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SUMMARY

Dietary factors and resident intestinal bacteria are associ-
ated with inflammatory bowel diseases. We show that

colonic glucosamine levels are increased during experi-
mental colitis and that Enterococcus faecalis up-regulates
glucosamine metabolism, which is associated with worse
experimental colitis.

BACKGROUND & AIMS: The inflammatory bowel diseases
(IBDs), Crohn’s disease and ulcerative colitis, are caused in part
by aberrant immune responses to resident intestinal bacteria.
Certain dietary components, including carbohydrates, are
associated with IBDs and alter intestinal bacterial composition.
However, the effects of luminal carbohydrates on the compo-
sition and colitogenic potential of intestinal bacteria are
incompletely understood. We hypothesize that carbohydrate
metabolism by resident proinflammatory intestinal bacteria
enhances their growth and worsens intestinal inflammation.

METHODS: We colonized germ-free, wild-type, and colitis-
susceptible interleukin-10 knockout mice (/11077) with a con-
sortium of resident intestinal bacterial strains and quantified
colon inflammation using blinded histologic scoring and spon-
taneous secretion of 1L12/23p40 by colon explants. We
measured luminal bacterial composition using real-time 16S
polymerase chain reaction, bacterial gene expression using RNA
sequencing and real-time polymerase chain reaction, and
luminal glucosamine levels using gas chromatography-mass
spectrometry.

RESULTS: We show that a consortium of 8 bacterial strains
induces severe colitis in //707" mice and up-regulates genes
associated with carbohydrate metabolism during colitis. Spe-
cifically, Enterococcus faecalis strain OG1RF is proinflammatory
and strongly up-regulates OG1RF_11616-11610, an operon that
encodes genes of a previously undescribed phosphotransferase
system that we show imports glucosamine. Experimental colitis
is associated with increased levels of luminal glucosamine and
OG1RF_11616 causes worse colitis, not by increasing E faecalis
numbers, but rather by mechanisms that require the presence
of complex microbiota.

CONCLUSIONS: Further studies of luminal carbohydrate levels
and bacterial carbohydrate metabolism during intestinal inflam-
mation will improve our understanding of the pathogenesis of

IBDs and may lead to the development of novel therapies for these
diseases. (Cell Mol Gastroenterol Hepatol 2021;12:1373-1389;
https://doi.org/10.1016/j.jcmgh.2021.06.017)

Keywords: Inflammatory Bowel Diseases; Phosphotransferase
System; Gene Expression.

nflammatory bowel diseases (IBDs), including Crohn’s

disease and ulcerative colitis, are chronic,
immune-mediated disorders of the gastrointestinal tract
that afflict as many as 8 in 1000 people in Europe and North
America and incur an average of US $30,000 per person
annually in direct and indirect health care costs."* Although
the etiologies of IBDs are currently unclear, a prevailing
hypothesis is that they are caused in part by aberrant im-
mune responses to intestinal bacteria in genetically sus-
ceptible individuals.

Several studies have shown that IBDs are associated
with altered composition of the normal intestinal bacterial
community.> > In addition to shifts in general bacterial
composition, IBDs also have been associated with alter-
ations in the abundances of specific bacterial species. For
example, Crohn’s disease is associated with increased
numbers of mucosal and fecal Proteobacteria, particularly
adherent-invasive Escherichia coli.° Studies also have shown
increased Enterococcus species7'9 and Ruminococcus spe-
cies,'“'' but decreased Bacteroides species”‘13 in feces
from IBD patients vs controls. Despite well-documented
associations between bacterial community composition
and IBDs, it is still unknown whether these associations
cause, or result from, IBDs. Moreover, other factors such as
host genetic susceptibility and diet likely also contribute to
the development of these diseases.

Abbreviations used in this paper: BHI, brain heart infusion; cDNA,
complementary DNA; Ct, cycle threshold; IBD, inflammatory bowel
disease; IL, interleukin; mRNA, messenger RNA; NCBI, National Center
for Biotechnology Information; PCR, polymerase chain reaction; PTS,
phosphotransferase system; RNA-seq, RNA sequencing; rRNA, ribo-
somal RNA; WT, wild-type; EIIA, enzyme IIA.
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Dietary factors also are positively and negatively asso-
ciated with the risk of developing IBDs. For example, con-
sumption of fruit fiber correlates with a reduced risk of
developing Crohn’s disease'* and decreased endoscopic
activity of ulcerative colitis."® High animal protein intake is
associated with an increased risk of developing IBDs.'®
Several cross-sectional studies have shown associations
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between increased sugar consumption and Crohn’s dis-
ease,!’1° although evidence for a similar connection in ul-
cerative colitis is lacking. Studies of diet on experimental
murine colitis have shown a causal role of dietary compo-
nents in intestinal inflammation, including certain fats,
emulsifiers, and fiber.””?* These findings suggest that di-
etary components may play a role in the pathogenesis of
IBDs.

Diet may impact intestinal inflammation via its effects on
the resident intestinal microbiota. For instance, interactions
between diet and bacteria can produce characteristic
changes in intestinal lumen metabolite profiles in IBDs.
Untargeted metabolomic studies have shown increased
levels of sphingolipids, acylcarnitines, certain primary bile
acids, and polyunsaturated fatty acids, but decreased levels
of short-chain fatty acids, triacylglycerols, tetrapyrroles,
pantothenate, and nicotinate in feces from IBD patients
compared with healthy controls.>* Although these studies
have been informative, the metabolomic techniques used
are unable to accurately quantify most carbohydrates.

Only a few studies have used more targeted methods to
measure concentrations of specific carbohydrates in feces
from IBD patients. For example, Le Gall et al*® detected
increased levels of glucose in ulcerative colitis patients.
Bacterial metabolism of luminal carbohydrates also may
contribute to IBDs as shown by increased numbers of genes
in carbohydrate metabolism pathways in fecal bacterial
metagenomes from IBD patients vs controls.”® Given the
epidemiologic evidence that connects sugar consumption
with Crohn’s disease and the enrichment of fecal bacterial
carbohydrate metabolism genes in patients with IBDs,
further study of the roles of luminal carbohydrate levels and
carbohydrate metabolism by bacteria in the pathogenesis of
IBDs is warranted. Understanding these interactions in IBD
patients could potentially lead to the development of new
therapies or diet recommendations that improve disease
activity.

