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ABSTRACT

The mammalian gastrointestinal (GI) tract is a complex organ system with a twist—a significant
portion of its composition is a community of microbial symbionts. The microbiota plays an
increasingly appreciated role in many clinically-relevant conditions. It is important to understand
the details of biofilm development in the Gl tract since bacteria in this state not only use biofilms to
improve colonization, biofilm bacteria often exhibit high levels of resistance to common, clinically
relevant antibacterial drugs. Here we examine the initial colonization of the germ-free murine Gl
tract by Enterococcus faecalis—one of the first bacterial colonizers of the naive mammalian gut. We
demonstrate strong morphological similarities to our previous in vitro E. faecalis biofilm microcolony
architecture using 3 complementary imaging techniques: conventional tissue Gram stain,
immunofluorescent imaging (IFM) of constitutive fluorescent protein reporter expression, and low-
voltage scanning electron microscopy (LV-SEM). E. faecalis biofilm microcolonies were readily
identifiable throughout the entire lower Gl tract, from the duodenum to the colon. Notably, biofilm
development appeared to occur as discrete microcolonies directly attached to the epithelial surface
rather than confluent sheets of cells throughout the Gl tract even in the presence of high (>10°)
fecal bacterial loads. An in vivo competition experiment using a pool of 11 select E. faecalis mutant
strains containing sequence-defined transposon insertions showed the potential of this model to
identify genetic factors involved in E. faecalis colonization of the murine Gl tract.
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Introduction . . . .
composition—particularly in human hosts—remains

The mammalian gastrointestinal (GI) tract hosts a large
and diverse consortium of microbial symbionts increas-
ingly recognized as important factors in a wide-range of
host disease states—including numerous clinically-
relevant human conditions. The gut microbe population
is generally considered to be largely bacterial and
contains 10"°~10" cells of roughly 1,000 different species
in adult humans." This bacterial colonization was
originally thought to largely be a phenomenon of the
large bowel; significant bacterial presence in the small
intestine was historically considered to be a pathophysio-
logical state.” More recent research has demonstrated
significant microbial colonization throughout the normal
mammalian small intestine, though the specific

poorly characterized.>* The ecology of the intestinal tract
varies dramatically along its length as the microenviron-
ment changes."* This environmental variability affects
both the species heterogeneity and the absolute numbers
of bacteria: in the human GI tract the duodenum is
home to only a few species (mostly Gram-positive, aero-
tolerant organisms such as lactic acid bacteria and staph-
ylococci) with bacterial counts of ~10°-10* CFU/ml
while the distal colon is home to hundreds of species
(largely Gram-negative, obligate anaerobes like Bacter-
oides) with densities in the 10'>-10"> CFU/ml range
(Fig. 1).> How an individual’s microbiome is initially
seeded and how it develops over time is a fundamental
question and an area of active research.’”

CONTACT Aaron M. T. Barnes @ barnesa@umn.edu e Dunny Lab, Department of Microbiology & Immunology, University of Minnesota Medical School, 420

Delaware St SE, Mayo 1460, MMC #196, Minneapolis, MN 55455-0341, USA.

Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/kvir.

Deceased

@ Supplemental data for this article can be accessed on the publisher’s website.

© 2017 Taylor & Francis


http://www.tandfonline.com/kvir
http://www.tandfonline.com/kvir
http://dx.doi.org/10.1080/21505594.2016.1208890

duodenum (~10°)
Streptococcus
Lactococcus
Staphylococcus
jejunum (~10%)
Lactobacillus
Streptococcus
Enterococcus
Yeast species
ileum (~10")
bacteria
:mmi:n oo cecum & colon (~10*)
Clostridium Bacteroides
Clostridium
Lachnospiraceae
Proteobacteria
Actinobacteria
Prevotellaceae
™7
Fusobacteria
Verrucomicrobium
B cut
L Mucous layer
epithelium y Gut lumen Feces
1 -
Clostridia
4
Enterococcus
1 y
Lactobacillus
] Bacteroides
E 3 E
Bifidobacterium
1 .
Enterobactericeae
1 ;
Ruminococus
] Streptococcus

Figure 1. (A) Anatomy of the murine gastrointestinal tract with
general mammalian microbial spatial distribution pattern."® Val-
ues in parentheses indicate average total bacterial cells per gram
of host tissue." (B) Cross-section of murine Gl tract demonstrating
localization of bacterial species relative to the gut epithelium
(after Sekirov et al. 2010).

