C. difficile 630 (primers listed in Table S1). To construct the pMTL-YN3-DproC allelic exchange construct,
;1kb flanking regions of proC (CD630_RS17445) were amplified. All PCRs were carried out using
Phusion-HF Master Mix (NEB). PCR products were gel-purified using illustra GFX PCR DNA and Gel Band
purification kit (GE Healthcare). Thirty ng of each flanking region of the targeted gene were used as tem-
plates for overlap PCR in 10 mL reactions (Ta of 72°C, extension time of 120s). Seven mL of each overlap
PCR mix was used as template in 20 mL extension PCRs (Ta of 61°C, extension time of 60 sec) with flank-
ing primers to amplify joined regions. The PCR SOE products were gel-purified and digested with AscI
and SbfI. Each deletion template was ligated into AscI and SbfI-HF-linearized pMTL-YN3 using T4 DNA
ligase (NEB) in 10 mL reactions at a 1:9 volume ratio (vector:insert). Ligation reactions were electropo-
rated into E. coli TOP10 cells and plated out onto LB-chloramphenicol (25 mg/mL) agar plates.

To construct the pMTL-YN1C-hypD complementation construct, the promoter region,;300 bp upstream
of the HypD activase gene (CD630_RS17455), and hypD were separately amplified (Table S1). To construct
the pMTL-YN1C-proC complementation construct, proC along with ;200 bp of the upstream region were
amplified (Table S1). The resulting PCR products were gel-purified and Gibson assembled into StuI-linearized
pMTL-YN1C to construct pMTL-YN1C-hypD and pMTL-YN1C-proC. Gibson assembly reactions were trans-
formed into E. coli TOP10 cells and then plated out onto LB-chloramphenicol (25mg/mL) agar plates. All plas-
mids were confirmed by Sanger sequencing and then transformed into E. coli HB101/pRK24 for conjugation.

Gene deletions in C. difficile. Allele-coupled exchange was used to construct clean deletions of
hypD and proC (45). The recipient C. difficile strain 630DermDpyrE (a kind gift from Nigel Minton, c/o
Marcin Dembek) was grown for 5–6 h in BHIS medium in an anaerobic chamber (Coy, USA). E. coli
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HB101/pRK24 donor strains carrying the appropriate pMTL-YN3 allelic exchange constructs were grown
in LB medium containing ampicillin (50 mg/mL) and chloramphenicol (20 mg/mL) at 37°C, 225 rpm,
under aerobic conditions, for 5–6 h. Each E. coli strain was pelleted at 600 g for 5 min and transferred
into an anaerobic chamber. One milliliter of the C. difficile culture was added to each E. coli pellet, and
100 mL of the mixture was spotted seven times onto a BHIS plate. The E. coli and C. difficile mixture was
incubated for 13–18 h at 37°C anaerobically, after which the resulting growth was scraped from the
plate into 1 mL phosphate-buffered saline (PBS). One hundred microliter aliquots of each suspension
were spread onto five BHIS plates containing 10 mg/mL thiamphenicol, 50 mg/mL kanamycin, and 8 mg/
mL cefoxitin. The plates were incubated for 3–4 days at 37°C, and transconjugants were passaged onto
BHIS plates containing 15 mg/mL thiamphenicol, 50 mg/mL kanamycin, 8 mg/mL cefoxitin, and 5 mg/mL
uracil. After selecting for the fastest growing colonies over 2–3 passages, single colonies were restruck
onto CDMM plates, a defined minimal medium, containing 2 mg/mL 5-fluoroorotic acid (FOA) and 5 mg/
mL uracil. FOA-resistant colonies that arose were patched onto CDMM plates containing 5-FOA and ura-
cil, and colony PCR was performed to identify clones harboring the desired deletions (46)(Table S1).
Mutants were further verified by Sanger sequencing PCR products. All 630DermDpyrE mutant strains
were complemented with pyrE in the pyrE locus as described in the next section.

Complementation in C. difficile. E. coli HB101/pRK24 donor strains carrying the appropriate com-
plementation construct were grown in LB containing ampicillin (50 mg/mL) and chloramphenicol
(20 mg/mL) at 37°C, under aerobic conditions, for 6 h (46, 47). For complementation in the pyrE locus
using pMTL-YN1C constructs, C. difficile recipient strains were conjugated with either the empty pMTL-
YN1C vector or the appropriate pMTL-YN1C complementation vectors as described previously.
Transconjugants were then restruck onto CDMM and incubated for 2–4 days. Colonies that had restored
the pyrE locus by virtue of their ability to grow on CDMM were restruck onto CDMM plates before further
characterization. All clones were verified by colony PCR. At least two independent clones from each
complementation strain were phenotypically characterized.