In the current studies, we hypothesize that carbohydrate
metabolism by resident proinflammatory intestinal bacteria
enhances their growth and worsens intestinal inflammation.
Because the complexity and variability of naturally occur-
ring intestinal bacterial communities complicate mecha-
nistic studies of this concept in human beings, we tested our
hypothesis in a mouse model of chronic colitis in which we
selectively colonized germ-free interleukin-10-deficient

Figure 1. Experimental colitis is associated with altered
luminal bacterial metatranscriptomes of a simplified
consortium of resident intestinal bacterial strains. (A)
Concentrations of bacterial species in cecal content from WT
and /1107~ mice colonized with the 8 indicated bacterial strains
for 10 weeks. (B) Principle component analysis of bacterial
metatranscriptomes in cecal content of the same mice. (C)
Hierarchical clustering and Euclidean distances of bacterial
metatranscriptomes from each mouse. (D) Transcriptional ac-
tivity of bacterial strains in cecal content of the same mice. (E)
Numbers of differentially expressed genes (>1.5-fold) in bac-
terial strains in cecal content of the same mice (n = 5 mice/
group, data presented as means + SD, *P < .05 11107 vs WT,
Student t test). KO, /107" nd, not detected; PC, principle
component.
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Table 1.Bacterial Strains Used in the Current Studies

Species Strain Source
Escherichia coli NC101 Mouse feces
Enterococcus faecalis OG1RF Human oral cavity
Bacteroides vulgatus ATCC 8482 Human feces
Bacteroides thetaiotaomicron VPI-5482 Human feces
Bifidobacterium longum ATCC 15697 Human feces
Lactobacillus rhamnosus GG Human feces
Ruminococcus gnavus ATCC 29149 Human feces
Faecalibacterium prausnitzii A2-165 Human feces

(I11077) mice with a simplified consortium of 8 nonpatho-
genic, resident intestinal bacterial species. We report that
experimental colitis is associated with increased levels of
colonic luminal glucosamine and induces Enterococcus fae-
calis, a bacterial species known to cause experimental mu-
rine colitis,27‘28 to increase expression of
phosphotransferase genes that encode proteins that import
glucosamine. We also found that the presence of an intact E
faecalis glucosamine phosphotransferase pathway worsens
experimental colitis and is associated with decreased Bac-
teroides species, but, contrary to our hypothesis, does not
increase E faecalis numbers during colitis.

Results
Experimental Colitis Is Associated With Altered
Luminal Bacteria Composition and Transcription

in a Simplified Bacterial Community

We previously reported that chronic immune-mediated
experimental colitis in 11107 mice induces differential
expression of genes in luminal bacteria from mice mono-
colonized with resident intestinal bacterial strains.”**°
Other studies have reported that acute, chemically induced
colitis induces changes in the luminal bacterial metatran-
scriptome in conventionally housed wild-type (WT) mice.*
However, little is known about how chronic, immune-
mediated colitis affects the luminal bacterial metatran-
scriptome in mice colonized with a community of resident
intestinal bacterial strains.

To determine this, we selectively colonized WT and
11107 mice for 10 weeks with a consortium of 8 bacterial
species (Table 1) that represent the 4 major bacterial phyla
in the mammalian intestine: Firmicutes, Bacteroidetes,
Proteobacteria, and Actinobacteria. We selected these
strains based on publicly available full-genome sequence at
the time of the experiment and the association of several of
the species with IBD or experimental colitis.’>?7*%32737 Wwe
inoculated germ-free mice by oral gavage of 200 uL of an
equal-volume mixture of the anaerobically grown bacterial
strains (see the Methods section). We previously reported
that I1107" mice colonized with these strains have signifi-
cantly greater histologic colitis and spontaneous secretion of
the proinflammatory cytokine IL12/23p40 by colon explant
cultures compared with WT mice.*® Specifically, average

composite histologic inflammation scores were 8.9 (SEM,
+0.42) and 3.5 (SEM, +0.42) in [1107" and WT mice,
respectively (¢t test, P < .0005). Average IL12/23p40
secretion was 106 (SEM, +6.7) and 2.41 (SEM, +0.30) ng/
mg tissue in /1107" and WT mice, respectively (t test, P <
.0005). In the present studies, measurements of bacterial
composition in cecal contents from these mice showed the
presence of all species except Lactobacillus rhamnosus.
Comparing the bacterial composition in the 2 groups of
mice, we found significantly fewer Ruminococcus gnavus,
Bacteroides thetaiotaomicron, E faecalis, and Faecalibacte-
rium prausnitzii, slightly higher levels of Bifidobacterium
longum, but unchanged levels of E coli and Bacteroides
vulgatus in the cecal content of 1/107" compared with WT
mice (Figure 14).

Because half of the bacterial strains showed decreased
relative proportions in cecal content from 11107 vs WT
mice, we asked whether total bacterial density is lower in
cecal content from I1107" mice. To answer this, we first
measured total DNA concentrations in cecal contents from
11107" and WT mice (n = 6/group) selectively colonized for
8 weeks with the same bacterial strains as described earlier
and detected an average of 1109 (SEM, +133) and 384
(SEM, +50) ng DNA/mg cecal contents in /1107~ and WT
mice, respectively (t test, P < .0005). To account for po-
tential differences in the amount of mouse DNA in cecal
contents from the 2 groups, we performed real-time poly-
merase chain reaction (PCR) on total DNA using universal
bacterial 16S primers and found that cecal content DNA
from 1107" mice contained 0.74-fold lower bacterial 16S
copies than that from WT mice. Using this value to correct
for differences in relative proportions of bacterial vs
eukaryotic DNA, we estimate that cecal content from these
1110”7 mice contains approximately 820 ng bacterial DNA/
mg cecal content compared with 384 ng bacterial DNA/mg
cecal content in WT mice. Together these data suggest that
total cecal content bacterial concentrations are actually
higher in /110" vs WT mice. The reasons why cecal bacterial
DNA is increased in 1/107" vs WT mice are unknown and will
require further investigation.