Bacterial biofilms are complex microbial communities
attached to or associated with a surface that are encased in
a bacterially-derived extracellular matrix. This matrix is
structurally and compositionally complex, typically con-
taining proteins, lipids, nucleic acids, and polysaccharides.
The extracellular matrix is also a dynamic developmental
structure that varies due to a multitude of factors. Clinically,
biofilms are of pressing interest due to the dramatic
increase in the difficulty of clearing chronic bacterial infec-
tions in the biofilm state. It has been estimated that up to
65% of clinical infections involve biofilms,' and these
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bacterial populations can be up to 1,000-fold more resistant
to common antibiotic therapies than those in the plank-
tonic (free-living) state.'' An important factor driving the
intensive study of how and why bacterial communities
form biofilms and interact with the host GI tract lies in the
necessity of laying the foundations for new methods of anti-
bacterial control. We need supplemental and adjunctive
therapies tailored against specific bacteria in the biofilm
state to reduce our dependence on classic antibacterial
agents and to slow the rise of drug-resistant infections."

Enterococcus faecalis is a Gram-positive commensal
bacterium common in the gastrointestinal tract of ani-
mals—f{rom insects to humans—and a clinically-relevant
opportunistic pathogen of increasing concern."” E. faeca-
lis is also one of the first colonizers of the infant GI
tract.'*'® Little is known about the mechanisms entero-
cocci employ to facilitate GI tract colonization; this is
true in the normal state as well as in dysbiotic hosts.'®
Due mostly to the transient, flow-through nature of the
GI tract, whether E. faecalis forms biofilms in the mam-
malian gut has been a matter of some controversy.'”

Here we present a germ-free murine gastrointestinal
model for investigating initial bacterial colonization of
the mammalian gut epithelium and demonstrate its util-
ity to study spatiotemporal relationships in E. faecalis
attachment and colonization (Fig. 2a). Lack of a pre-
existing normal microbiota in these animals allowed for
rapid development of this fitness model. These initial
studies provided several sets of results: biofilm
morphology and colonization distribution throughout
the intestinal tract, absence of a gross inflammatory
response to E. faecalis colonization, and the relative fit-
ness of a defined mutant pool in mammalian gut coloni-
zation. To our knowledge, these data are the first direct
microscopic imaging demonstrating that colonization of
the germ-free murine GI tract by E. faecalis involves bio-
film microcolony formation. We also report data from
experiments comparing the relative fitness of selected
mutants in the mouse GI tract, providing a proof of prin-
ciple for future screens for fitness determinants using a
TnSeq approach.

Results

E. faecalis colonization of the murine Gl tract leads
to biofilm microcolonies remarkably similar to those
observed in vitro

We have published extensively on in vitro E. faecalis biofilm
formation on a variety of substrates—from cellulose'® to
surgical sutures'® to a range of polymers****—and under a
wide range of growth conditions (Fig. 3A-D). We have also
done work with ex vivo models of tissue attachment by E.
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Figure 2. (A) Experimental overview of sample preparation and processing. (B) Time series of E. faecalis recovered from fecal samples of
initially germ free mice after inoculation by oral gavage (CFUs are per g of recovered feces).