Genomic analysis of hypD and proC. This was performed using the gggenes package (version
0.4.0) in R (version 3.6.3) and Geneious as described previously (16). Briefly, the hypD comparison was
constructed by first extracting the positional information for hypD and proC from Geneious (35), then
obtaining amino acid identity percentage through BLASTp alignments (36) against coding sequences
from the reference strain C. scindens ATCC 35704 (NCBI accession no. PRJNA508260). These data were
visualized using the publicly available gggenes R package (37).

RNA extraction. C. difficile, C. scindens, C. hiranonis, and C. hylemonae liquid cultures were started
from a single colony and grown in either BHI or BHI 1 600 mg/L (4.6 mM) hydroxyproline media for 14 h
before RNA extraction. Cultures were fixed by adding equal volumes of a 1:1 mixture of EtOH and ace-
tone and stored at 280°C for later RNA extraction. For extraction, the culture was thawed, then centri-
fuged at 10,000 rpm for 10 min at 4°C. The supernatant was discarded and the cell pellet resuspended in
1 mL of 1:100 BME: (beta-mercaptoethanol)H2O, then spun down at 14,000 rpm for 1 min. For RNA to be
used for qRT-PCR, the cell pellet was resuspended in 0.3 mL of lysis buffer from the Ambion RNA purifi-
cation kit (AM1912, Invitrogen) then sonicated while on ice for 10 pulses of 2 s with a pause of 3 s
between each pulse. Extraction was then performed following the manufacturer’s protocol from the
Ambion RNA purification kit. For RNA to be used for RNA-seq, the cell pellet was resuspended in 1 mL of
TRIzol (Thermofisher F) and incubated at room temperature for 15 min. Two hundred mL of chloroform
(Sigma-Aldrich) was added, and the solution was inverted rapidly for 20 s, then incubated at room tem-
perature for 15 min and centrifuged at 14,000 rpm for 15 min at 4°C. The aqueous phase was mixed
with 96% ethanol and the extraction was performed using the Direct-zol RNA Miniprep Plus following
the manufacturer’s instructions, including an on-column DNase I treatment (R2071, Zymo Research).

Reverse transcription and quantitative real-time PCR. Reverse transcription and quantitative real-
time PCR (qRT-PCR) was performed as described previously (15). Briefly, RNA was depleted by using Turbo
DNase according to the manufacturer’s instructions (AM2238, Invitrogen). The DNase-treated RNA was then
cleaned using an RNA clean-up kit (R1019, Zymo) according to manufacturer’s instructions, and DNA deple-
tion was verified by amplifying 1 mL of RNA in a PCR. The DNA depleted RNA was used as the template for
reverse transcription performed with Moloney murine leukemia virus (MMLV) reverse transcriptase (M0253,
NEB). The cDNA samples were then diluted 1:4 in water and used in quantitative real-time PCR with gene-
specific primers using SsoAdvanced Universal Sybr Green Supermix (1725271, Bio-Rad) according to the
manufacturer’s protocol (Table S1). Amplifications were performed in technical triplicates, and copy numbers
were calculated using a standard curve and normalized to that of a housekeeping gene. gyrA was the house-
keeping gene used for C. scindens, while rpoC was used for C. difficile, C. hiranonis, and C. hylemonae (16).