Unsupervised analysis of the cecal bacterial metatran-
scriptomes has shown that those in the /107" mice are
significantly different from, and cluster more closely
together than, those in the WT mice (Figure 1B).
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Table 2.Top 15 Conserved Protein Domains Enriched in Cecal Bacteria From //70”~ Mice With Colitis Vs Healthy WT Mice

Normalized enrichment

Conserved domain Description score FDR g-value
CL00268 Class Il tRNA aminio-acyl synthetase-like catalytic core domain 212 0.0010
CL00015 Nucleotidyl transferase superfamily 2.05 0.0030
CL02787 Elongation factor Tu domain-like proteins 2.05 0.0020
CL12020 Anticodon-binding domain of class la aminoacyl tRNA synthetases 2.05 0.0018
CL07225 Domain of unknown function (DUF1735) 1.93 0.0106
CL03132 Mur ligase family, catalytic domain 1.92 0.0117
CD06223 Phosphoribosyl transferase domain 1.90 0.0013
CL00102 Laminin G domain 1.89 0.0128
CL00266 Histidyl, glycyl, threonyl, and prolyl anticodon binding domain 1.89 0.0119
CL00354 Kyprides, Ouzounis, Woese motif 1.89 0.0123
CL00939 Bacterial sugar transferase 1.87 0.0149
CL12026 Gly radical superfamily 1.86 0.0169
CL00309 Phosphoribosyl transferase domain 1.85 0.0168
CL15445 PTS regulation domain 1.84 0.0191
CL09927 Ribosomal protein S1-like RNA-binding domain 1.83 0.0182

FDR, false-discovery rate; tRNA, transfer RNA.

Hierarchical clustering by Euclidean distance confirms that
metatranscriptomes from WT mice 1, 2, 4, and 5 cluster
together and are distinct from the metatranscriptomes of
the other mice (Figure 1C). These data suggest that the cecal
environment in //70”" mice with colitis is distinct from, and
more consistent than, that in WT mice. We then estimated
overall transcriptional activity in each bacterial strain by
dividing the number of mRNA reads for each strain by the
number of coding bases in that strain’s genome and the
fraction of that strain’s genomes in the sample. Transcrip-
tional activity was lowest in E coli and F prausnitzii in both

groups of mice and was significantly higher in R gnavus and
B vulgatus in 11107~ vs WT mice (Figure 1D).

To more fully characterize the transcriptional changes in
bacteria from 11107 vs WT mice, we conducted a conserved
domain analysis of the microbial RNA sequencing (RNA-seq)
data sets. Briefly, we generated a custom database of Na-
tional Center for Biotechnology Information (NCBI)-identi-
fied conserved protein domains for each bacterial gene in
the consortium and then applied this database and the mi-
crobial RNA-seq data sets in gene set enrichment analysis to
identify conserved protein domains that are enriched in

Table 3.Top 15 Conserved Protein Domains Enriched in Cecal Bacteria From Healthy WT Mice Vs /707~ Mice With Colitis

Conserved domain Description Normalized enrichment score FDR g-value
CL15789 DDE superfamily endonuclease -2.62 0.0000
CL16926 Transposase domain of unknown function (DUF772) -2.54 0.0000
CD02947 Thioredoxin family -1.92 0.0520
CL02811 E1-E2 ATPase superfamily -1.92 0.0403
CL04740 FecR protein -1.79 0.0991
CL10482 KefB superfamily -1.70 0.1552
CL06502 Two-component regulator propeller -1.62 0.2176
CL00514 Nitro FMN reductase superfamily -1.61 0.2038
CL08372 Pyridine nucleotide-disulfide oxidoreductase, dimerization domain =ilE59 0.2151
CL14891 Putative helix-turn-helix domain of transposase 1S66 -1.55 0.2506
CL00264 Ferritin-like superfamily -1.51 0.2884
CLO1155 Porin superfamily -1.50 0.2835
CL14647 Glycosyl hydrolase families GH43, 62, 32, 68, 117, 130 -1.50 0.2709
CD02966 TIpA-like family -1.44 0.3498
CL00388 Thioredoxin-like superfamily -1.40 0.3992

ATPase, adenosine triphosphatase; FDR, false-discovery rate; FMN, flavin mononucleotide.
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Table 4.Top 15 Down-regulated Genes in Cecal Bacteria From Healthy WT Mice Vs //707~ Mice With Colitis

Gene locus tag

Description

Fold change KO/WT

RUMGNA_00582
RUMGNA_01937
RUMGNA_00581
OG1RF_11321
BT_0782
BVU_3435
BVU_1055
BvU_2182
BVU_3508
OG1RF_12506
BVU_3615
BVU_3614
OG1RF_10861
BVU_3100
BVU_2305

Sigma-70 region 2
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein

Methylglyoxal synthase
Cell wall surface anchor family protein

Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein

0.056
0.071
0.083
0.196
0.200
0.204
0.213
0.278
0.294
0.294
0.294
0.303
0.303
0.303
0.313

KO, ll107™".

cecal bacteria from 1107 vs WT mice. Several domains
involved in protein translation, sugar metabolism, and other
processes are enriched significantly in bacteria from /1107
vs WT mice (Table 2). Only 3 domains are enriched signif-
icantly in bacteria from WT compared with /707" mice, 2 of
which are important in DNA transposition (Table 3).

In supervised analyses, we identified bacterial genes that
were up- or down-regulated significantly in bacteria from
11107 mice at least 1.5-fold and found that E faecalis had the
highest number of differentially expressed genes whereas E
coli, B longum, and F prausnitzii had no significantly differ-
entially expressed genes (Figures 1E and 2). Of the 15 most

highly down-regulated bacterial genes in /1107 mice, most
were from B vulgatus, were down-regulated only modestly
(ie, 3- to 5-fold), and encoded hypothetical proteins
(Table 4, Supplementary Table 1). Of the 15 most highly up-
regulated bacterial genes in [1107" mice, most were from R
gnavus, were highly up-regulated (ie, 27- to 41-fold), and
encoded proteins involved in DNA replication (Table 5,
Supplementary Table 1). The only non-R gnavus gene in this
set of 15 up-regulated genes was from E faecalis and
encoded a putative protein predicted to belong to the
phosphotransferase system (PTS) family, a family of mole-
cules that import carbohydrates into bacteria.