faecalis in porcine cardiac valves,” and in an in vivo model
of osteomyelitis using rat orthopedic implant infections.**
In the present study, we found that the overall morphology
of in vivo E. faecalis OGIRF* biofilm microcolonies in our

germ-free murine model (Fig. 4) was strikingly similar to
that observed in vitro: bacterial microcolonies had a low
profile (rarely more than ~25 cells deep), appear to be
composed of approximately 10°~10* cells, and were almost
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Figure 3. Four previously-unpublished low-voltage scanning electron microscopy (LV-SEM) of E. faecalis microcolony and biofilm
formation under a range of on in vitro conditions similar to our previously published work demonstrating both the rapidity in which
attachment and extracellular matrix production begins as well as the general structural morphology of the ECM when the matrix is
properly preserved using a cationic dye stabilization system. (A) Aclar fluoropolymer coupons,®® 24 hrs, CDC biofilm reactor system,
bar = 6 um;*' (B) higher magnification from (A) showing the E. faecalis diplococci surrounded by the sweater-like ECM (arrow), bar =
1 um; (C) note that the biofilm ECM not only covers cells, but extends into interstitial space between cell clusters (white filled square),
regenerated cellulose membrane, 24 hrs, bar = 5 um;*° (D) polycarbonate coupon, 24 hrs, bar = 50 zm.

completely covered in a sweater-like extracellular matrix.
Under optimal in vitro growth conditions like the CDC bio-
film reactor system (constant nutrients, moderate flow),*
E. faecalis OG1RF will generally colonize an abiotic surface
and grow to near confluence within 24 hours (Fig. 3A). As
a monoculture in this germ-free mouse model, however,
the enterococcal microcolonies appeared to distribute
themselves discretely over the epithelial surface (Fig. 4).
Data presented here are representative for mice sacrificed
7 d post-inoculation.

E. faecalis colonization is notable for consistent
distribution through the Gl tract: small and large
bowel colonization are grossly similar by low-
voltage scanning electron microscopy (LV-SEM)

Along with staphylococci, the upper portions of the
mammalian gastrointestinal tract are largely colonized by
lactic acid bacteria, including the enterococci (Fig. 1). As
seen in Fig. 4, when inoculated into germ-free mice, E.
faecalis colonization of the GI epithelium was consistent
throughout the small and large bowel. There were no
appreciable gross changes in the microcolony morphology
or overall distribution in E. faecalis OGIRF by LV-SEM
when comparing the upper small bowel (duodenum) with

the lower large bowel (colon). Specifically, there were no
significant visible differences in microcolony number
(compare Fig. 4A to E, K, & N, for example), microcolony
distribution (B, F K), or microcolony morphology (C, I L)
apparent. While there is little mucous present — typical in
newly-colonized germ-free animals without a preexisting
microbiota— the luminal surface of the underlying host
epithelium appears largely normal (E, L, O).

E. faecalis colonization and biofilm microcolony
formation on the gut epithelium does not appear to
induce an obvious gross inflammatory response by
the host

The surface of the murine gut epithelium was largely undis-
turbed in the mono-colonized mice; there was a notable
lack of gross acute inflammatory changes at both the SEM
(Fig. 4) and histological (Fig. 5A) levels. At both micro-
scopic scales there also appears to be a notable lack of cell-
based immune responses to the nascent biofilm. Whether
this is a specific attribute of E. faecalis colonization or a nor-
mal germ-free murine immune response early in bacterial
colonization will require further follow-up.
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Figure 4. LV-SEM of representative murine Gl tract tissue sacrificed 7 d post-gavage with E. faecalis. Rows show samples from each of
the major divisions of the lower Gl tract from the proximal duodenum through the distal colon; columns show increasing micrograph
magnification (left to right). For space reasons low magnification micrographs demonstrating anatomic structure and micrographs of
surface colonization in the jejunum and cecum are presented separately in Fig S1. White stars = E. faecalis microcolonies; black stars =
retained fecal material; open circles = mucinous material (host).”” Left column: The traditional biofilm ECM structure of E. faecalis micro-
colonies can be seen throughout the lower Gl tract. Note the relatively large distances between many microcolonies even 7 d post-inoc-
ulation (mostly clearly in C).Right column: Biofilm microcolonies exhibit wide size variation, from a few tens of cells (D) to several
hundred or more (E). Note also the generally bland nature of the underlying host epithelium (D, F)Bars: A = 50 um; B, C, F = 10 um, D

=1mm, E=200 um.