RNAseq. Sequencing of RNA derived from in vitro cultures was performed at the Roy J. Carver
Biotechnology Center at the University of Illinois at Urbana-Champaign. rRNA was removed from the
samples using the RiboZero Epidemiology Kit (Illumina). RNAseq libraries were prepped with the TruSeq
Stranded mRNA Sample Prep Kit (Illumina), though poly-A enrichment was omitted. Library quantifica-
tion was done via qPCR, and the samples were sequenced on one lane for 151 cycles from each end of
the fragments on a NovaSeq 6000 using a NovaSeq S4 reagent kit. The FASTQ files were generated and
demultiplexed using the bcl2fastq v2.20 Conversion Software (Illumina). Raw paired Illumina reads were
imported into Geneious 10.2.6, where adapters were removed using BBDuk with a Kmer length of 27.
The reads were mapped to the C. difficile 630Derm genome (NCBI accession no. NC_009089.1), the C. hir-
anonis DSM 13275 genome (NCBI accession no. GCA_008151785.1), the C. hylemonae DSM 15053 ge-
nome (NCBI accession no. PRJNA523213), or the C. scindens ATCC 35704 genome (NCBI accession no.
PRJNA508260) using BBMap with a Kmer length of 10 and no other changes to the default settings.
Differential expression analysis between the two conditions was performed using DESeq2, and if genes
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had an adjusted P value of ,0.05 and 61 log2 fold change, they were considered differentially
expressed. Visualization of differentially enriched genes for each organism was performed using pheat-
map (version 1.0.12), ggplots (version 3.3.4), and ggpubr (version 0.4.0.999) within R (version 3.6.3).
Some of the differentially enriched genes were hypothetical proteins; those results were removed before
the figures were visualized. Full RNAseq data are available in Data File S4.

Metabolomics data analysis. (i) Mass spectrometry data acquisition.Samples collected after 14 h of
growth were diluted 1:100 (10 mL sample, 990 mL water) and transferred to an autosampler vial for analysis by
UPLC-MS. For quantification of amino acids, a certified reference material amino acid mix solution (TraceCERT,
Sigma) was diluted to achieve a 100 mM working standard solution. Ten calibration standards ranging from
100 mM to 250 nM were prepared by serially diluting the working standard solution. For quantification of 4-
hydroxyproline and 5-aminovaleric acid, certified reference material (Sigma) for each was suspended in water to
achieve a 1 mg/mL solution, which was combined and diluted to achieve a 50 mg/mL working standard solu-
tion. Ten calibration standards ranging from 50mg/mL to 25 ng/mL were prepared by serially diluting the work-
ing standard solution. The analysis was performed using a Thermo Vanquish UPLC instrument (Thermo Fisher
Scientific, Germering, Germany) coupled to a Thermo Orbitrap Exploris 480 mass spectrometer (Thermo Fisher
Scientific, Breman, Germany) with a heated electrospray ionization (HESI) source. Chromatographic separation
was achieved on a Waters BEH Amide column (2.1� 100 mm, 1.8mM) maintained at 45°C. The following linear
gradient of mobile phase A (H2O1 0.1% FA) and mobile phase B (MeCN1 0.1% FA) was used: 0–0.1 min (99%
B, 0.4 mL/min), 0.1–7 min (99–30%B, 0.4 mL/min), 7–10 min (99%B, 0.4 mL/min). Samples were analyzed (2 mL
injections) in positive ion mode (spray voltage 3.5 kV, ion transfer tube temperature 300°C, vaporizer tempera-
ture 350°C, sheath gas 50 a.u. (arbitrary units), auxillary gas 10 a.u., sweep gas 1 a.u.) with a mass range of m/z
60–1000. MS1 data was collected with a resolving power of 60,000 and an AGC target of 1e6, and ddMS2 data
were collected with a resolving power of 30,000, cycle time of 0.6 s, AGC target of 4e5, and stepped HCD colli-
sion energy (30, 50, 150). The full data set was acquired in a randomized fashion with water blanks and system
suitability samples (QReSS, Cambridge Isotope Laboratories) collected every 10 samples.

(ii) Targeted data processing.Peak integration and amino acid quantification were performed in
Skyline1. Individual standard curves for each of the 15 amino acids plus hydroxyproline and 5-aminoval-
erate were constructed using extracted ion chromatogram peak areas from MS1 data, and the slope of
each curve was calculated using a linear curve fit and a 1/(x *x) weighting. MS2 data were utilized to vali-
date amino acid annotations, particularly to differentiate valine and 5-aminovaleric acid. The concentra-
tions in the study samples were calculated in an identical manner relative to the regression line.
Calibration curves for each of the amino acids had R2 values ranging from 0.9919 to 0.9994 for the linear
range of 0.25 to 100 mM. Calibration curves for 4-hydroxyproline and 5-aminovaleric acid had R2 values
of 0.9948 to 0.9997, respectively, for the linear range of 0.025 to 50mg/mL (48).