Table 5.Top 15 Up-regulated Genes in Cecal Bacteria From /1707~ Mice With Colitis Vs Healthy WT Mice

Gene locus tag Description Fold change KO/WT

RUMGNA_01176
RUMGNA_02294
RUMGNA_02289
RUMGNA_02295
RUMGNA_02290
RUMGNA_02293
RUMGNA_02573
RUMGNA_02287
RUMGNA_02285
RUMGNA_02292
RUMGNA_02288
RUMGNA_02291
OG1RF_11616

RUMGNA_02268
RUMGNA_02277

Hypothetical protein 41

Hypothetical protein

Replication initiator protein A domain protein

Hypothetical protein
Hypothetical protein
Hypothetical protein

Coat F domain protein
Replication initiator protein A domain protein

Exonuclease

CobQ/CobB/MinD/ParA nucleotide binding domain protein

Hypothetical protein
Hypothetical protein

PTS family mannose/fructose/sorbose porter component 1A

Hypothetical protein

Cna protein B-type domain protein

40
39
37
36
35
34
34
31
31
31
30
29
28
27

KO, lI10™".
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Figure 3. E faecalis worsens experimental colitis in mice
colonized with a simplified consortium of resident intes-
tinal bacterial strains. (A) Histologic colitis scores in cecum
(C), proximal colon (PC), transverse colon (TC), and distal
colon (DC) from /17107~ mice colonized with the same resident
intestinal bacterial strains as in Figure 1 with (Mix + OG1RF)
or without (Mix - OG1RF) E faecalis. (B) IL12/23p40 secretion
by colon explant cultures from the same mice (n = 6-8 mice/
group, data presented as means + SD, *P < .05 Mix +
OG1RF vs Mix - OG1RF, Student t test).

Together, these data show that chronic immune-
mediated experimental colitis in mice colonized with a
defined consortium of bacterial species is associated with
significant shifts in luminal bacterial composition and
function. In particular, colitis induces E faecalis to differ-
entially express a large number of genes, including strong
up-regulation of a putative PTS that may be involved in
carbohydrate metabolism.

E faecalis Exacerbates Experimental Colitis

Because human IBDs and experimental colitis in 1no’
mice are chronic and often progressive conditions, we next
hypothesized that up-regulation of genes in colitogenic
bacteria during colitis increases their fitness in the inflamed
colon and exacerbates chronic inflammation in a positive
feedback loop fashion. Because R gnavus is not easily

E faecalis Glucosamine Metabolism in Colitis 1379

genetically tractable, we chose to test this hypothesis by
studying the effects of up-regulated E faecalis genes on co-
litis severity.

Others have shown previously that E faecalis OG1RF
causes colitis in monocolonized 1107~ mice and worsens
colitis in E faecalis OG1RF-E coli NC101 dual-colonized
11107 mice.””***° However, the colitogenic potential of E
faecalis OG1RF in the more complex consortium of 8 bac-
terial species listed in Table 1 has not been explored. To
examine this, we selectively colonized germ-free [1107" mice
for 8 weeks with the bacterial species listed in Table 1,
including or not including E faecalis OG1RF. We found that
the inclusion of E faecalis OG1RF in the consortium caused
increased histologic colon inflammation and spontaneous
secretion of IL12/23p40 by colon explant -cultures
(Figure 3). Similar to previously reported findings in mon-
ocolonized 11107 mice, the presence of E faecalis OG1RF in
this more complex bacterial consortium was associated with
worse distal compared with proximal colitis (Figure 3).

E faecalis OG1RF Up-regulates the Putative PTS
Operon OG1RF_11616-11610 During
Experimental Colitis

Because E faecalis OG1RF in complex bacterial commu-
nities worsens experimental colitis and has the largest
number of differentially expressed genes during colitis, we
next sought to more fully characterize the most highly up-
regulated E faecalis genes during colitis. The 7 most highly
up-regulated E faecalis genes at 10 weeks after colonization
all belonged to a putative PTS operon OG1RF_11616-11610
(Supplementary Table 1, Figure 4). A variety of gram-
positive and gram-negative bacterial species use PTS to
import and phosphorylate extracellular carbohydrates.*”
Current NCBI annotation of the E faecalis OG1RF genome
predicts 39 PTS operons, but the carbohydrate substrates
for most of these, including OG1RF_11616-11610, have not
been determined experimentally.

11107~ mice colonized with the earlier-mentioned bacte-
rial consortium for 10 weeks developed severe colitis, and E
faecalis OG1RF in these mice significantly up-regulated
OG1RF_11616-11610. However, the effect of mild colitis
on OG1RF_11616-11610 expression is unknown. To deter-
mine this, we measured OG1RF_11616 mRNA in cecal con-
tents from WT and 11107 mice at 5, 8, and 10 weeks after
colonization using quantitative PCR. We previously reported
composite histologic inflammation scores and spontaneous
secretion of 1L.12/23p40 by colon explant cultures in these
mice.*® The average composite histologic inflammation
scores at 5, 8, and 10 weeks were 6.75 (SEM, +0.43), 9.17
(SEM, +0.44), and 8.90 (SEM, +0.43), respectively, in /1107
mice, and 2.75 (SEM, +0.48), 2.17 (SEM, +0.21), and 3.5
(SEM, +0.35) in WT mice. We detected increased
OG1RF_11616 mRNA in [I10”" mice at all 3 time points after
colonization, but the difference was only statistically sig-
nificant at 10 weeks (Figure 4). Therefore, we conclude that
E faecalis increases OG1RF_11616-11610 transcription
primarily during more severe colitis in 11107~ mice.
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Figure 4. E faecalis up-regulates expression of a putative PTS operon, OG1RF_11616-11610, during experimental
colitis. (A) Organization of open reading frames in the putative PTS operon, OG1RF_11616-11610, in E faecalis. NCBI an-
notations are indicated below, and fold change (1107~ vs WT mice from Figure 1) is indicated above, each open reading frame.
(B) E faecalis OG1RF_116616 mRNA abundance in cecal content from WT and //70”~ mice colonized with the 8 bacterial strains
as in Figure 1 for 5-10 weeks (n = 4-6 mice/group, data presented as means + SD, *P < .05 11107~ vs WT, Student t test).

E faecalis OGTRF_11616-11610 Encodes PTS
Proteins That Import Glucosamine

The function of OG1RF_11616-11610 is poorly under-
stood. NCBI annotations indicate that this operon may
encode subunits of a PTS transporter belonging to the
fructose/mannose/sorbose family. To experimentally test
whether proteins in this operon transport glucose, fructose,
mannose, or sorbose, we measured the growth of E faecalis
OG1RF or E faecalis OG1RF lacking OG1RF_11616
(OG1RFA11616) in minimal media containing these carbo-
hydrates as the primary carbon source. We chose to delete
only OG1RF_11616, the predicted Enzyme IIA (EIIA) subunit
of the operon, because the EIIA subunit is essential to the
optimal function of PTS in general.”” Although there were
statistically significant differences in growth between the 2
strains at some time points in glucose-, fructose-, and
mannose-containing media, the absolute differences were
relatively small and unlikely to have pathophysiologic con-
sequences (Figure 5).