Immunofluorescent and histological microscopy are
consistent with LV-SEM data

In mice colonized with a 50:50 inoculum of our OGIRF
parental strain and an isogenic strain harboring a

constitutively ~expressing cyan fluorescent protein
reporter, thick tissue sections from gross sections adja-
cent to the SEM and histological samples were imaged to
provide additional validation. The gut tissue appeared
largely normal for germ-free animals (Fig. 5A);
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Figure 5. Histological and IFM examination of murine Gl tissue from representative sections adjacent to those prepared for SEM.A-F: His-
tology of the colonized murine terminal ileum. (A). H&E demonstrating normal ileal morphology; note marked lack of obvious inflamma-
tory response. (B). Higher magnification of A. (C). Tissue Gram stain (Hucker-Twort) at low magnification. (D). Higher magnification of C
showing numerous small, Gram-positive organisms (yellow arrows showing clusters of small, dark blue cells at the luminal border of epi-
thelial cells. (E). Additional image of same section ~1 um deeper in the tissue. (F). Additional image of same section ~2 um deeper
where the murine epithelium is in focus. G: IFM of the colonized proximal murine colon. (G). Immunofluorescent microscopy of the
murine proximal colon colonized by the constitutive CFP-expressing strain OG1RF c¢fp™. Blue (cyan) = CFP-positive E. faecalis cells;
red = Alexa Fluor 594. WGA ; green = autofluorescence from the murine epithelium. The red WGA lectin antibody primarily labels the
host epithelial layer as well, but some labeling can be seen around bacterial cells that have begun to produce polysaccharide-rich
extracellular matrix. Bars: A, C =100 um; B,D - F =20 um.

qualitatively there appeared to be a decrease in immuno-  adjacent mouse intestine sections demonstrate numerous
logical tissue throughout the gut as is typical for these  collections of small, dark blue cells mostly at or near the
animals.”’ Tissue Gram stains (Hucker-Twort) of  luminal surface of the epithelium (Fig. 5B-D; terminal
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Table 1. E. faecalis strains used in this study.

Strain Description Source
OG1RF Parent strain, Rif", Fus" Dunny 1978
OGI1RF cfp+ OG1RF:p23 cfp This work
Transposon mutants (all in OG1RF background)
Strain Description Coordinate  Source

(Tn insertion

site)

12H1 Intergenic region 28 32179  This work
90A1 Intergenic region 29 35226  This work
22H9 argR (OG1RF_10098) 109994 This work
74A8 Intergenic region 442 427629  This work
17M8 Intergenic region 442 427660 Kristich 2008
25G5 lyzl6/atlA (OG1RF_10533) 559358 Kristich 2008
20K19 argR3/ahrC (OG1RF_10717) 741838 Kristich 2008
30B8 sepF (OG1RF_10732) 758083 Kristich 2008
29E11 eutC (OG1RF_11343) 1406287 This work
33F7 pyrC (OGTRF_11429) 1491339 This work
26A10 ebrA/gntR (OG1RF_11518) 1577332 This work

ileum shown here as a representative example) consistent
with Gram-positive bacteria; no other bacterial morphol-
ogies were observed. The microcolony distribution did
not appear to be biased to the base of the villi. The cyan
fluorescent protein (CFP)-labeled E. faecalis strain
successfully colonized the murine colonic epithelium
under the same experimental conditions (Fig. 5E).