16S rRNA bacterial sequencing. Fecal and cecal samples were sequenced by the University of
Michigan Microbial Systems Molecular Biology Laboratory using the Illumina MiSeq platform (49). Microbial
DNA was extracted from the fecal and cecal samples using the Mag Attract Power Microbiome kit (Mo Bio
Laboratories, Inc.). A dual-indexing sequencing strategy was used to amplify the V4 region of the 16S rRNA
gene. Each 20-mL PCR mixture contained 2 mL of 10� Accuprime PCR buffer II (Life Technologies, CA, USA),
0.15 mL of Accuprime high-fidelity polymerase (Life Technologies, CA, USA), 5 mL of a 4.0 mM primer set,
3 mL DNA, and 11.85mL sterile nuclease free water. The template DNA concentration was 1 to 10 ng/mL for
a high bacterial DNA/host DNA ratio. The PCR conditions were as follows: 2 min at 95°C, followed by 30
cycles of 95°C for 20 s, 55°C for 15 s, and 72°C for 5 min, followed by 72°C for 10 min. Libraries were normal-
ized using a Life Technologies SequalPrep normalization plate kit as per manufacturer’s instructions for se-
quential elution. The concentration of the pooled samples was determined using the Kapa Biosystems library
quantification kit for Illumina platforms (Kapa Biosystems, MA, USA). Agilent Bioanalyzer high sensitivity DNA
analysis kit (Agilent CA, USA) was used to determine the sizes of the amplicons in the library. The final library
consisted of equal molar amounts from each of the plates, normalized to the pooled plate at the lowest con-
centration. Sequencing was done on the Illumina MiSeq platform, using a MiSeq reagent kit V2 (Ilumina, CA,
USA) with 500 cycles according to the manufacturer’s instructions, with modifications. Sequencing libraries
were prepared according to Illumina’s protocol for preparing libraries for sequencing on the MiSeq (Ilumina,
CA, USA) for 2 or 4 nM libraries. PhiX and genomes were added in 16S amplicon sequencing to add diversity.
Sequencing reagents were prepared according to the Schloss SOP (https://www.mothur.org/wiki/MiSeq
_SOP#Getting_started), and custom read 1, read 2, and index primers were added to the reagent cartridge
(49). FASTQ files were generated for paired end reads.

Community microbial sequencing analysis. Analysis of the V4 region of the 16S rRNA gene was per-
formed in the statistical programming environment R using the DADA2 package (version 1.14.1) (50).
Forward/reverse pairs were trimmed and filtered, with forward reads truncated at 240 nucleotides (nt) and
reverse reads truncated at 200 nt. No ambiguous bases were allowed, and each read was required to have
less than two expected errors based on their quality score. Error-corrected amplicon sequence variants
(ASVs) were independently inferred for the forward and reverse reads of each sample, and then read pairs
were merged to obtain final ASVs. Chimeric ASVs were identified and removed. For taxonomic assignments,
ASVs were compared to the Silva v132 database (https://zenodo.org/record/1172783). The R package phylo-
seq (version 1.30) was used to further analyze and visualize data (38). Inverse Simpson was used to calculate
alpha diversity, and Kruskal Wallis was used to determine statistical significance between treatment groups.
Relative abundance was calculated using phyloseq and visualized using Prism 7.0c, and differential-abun-
dance analysis between the DhypD and WT treatment groups was performed using the Aldex2 package (ver-
sion 1.18.0) and visualized using the ggplots2 package (version 3.3.4) (34, 51, 52).

Statistical analysis. Statistical tests were performed using Prism version 7.0c for Mac OSX (GraphPad
Software, La Jolla, CA, USA). Statistical significance was determined using Mann-Whitney for CFU, spore count, and
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toxin activity, and Kruskal Wallis with Dunn’s multiple comparisons for mouse weights during infection. Student’s t
tests with Welch’s correction were applied to account for multiple comparisons in analyses of other data. Statistical
analysis for the 16S and RNAseq results was performed in the R computing environment. Kruskal Wallis was used
for alpha diversity, Permanova Adonis in the vegan package (version 2.5–7) was used to test the difference
between groups for the beta diversity analysis, and ALDEx2 was used to calculate the differences between treat-
ments using a centered-log-ratio transform of ASV abundance to create an effect size for each ASV (34).

Data availability. Raw sequences have been deposited in the Sequence Read Archive (SRA). They can
both be found under BioProject ID PRJNA776739. Source data are provided within each supplementary
data file. Other data and biological materials are available from the corresponding author upon reasonable
requests.
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