We then performed a protein Basic Local Alignment
Search Tool (BLAST) search using each open reading frame
in the operon to query the nonredundant microbial data-
base in NCBI and found that OG1RF_11612 and
OG1RF_11611 nucleotide sequences were similar to genes
from other E faecalis strains that are annotated as glucos-
amine-fructose-6-phosphate ~ aminotransferase  genes.
Therefore, we repeated the growth assays in minimal media
containing glucosamine as the primary carbon source.
Growth of OG1RFA11616 was slightly impaired in
glucosamine-containing media in aerobic conditions and
moderately impaired in anaerobic conditions (Figure 5).
These data suggest that OG1RF_11616-11610 encode PTS
proteins that import glucosamine, although other glucos-
amine utilization pathways also likely are present in E
faecalis.

If OGIRF_11616-11610 encode a PTS that imports
glucosamine, we hypothesized that E faecalis would up-
regulate genes in this operon when glucosamine is the pri-
mary carbon source. To test this hypothesis, we grew E

faecalis in minimal media containing various carbohydrate
sources including glucosamine and measured OG1RF_11616
mRNA abundance. We detected increased levels of
OG1RF_11616 mRNA at 2 and 3 hours after inoculation only
in E faecalis grown in glucosamine-containing media
(Figure 5). Together, these results suggest that
OG1RF_11616-11610 encodes a glucosamine-specific PTS
(PTS-glucosamine).

Luminal Glucosamine Levels Are Increased
During Experimental Colitis

We next hypothesized that E faecalis increases PTS-
glucosamine expression in /1107~ mice owing to increased
concentrations of luminal glucosamine during colitis. To test
this, we used gas chromatography-mass spectrometry to
quantify glucosamine levels in cecal content from WT and
11107 mice colonized with either the 8 strains of bacteria
used previously (Table 1) or specific pathogen-free micro-
biota. In both cases, we detected increased concentrations of
glucosamine in cecal contents in /[107" mice with colitis
compared with healthy WT mice (Figure 6). Whether the
luminal glucosamine arises from dietary or host sources and
the mechanisms by which it increases during colitis are
currently unclear.

E faecalis PTS-Glucosamine Is Associated With
Worse Experimental Colitis and Decreased
Abundance of B vulgatus and B thetaiotaomicron

Having established that E faecalis OG1RF worsens
experimental colitis and that glucosamine concentrations
and OG1RF PTS-glucosamine expression are increased in
cecal contents during experimental colitis, we next hy-
pothesized that OG1RF PTS-glucosamine enhances E faecalis
growth and colitis severity.

To test this, we colonized germ-free WT and 111 07" mice
with the 8-member bacterial consortium containing either E
faecalis OG1RF or OG1RFA11616. After 8 weeks, we
detected numerically fewer E faecalis in cecal contents of



2021

Figure 5. E faecalis OG1RF_11616 encodes
PTS-glucosamine. (A-F) Growth curves of E
faecalis OG1RF or OG1RFA11616 in minimal
media containing the indicated carbohydrate
as the primary carbon source. (n = 3 cultures
per strain, data are presented as means + SD
although error bars are not visible because of
their small height, *P < .05). (G) OG1RF_11616
mRNA abundance in E faecalis growing in
minimal media containing the indicated car-
bohydrate as the primary carbon source (n =3
cultures per group per time point, data pre-
sented as means + SD, *P < .05 glucosamine
vs others, Student t test).
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Figure 6. Cecal glucosamine is increased during experi-
mental colitis. Glucosamine (GIcN) concentrations in WT and
/110”7~ mice colonized with 8 bacterial strains as in Figure 1
(Mix + OG1RF) for 10 weeks or specific pathogen-free
(SPF) microbiota for 4 weeks (n = 4-6 mice/group, data
presented as means + SD, *P < .05 11107~ vs WT, Student t
test).

11107~ mice colonized with the consortium including
0G1RFA11616 vs OG1RF, but this difference was not sta-
tistically significant (P = .08) (Figure 7). On the other hand,
concentrations of B thetaiotaomicron and B vulgatus were
both increased significantly in 1[0~ mice colonized with
the consortium containing OG1RFA11616 vs OGI1RF
(Figure 7). Histologic colon inflammation and spontaneous
IL12/23p40 secretion by colon explant cultures both were
decreased in 1[107" mice colonized with the consortium
containing OG1RFA11616 vs OG1RF at both 4 and 8 weeks
after colonization (Figure 7). No signs of inflammation were
present in WT mice from either group. These data indicate
that OG1RF PTS-glucosamine exacerbates experimental co-
litis with only subtle effects on E faecalis growth, and de-
creases Bacteroides species concentrations in [/1 07" mice.

Proinflammatory Effects of E faecalis PTS-
Glucosamine Require the Presence of Complex
Microbiota

Because OG1RF PTS-glucosamine does not increase
luminal E faecalis concentrations significantly, we hypothe-
sized that OG1RF PTS-glucosamine worsens experimental
colitis by altering the intrinsic virulence of E faecalis. To test
this, we monocolonized germ-free I1107 mice with E faecalis
OG1RF or OG1RFA11616 for 20 weeks. We colonized the
mice for this longer period of time because others previ-
ously have shown that E faecalis OG1RF induces relatively
slow onset colitis in monocolonized IL107" mice.”” We
detected no differences in cecal content bacterial concen-
trations, composite histologic scores, or spontaneous
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Figure 7.E faecalis OG1RF_11616 causes worse colitis
and decreased abundance of Bacteroides species. (A)
Relative abundance of bacterial strains in cecal contents from
11107~ mice colonized with the bacterial strains as in Figure 1
containing either parental E faecalis OG1RF or
OG1RF_11616-deficient E faecalis OG1RF (OG1RFA11616)
for 8 weeks. (B) Composite histologic colitis scores in WT and
117107~ mice colonized with the bacterial strains as in panel A
for 4 and 8 weeks. (C) IL12/23p40 secretion by colon explant
cultures from the same mice as in panel B (h = 4-6 mice/
group, data presented as means + SD, *P < .05 Mix+OG1RF
vs Mix+OG1RFA11616, Student t test). nd, not detected.

secretion of 1L12/23p40 by colon explant cultures between
the 2 groups of mice at 10 and 20 weeks after colonization
(Figure 8). These data indicate that OG1RF PTS-glucosamine
does not affect the colitogenic potential or luminal fitness of
E faecalis OG1RF in monocolonized [1107" mice.