Competitive fitness of selected mutants in a CDC
Biofilm Reactor is different from that observed in the
Gl tract of matched, parental-strain mice

We compared the relative fitness of 11 previously identi-
fied transposon mutants inoculated as a pool into either

germ-free mice or a CDC biofilm reactor. Several of these
mutants had previously demonstrated altered biofilm
forming ability in vitro, or altered virulence in an experi-
mental endocarditis model, while others had no known
phenotype (Table 2). The relative abundance of each
mutant in the input versus output pools was determined
by high-density Illumina-based sequencing of Tn-chro-
mosome junctions in genomic DNA (Materials and
Methods). Despite being seeded from the same inocula,
the output populations obtained from the in vitro CDC
biofilm reactor had markedly different compositions
from those recovered from murine fecal pellets (Table 2);
this illustrates that the phenotypes most important for
biofilm formation in vitro are not directly applicable to
fitness in the GI tract. There was no consistent correla-
tion between the behavior of mutants previously
reported to have altered virulence in non-GI tract infec-
tion models and those conferring fitness effects in the
mouse intestine. For example, disruption of the
transcription factor ahrC previously showed reduced
virulence in experimental endocarditis and a fitness defect
in the mouse UTI model.*® Using this mouse GI tract
model, we observed decreased abundance of an ahrC
mutant while there was no significant loss in biofilm colo-
nization using the CDC biofilm reactor model. In addi-
tion, disruption of pyrC did not attenuate virulence in an
endocarditis model, but exhibited a strong fitness defect
in the current mouse GI tract model.”®

We also observed an interesting increase in the mor-
phological variability of the adherent microcolony extra-
cellular matrix (ECM) seen in the SEM micrographs of

Table 2. E. faecalis OG1RF-derived mutants selected from an existing transposon mutageneis screen for pooling and infection.

Mouse model® CDC bioreactor®

Gene Annotated gene function Virulence® (animal model) Source rank (% counts/input)  rank (% counts/input)
pyrC dihydroorotase +++(rabbit endocarditis; Frank 2013 1 274 4 146.8
murine UTI)
sepF hypothetical protein ++(rabbit endocarditis; Frank 2013 2 543 1 439
murine UTI)
argR3/ahrC  arginine repressor -(rabbit endocarditis) Frank 2013 3 58.8 6 166.2
Inter_442 3 nt upstream of arginine no data n/a 4 79.3 9 187.5
repressor (argR2)
Inter_29 intergenic region no data n/a 5 89.7 10 193.7
Inter_28 intergenic region no data n/a 6 99.4 8 182.7
Inter_442 34 nt upstream of arginine no data n/a 7 108.6 1 228.0
repressor (argR2)
lyzl6/atlA cell wall lysis (peptidoglycan ~+-++(rabbit endocarditis) Frank 2013 8 1124 2 69.6
hydrolase)
euté ethanolamine ammonia-lyase -(mouse Gl) Fox 2009; 9 128.0 3 137.5
- small subunit Zhao 2013
argR arginine repressor ++(rabbit endocarditis; Frank 2013 10 147.1 7 181.5
murine UTI)
ebrA/gntR  GntT family transcriptional +++(rabbit endocarditis; Frank 2013 1" 1704 5 150.4
regulator murine UTI)

Note. ?Virulence of mutant strain based on published in vivo pathogenesis studies. Virulence attributes similar to parent (+-++), slightly attenuated (++),
attenuated (—), or in vivo experiments were not performed (no data). bRanking of mutants from least (1) to most (11) fit using fecal samples of 3 mice obtained
from day 7 post-infection using the mouse GI model. “Ranking of mutants from poor (1) to strong (11) biofilm formers after 24h growth using the CDC Biofilm
Reactor model system. All rankings were based on the percentage of sequencing counts per mutant compared to input counts of the entire population.
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Figure 6. Morphological variation in bacterial extracellular matrix apparently specific to biofilm microcolonies in mice gavaged with a
small, TnSeg-derived mutant pool of 11 E. faecalis. (A) E. faecalis microcolonies attached to murine colonic epithelium. Under higher
magnification, the foreground cluster (white filled squares; higher magnification in B) appears to have a rougher, less voluminous extra-
cellular matrix compared to the background microcolony ECM (white open diamonds; higher magnification in C). Additional examples
of other areas of the colon exhibit the same duality (D, E). Murine colon colonized by the parental OG1RF E. faecalis strain only appears
to form the classic ECM form predominantly seen in (C) — compare with Figure 4E. Bars: A- C =5 um; D, E = 30 um.