We next wanted to determine whether OG1RF PTS-
glucosamine enhances colitis indirectly via its effects on
other species in the bacterial community. Because luminal
concentrations of B thetaiotaomicron and B vulgatus are
decreased in the presence of OG1RF PTS-glucosamine, we
hypothesized that OG1RF PTS-glucosamine exerts
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proinflammatory effects via these 2 bacterial species. To test
this, we colonized germ-free II1 07" mice for 10 weeks with E
faecalis OG1RF or OG1RFA11616 along with B thetaiotao-
micron and B vulgatus. Under these conditions, we detected
no statistically significant differences in the cecal content of
E faecalis concentrations, composite histologic scores, or
spontaneous secretion of IL12/23p40 by colon explant
cultures between the 2 groups of mice (Figure 8). We also
colonized germ-free 11107 mice for 10 weeks with the same
consortia of bacteria as in Figure 7, but omitted B thetaio-
taomicron and B vulgatus and detected no statistically sig-
nificant differences in the cecal content of E faecalis
concentrations, composite histologic scores, or spontaneous
secretion of IL12/23p40 by colon explant cultures between
the 2 groups of mice (Figure 8). Based on these data, we
conclude that the increased colitis severity associated with
OG1RF PTS-glucosamine requires the presence of complex
microbiota and that the presence of the non-Bacteroides
species or Bacteroides species alone is insufficient. The
mechanisms by which E faecalis OG1RF PTS-glucosamine
and the other microbial species interact with one another
to affect intestinal immune responses remain to be
determined.

Discussion

In the current studies, we show that E faecalis worsens
experimental colitis in mice colonized with a simplified
consortium of bacteria and that colitis causes significant
transcriptional changes in luminal bacteria, including up-
regulation of an E faecalis PTS that imports glucosamine.
Furthermore, we show that luminal glucosamine levels are
higher during experimental colitis and that E faecalis PTS-
glucosamine exacerbates colitis severity in a microbiota-
dependent fashion.

IBDs are associated with altered composition of resident
intestinal bacteria including increased Ruminococci,
Enterococci, and E coli, and decreased F prausnitzii and
Bacteroides.”'> However, in our studies, we show that
experimental colitis is associated with decreased numbers
of R gnavus, E faecalis, B thetaiotaomicron, F prausnitzii, and
B longum, and no change in E coli. These differences could
be owing to several factors including host species, cecal vs
fecal specimens, complexity of the bacterial community,
diet, and mechanisms of inflammation. It is particularly
notable that cecal E faecalis numbers are lower during co-
litis even though we and others have shown that E faecalis
causes colitis in this model. This finding indicates that the
quantity of a proinflammatory bacterial species may not be
as important as its mere presence when determining col-
itogenic potential. Alternatively, it is possible that the ability
of a species to cause colitis is independent of its growth
response to intestinal inflammation.

In our studies, bacterial transcription activity was high-
est in R gnavus in both the uninflamed and inflamed colon.
Moreover, transcription activity significantly increased in R
gnavus during colitis, but was unchanged in most other
bacterial species in our model. These findings are consistent
with those of Schirmer et al,*' who showed that
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transcriptional activity of fecal R gnavus strongly correlates
with human IBDs. Given the increased transcription activity
and abundance of R gnavus in human IBDs, %*243 further
studies of the mechanisms by which R gnavus may worsen
intestinal inflammation are warranted. Indeed, others
recently have shown that R gnavus secretes a complex
glucorhamnan polysaccharide with proinflammatory prop-
erties.”” Because, to our knowledge, the R gnavus genome
currently is genetically intractable, for now it is difficult to
determine how specific R gnavus genes might impact its
growth and virulence during colitis.

In the current studies of experimental colitis, we detec-
ted the highest number of differentially expressed genes in
E faecalis. Lengfelder et al. also have examined gene
expression profiles of E faecalis during experimental colitis
in 11107 mice.** Sixty-two of the differentially expressed E
faecalis genes in our studies also were differentially
expressed in E faecalis monocolonized WT vs 11107~ mice
with colitis, 37 of which were regulated in the same direc-
tion.** On the other hand, 50 of the differentially expressed
E faecalis genes in our studies were differentially expressed
in 11107" mice colonized with a similar consortium of bac-
terial species, 47 of which were regulated in the same di-
rection.** The differences in colitis-associated E faecalis
gene regulation in the different studies may be owing to
differences in housing facilities (chow), sample source (co-
lon vs cecal), duration of colonization (10 vs 16 wk), and the
presence of different bacterial species. However, it is
notable that the most highly up-regulated E faecalis gene in
our studies, OG1RF_11616, also was up-regulated during
experimental colitis in mice colonized with a similar con-
sortium of bacteria.**

We show that the operon including OG1RF_11616 en-
codes proteins of a glucosamine PTS in E faecalis. Bacterial
PTS primarily function to import carbohydrates for meta-
bolic purposes. However, we and others have shown that
some PTS also regulate bacterial virulence.***>*® We pre-
viously have shown that E faecalis up-regulate PTS-gluco-
nate during experimental colitis and that PTS-gluconate
enhances survival of intramacrophage E faecalis.*® Bacterial
PTS genes and genes of other carbohydrate metabolic
pathways also are enriched in fecal metagenomic DNA from
Crohn’s disease patients vs controls.”® Further studies of
bacterial carbohydrate metabolism, particularly PTS, in
experimental colitis, bacterial virulence, and IBDs are
warranted.

We hypothesized that increased luminal concentration
of glucosamine during colitis caused E faecalis to up-
regulate PTS-glucosamine, proliferate, and worsen colitis.
However, we found that although the presence of PTS-
glucosamine in E faecalis exacerbated experimental coli-
tis, it did not facilitate E faecalis growth in the inflamed or
noninflamed colon. The ability of PTS-glucosamine to
worsen colitis in this model depended on the presence of
complex microbiota through unknown mechanisms.
Because the concentrations of B thetaiotaomicron and B
vulgatus were significantly higher in the absence of E
faecalis PTS-glucosamine, and because others have shown
that B thetaiotaomicron attenuates colitis in 11107 mice,®
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supplements,’”  we

we had hypothesized that B thetaiotaomicron or B vulga-
tus occupied a new niche in the intestine to suppress
inflammation in the absence of E faecalis PTS-glucosamine.
However, our data did not support this hypothesis.
Instead, the combination of the 2 Bacteroides species with
the other bacterial species in the consortium was neces-
sary for the E faecalis PTS-glucosamine-associated wors-
ening of colitis.

Lastly, the connection between glucosamine and IBDs/
experimental colitis is underexplored. Because epidemio-
logic studies have indicate that 4% of IBD patients consume

glucosamine-containing nutritional
believe that this is an important area of investigation. Two
studies have shown that dietary glucosamine supplemen-
tation attenuates acute chemically induced murine colitis,
but whether dietary glucosamine affects IBD severity is
unclear.*®*° Moreover, published metabolomic studies to
date in human IBD patients have not quantified luminal
glucosamine concentrations or bacterial glucosamine
metabolism. Therefore, whether luminal glucosamine or
bacterial glucosamine metabolism impact the course of
human IBDs remains to be determined. Answering these
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questions could not only enhance our understanding of the
pathogenesis of IBDs, but may lead to the development of
novel therapies targeting glucosamine-bacteria interactions.

Methods

Animals and Bacteria

Germ-free WT and 11107 mice on the 129S6/SvEv
background were obtained from the National Gnotobiotic
Rodent Resource Center (University of North
Carolina-Chapel Hill). All mice were housed in sterilized
flexible film isolators and provided with sterilized food and
drinking water ad libitum. Adult germ-free mice (age, 8-16
wk) were colonized by oral gavage with 200 uL stationary-
phase, anaerobically grown cultures of the indicated bacte-
rial strains. In cases of multistrain colonization experiments,
mice were gavaged with 200 uL equivolume mixture of
stationary-phase bacterial strains. Animal protocols were
performed in accordance with the American Association for
Laboratory Animal Care standards and were approved by
the University of North Carolina Institutional Animal Care
and Use Committee.

We used 8 IBD-relevant bacterial strains as described
previously (Table 1).*®* 0G1RF_11616 was deleted from the
E faecalis genome to create E faecalis OG1RFA11616 by
allelic replacement using the temperature-sensitive shuttle
vector pJRS233 as previously described.”® Briefly, a 1-kb
region of genomic DNA exactly upstream of the
OG1RF_11616 open reading frame was PCR-amplified using
the primer pair PTSIIA-1.A-EcoR1 5’-tata-
gaattcTCAAGTAAGCCTTTAATGGTG-3" and  PTSIIA-1.B-
BamHI 5’-gcgcggatccAGAAGAAGAATTTTAGGAGG-3’, and a
1-kb region of genomic DNA exactly downstream from the
OG1RF_11616 open reading frame was PCR-amplified using
the primer pair PTSIIA-2.A-BamHI 5’-tataggatccTCACT-
TACTTCTTTACATAGC-3’ and PTSIIA-2.B-Ncol 5’-
gcgeccatggTGGAACGTCAAGAAACGAGG-3'. These 2 PCR
products were sequentially cloned into pJRS233 (a kind gift
from Michael Caparon, Washington University St. Louis, St.
Louis, MO) using standard cloning techniques to create the
targeting vector pJH185. Electrocompetent E faecalis OG1RF
were transformed with pJH185 and transformants were
plated onto brain heart infusion (BHI) agar containing 25
ug/mL erythromycin and incubated at 30°C for 48 hours. A
single clone then was serially cultured in BHI + erythro-
mycin at 42°C x 96 hours to force plasmid integration onto
the chromosome followed by BHI at 30°C x 96 hours to
select for bacteria lacking OG1RF_11616. In-frame deletion
of OG1RF_11616 was confirmed by PCR amplification and
Sanger sequencing of the entire operon.

Growth Curves

M9-based E faecalis minimal media was prepared to
contain the following: 1x M9 salts, 2 mmol/L MgS0,, 0.1
mmol/L CaCl,, 2x MEM nonessential amino acids (Gibco,
Gaithersburg, MD), 1x MEM amino acids (Gibco), and 2x
MEM vitamin solution (Gibco). Indicated carbohydrates were
purchased from Sigma-Aldrich (St. Louis, MO) and added to a

E faecalis Glucosamine Metabolism in Colitis 1385

final concentration of 1% (wt/vol). Three milliliters minimal
media was inoculated with 30 uL. overnight culture of the
indicated E faecalis strain grown in BHI broth at 37°C. At the
indicated time points, 100 uL of each culture was transferred
to a 96-well plate, and absorbance at 600 nm was measured
using a BioTek Synergy HTX plate reader (Winooski, VT).

Real-Time PCR

For in vitro gene expression experiments, E faecalis OG1RF
was grown overnight at 37°C in BHI, diluted 1:100 in M9-based
minimal media containing 0.02% glucose (wt/vol) to a final
volume of 2 mL, incubated for 2 hours at 37°C, and then the
indicated carbohydrate was added to a final concentration of
0.2% (wt/vol). At the indicated time points after adding the
carbohydrate, bacteria were rapidly pelleted, pellets were
resuspended in 0.5 mL Bacterial RNAProtect (Qiagen, Ger-
mantown, MD), and then frozen at -80°C for later use. Pellets
were thawed, centrifuged at 14,000 x g for 2 minutes, and su-
pernatant was discarded. Bacterial RNA was isolated using a
combination of phenol-chloroform extraction, mechanical bead
beating, ethanol precipitation, and silica gel column purification
as described previously, and complementary DNA (cDNA) was
synthesized as described previously.”’ Relative transcript
abundance of OG1RF_11616 was determined by SYBR Green
(Bio-Rad, Hercules, CA) real-time PCR using primers Efal6SF
5’-CGCGGTGCATTAGCTAGTTG-3’, Efal6SR 5-TCACCCTCT-
CAGGTCGGCTAT-3’, Ef11616F 5-TGCATTGCTTGTTTCCCCAC-
3’,and Ef11616R 5’-AGCCAAGACGGTCAAAGACA-3’, and results
were expressed relative to OG1RF 16S ribosomal RNA (rRNA)
transcripts using the delta cycle threshold (Ct) method as
described previously.*’

To determine the abundance of each bacterial species
in cecal contents, we isolated bacterial DNA from cecal
contents and quantified 16S rRNA gene abundance for
each bacterial species using SYBR Green real-time PCR as
described previously.*®°"°? Relative abundances are
presented relative to universal bacterial 16S rDNA using
the delta Ct method. Absolute abundances were calculated
from standard curves (Ct vs genome copy number) that
were generated by SYBR Green real-time PCR as described
previously, but using purified genomic DNA from each
bacterial strain as a PCR template.