the mutant pools that was not visible in those only con-
taining the parental OGIRF strain (Fig. 6). The
relationship of this variation to the composition of this
mutant pool will be an important topic for future studies.
These results provide an important foundation for future
TnSeq-based screens for GI tract fitness determinants on
a genomic scale (Dale et al., in preparation).

Discussion

Enterococci are among the first bacterial organisms to colo-
nize the mammalian GI tract and one of the few microbes
that establish above, below, and throughout the GI mucous
layer.! To better understand this gut microbiota pioneer,
and as a first step in moving our extensive in vitro biofilm
characterization work into GI animal models, here we
demonstrate that E. faecalis readily colonizes naive gut
epithelium in germ-free Swiss-Webster mice using 3 differ-
ent microscopic techniques: standard histochemical label-
ing, immunofluorescent, and low-voltage scanning electron
microscopy (LV-SEM). We show that these biofilm micro-
colonies are strikingly morphologically similar at the scan-
ning electron microscopy level to our published in vitro
experiments; a pilot project to demonstrate the ability to

screen transposon mutant libraries in this murine infection
using high-density sequencing shows promise as well.

Choosing an animal model is often complicated, espe-
cially in GI tract systems where the roles the microbiota
play must be accounted for in addition to the usual ana-
tomic and physiologic considerations. This is further
complicated by colonization variations due to time
(developmental changes as the host matures and diets
change) and immunology (as the host immune system
responds and acclimates to the microbiota). Finally, the
GI tract forms a complex protective mucous layer (up to
50 pum thick) that develops as an immunological
response to bacterial colonization over the first few
weeks of life.

An additional experimental issue comes with the
choice of whether to study the organism of interest in
isolation as a monoculture or as part of a microbiological
community. The former can be easier to decipher while
the latter is obviously more representative of the normal
state. Finally, in monoculture systems, a question of pre-
existing host colonization arises: should one use germ-
free uncolonized animals, specific-pathogen free mice, or
antibiotic-cleared hosts? We were also confronted with
an additional interesting dilemma in this work: as lactic
acid bacteria, enterococci are naturally among the very
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first bacterial species to colonize the neonatal GI tract.
Because major factors in post-natal gut development,
including production of a functional mucous layer, occur
days to weeks after microbial colonization begins,
enterococci are exposed to an epithelial surface few other
organisms ever experience. This may be a factor in both
initial enterococcal colonization as well as the apparent
long-term persistence of these organisms. Enterococci
are also extraordinarily adaptable organisms with highly
flexible metabolisms and the ability to grow under a
wide range of environmental conditions—factors that
help to explain their recovery throughout the GI tract. In
this model system, we have chosen to use germ-free mice
for 3 reasons: ease of establishing a new model, examina-
tion of initial colonization in a typically early acquired
bacterial strain, and as a base for extending this work to
include germ-free mice transplanted with a defined
human microbiome.