Quantifying Colitis Severity

Histologic inflammation was quantified by blinded his-
tologic scoring of formalin-fixed, H&E-stained sections of the
cecum, proximal colon, midcolon, and distal colon as
described previously.”’ Composite histologic inflammation
scores represent the sum of 4 individually scored colon
pieces (cecum, proximal colon, transverse colon, and distal
colon). Each piece was scored on a scale of 0 to 4, based on
crypt hyperplasia, lamina propria mononuclear cell infil-
tration, goblet cell dropout, and transmural inflammation.
Mouse 1L12/23p40 was measured in supernatants of colon
explant cultures using an enzyme-linked immunosorbent
assay as described previously.”’
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Microbial RNA Isolation and RNA Sequencing
Analysis

Total bacterial RNA was isolated from the cecal content of
WT and /1107~ mice using a combination of bead beating and
phenol:chloroform extraction as described previously.”®> To
deplete total microbial community RNA of 16S, 23S, 5S rRNA,
and transfer RNA species before synthesis of cDNA with
random hexanucleotide primers, each fecal RNA preparation
was subjected to column-based size selection and hybridiza-
tion to custom biotinylated oligonucleotides directed at
conserved regions of bacterial rRNA genes present in human
gut communities, followed by streptavidin-bead based capture
of the hybridized RNA sequences.”® Briefly, RNA samples
were treated with MICROBExpress (Thermo Fischer Scientific,
Waltham, MA) rRNA capture beads according to the manu-
facturer’s instructions, followed by a second round of bacterial
rRNA depletion using biotinylated custom oligonucleotides
that have been reported previously.”* Barcoded Illumina (San
Diego, CA) sequencing libraries were prepared from double-
stranded cDNA generated from each of the mRNA-enriched
samples, and the 10-sample pool was sequenced on 1 lane
of an Illumina HiSeq2000 sequencer 2 x 50. After barcode
removal, each of the RNA-seq data sets was composed of 38-
nucleotide-long reads (mean, 3.57 + 0.8 x 10’/mRNA reads
per sample). Transcript abundances were normalized sepa-
rately for each of the 10 species in each sample to reads per
kilobase per million.

Principal component analysis of the luminal bacterial
metatranscriptomes and differential expression analysis of
individual bacterial genes were performed using Gene-
Spring GX version 11.0 (Agilent Technologies, Santa Clara,
CA). Statistically significant differences in bacterial gene
expression grouped by mouse genotype were identified
using the Welch t test, with a P value cut-off of .05, and
multiple testing correction using the Benjamini and Hoch-
berg false-discovery rate. Hierarchical clustering was per-
formed on log-transformed, normalized, centered data using
HierarchicalClustering, version 6 (cloud.genepattern.org) to
determine Euclidean distance with pairwise average link-
age. Dendrograms were viewed on HierarchicalCluster-
ingViewer version 11.3 (cloud.genepattern.org). Volcano
plots were generated from reads per kilobase per million
data for each bacterial species using Multiplot Studio
version 1.5.62 (cloud.genepattern.org) applying the
Benjamini-Hochberg false-discovery rate to calculate P
values.

For conserved protein domain analysis, RNA-seq reads
aligned to the genomes of the 8 bacterial strains were
categorized by conserved protein domain based on the NCBI
conserved protein domain database queried on August
15, 2012.

We then performed gene set enrichment analysis
(Broad Institute, available from:http://software.
broadinstitute.org/gsea/index.jsp) to determine
conserved domains that were differentially enriched in a
given mouse genotype.’” Transcription activity of luminal
bacteria was determined by dividing the number of mRNA
reads for each strain by the number of coding bases in that
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strain’s genome and the fraction of that strain’s genomes
in the sample.

Glucosamine Measurement in Colon Contents

One hundred microliters of stable isotope labeled inter-
nal standard mixture (1 umol/L), 600 uL mixture of iso-
propanol:acetonitrile:water (3:3:2), and 30-mg glass beads
were added to approximately 20 mg colon content in a 1.5-
mL microcentrifuge tube. Samples were processed in a
TissueLyser (Qiagen) at 50 Hz for 10 minutes, sonicated for
10 minutes in a 25°C water bath, and centrifuged for 10
minutes at 15,000 rpm. The supernatant was saved and the
pellet was extracted a second time as described previously.
The 2 supernatants were combined and dried in a SpeedVac
(Thermo Fisher Scientific, Waltham, MA) vacuum concen-
trator. The dried extract then was oximated with 100 uL
methoxyamine hydrochloride (30 mg/mL) at 70°C for 2
hours. After oximation, 100 uL N,O-bis(trimethylsilyl)
trifluoroacetamide with 1% chlorotrimethylsilane was
added and the mixture was incubated at 70°C for 2 hours to
form trimethylsilyl derivatives. The mixture was centrifuged
at 25°C and 10,000 rpm for 5 minutes and supernatant was
used for instrument injection. An Agilent gas chromatograph
(7820A; Agilent Technologies) and mass spectrometer
(5977B MSD; Agilent Technologies) were used for sample
analysis. Splitless injection was used (1 uL), along with a
DB-5 (Agilent Technologies, Santa Clara, CA) column
(30 m x 0.25 mm inner diameter x 0.25-um film thickness).
The gas chromatography column oven temperature was
programmed to increase at a rate of 8°C/min from an initial
temperature of 80°C to 300°C, and then held for 5 minutes.
The temperatures of the inlet heater, transfer line, and ion
source were held at 280°C, 300°C, and 230°C, respectively.
The amount of sugar was determined using the calibration
curve generated with authentic analytical and internal
standards.

Statistical Analysis

P values were calculated using a 2-tailed Student ¢ test
when 2 experimental groups were compared. All data are
presented as the means + SD.

All authors had access to the study data and reviewed
and approved the final manuscript
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