When surveying the entire intestinal tract by LV-
SEM, E. faecalis biofilm colonization appears to be simi-
lar throughout, with similar distributions and microcol-
ony morphologies from the proximal duodenum to the
distal colon. Previous work reporting enterococcal locali-
zation within the fully-developed adult human gut has
varied widely over time: most recent work has suggested
they are present, albeit in small numbers (< 1% of the
total population), throughout the GI tract.”’ Notably,
after 7 d post-inoculation, the E. faecalis biofilms
remained in the small microcolony state and did not
cover large areas of the host epithelium, even in the
absence of any other microbial competition. Finally,
the bacterial ECM was noticeably altered in a fraction of
the biofilm microcolonies present on the epithelial sur-
face inoculated with the mutant pool. We would not sug-
gest using electron microscopy as a primary screening
tool since any number of biologically-relevant confound-
ing factors, including the rescue of mutant phenotypes
by parent or other mutant strains within the pool may
complicate the findings. However, our work does suggest
that combining multiple imaging modalities (immuno-
fluorescent microscopy [IFM] and SEM) and examining
small numbers of selected mutants expressing different
markers may allow for a more definitive understanding
of these complex bacterial communities.

Examination of conventional histological sections dem-
onstrates both the overall normality of the epithelium by
H&E (hematoxylin and eosin; Fig. 5A) as well as the pres-
ence of small, Gram-positive cocci at the luminal surfaces
(tissue Gram stain; Fig. 5B-D). The histological results
not only provide validation of our SEM observations, they
also serve as a proof-of-concept for using traditional for-
malin-fixed, paraffin-embedded (FFPE) and tissue Gram
staining as a screening method for our later planned

work. In addition, the success of our CFP-labeled con-
structs will allow investigation into subsets of interesting
mutants from future TnSeq screens via competitions
involving wild-type and several labeled mutants.

The output populations from the transposon mutant
pool isolates differ significantly between the CDC biofilm
reactor and the mouse model: frankly, this is not surprising
given the dramatic environmental and immunologic differ-
ences between the in vitro and in vivo systems. Importantly,
the gut microenvironment complexity is not limited to the
longitudinal dimension but has also been reported to have
a large latitudinal component as well: many bacteria
are restricted to the luminal side of the host mucous layer
while a few (some clostridia, lactobacilli, and enterococci)
exist both above and below the layer."*® The finding that
enterococci can colonize the intestinal epithelium and
establish semi-permanent colonization below the mucous
layer becomes even more interesting in light of 2 more fac-
tors: early host colonization and antibiotic resistance.

Enterococci are also remarkably antibiotic resistant—or
at least tolerant to normal clinical levels—to a large
collection of drugs. Intrinsically, most enterococci are resis-
tant to aminoglycosides, natural and semi-synthetic
penicillins, most cephalosporins, clindamycin, trimetho-
prim-sulfamethoxazole and, for E. faecalis, quinupristin-
dalfopristin, as well as tolerant of single-therapy S-lactams
and vancomycin.”' Clinically-relevant enterococci are also
extraordinarily proficient at acquiring resistance genes via
conjugation. From a practical GI colonization standpoint,
this can be seen clinically in increasing levels of enterococ-
cal isolation from stool samples in neonates in the intensive
care unit of hospitals (who are frequently given one or
more antibiotics),” as well as hospitalized adults on intra-
venous antibiotics.”> This model system can readily be
adapted to experiments examining effects of antibiotics,
either pre- or post-enterococcal colonization, e.g,, examin-
ing how wild-type or mutant E. faecalis strains in a human-
ized microbiota respond when antibiotic pressure on the
community increases the relative enterococcal fitness.

Why haven’t these findings of epithelial attachment
and biofilm microcolony formation in E. faecalis coloni-
zation been reported before? We think there are 2 likely
factors: 1) lack of effective bioflm ECM preservation
techniques leading to gross bacterial microcolony loss
from the surface; and, 2) advances in SEM technology
(softer, low-voltage imaging techniques) allowing for
better visualization.>*

Historically, conventional SEM sample prep - with
multiple rounds of fixation, chemical and physical dehy-
dration, and metal coating — has led to concerns of signifi-
cant loss of host mucous layers and bacterial biofilm from
the epithelial surface and thus an artificially depleted pic-
ture of the luminal gut milieu. As we have discussed in our



previous E. faecalis biofilm work,'® we have developed a
cationic dye-based extracellular matrix stabilization
technique using Alcian Blue 8GX that dramatically
improved biofilm matrix preservation to the point that it
approaches cryo-SEM levels of retention.” The high
degree of morphological similarity between our previous
in vitro work and these in vivo studies further bolsters our
confidence in this technique. Finally, Alcian Blue has also
long been used to preserve acid mucopolysaccharides in
the mammalian gut at both the histological’® and EM
levels®?® — a serendipitous coincidence. Recent advances
in SEM instrumentation are also particularly important
here: gut epithelium - particularly in the small bowel with
its highly complex surface structure - is notoriously
difficult to image well under the scanning electron beam.
The recognition that low-voltage imaging (generally below
5 kV) can lead to significant improvement in resolution
and reduced surface charging in biological samples was
made 25 y ago;’” we are now in the era of very-low
(<1.5 kV) and ultra-low (<500 V) imaging. Combined
with electron beam deceleration techniques and improve-
ments in detector technology, these formerly obscured
bacterial structures can finally be visualized in situ.

We think that microbiome studies have been overly
reliant on examining microbial colonization of the GI
tract by using fecal pellet sequencing to the exclusion of
other techniques. Sequencing is an invaluable tool - we
use it here to provide baseline longitudinal data for E.
faecalis levels in the gut lumen - but the technology has
inherent limitations, too. For example, fecal population
sampling assumes that the bacterial population in the
gut lumen is representative of that attached to the epithe-
lial surface—an assumption that has been incompletely
investigate, particularly in bacteria like enterococci that
appear to persist both above and below the gut mucous
layer."* There are also important bacterial physiology
and development details that may be lost in fecal
sequencing: luminal and feces-associated E. faecalis cells
may not be in the same planktonic or biofilm state as
those attached to the epithelial surface. Given the grossly
different antibiotic resistance profiles found in these 2
states it seems important to determine this before
presuming fecal pellet cells are representative of the colo-
nizing population. Finally, spatial information at both
the macro (Where in the GI tract did colonization
happen?) and micro (Is colonization uniform on the gut
surface? What is the relationship between microcolo-
nies?) levels is lost in fecal sequencing - factors that will
be increasingly important as we unravel the details of
interspecies relationships in the gut microbiome.*'

To put this research in its historical context, it is impor-
tant to note that, alone, this germ-free mouse GI tract
model is not especially novel: pioneering work in

VIRULENCE (&) 291

characterization and the dynamics of the mammalian
microbiota was done in the late 1960s and early 1970s,
notably by the Costello, Dubos, and Schaedler labs at Rock-
efeller University and continuing with Savage’s work at the
Universities of Illinois and Tennessee.*'>******* Nor did
these labs limit themselves to fecal enumeration — within
the significant technological limitations of the time they did
some careful light and electron microscopy revealing the
earliest bacterial spatial and distributional information in
the developing murine gut. What is new is the fact that E.
faecalis can and does form biofilm microcolonies through-
out the GI tract and that the biofilm extracellular matrix
produced is remarkably morphologically similar to matrix
seen via in vitro assays at the ultrastructural level.

Finally, enterococci have a documented role as an
early colonizer in naive mammalian guts, as well as
prominent roles in dysbiotic GI tracts such as those
perturbed by antibiotic treatment.** But in the normal
adult gut they appear to be a small (<1%) constituent of
the total microbiota by traditional culture or sequencing
surveillance — what role does E. faecalis have in these
hosts? As colonizers of the submucosal layer, do they
have an outsized role in modulating host immune sur-
veillance? Is their prominence in the jejunal portion of
the small bowel simply a function of enterococcal resil-
ience to environmental insults (and thus they outcom-
pete other bacteria) or a more specialized reason?
Unusually, E. faecalis has also been shown to increase
gut translocation under certain antibiotic stimuli: is this
again a function of location near the epithelial surface or
is there a more specific mechanism? We are investigating
these and similar questions with the correlative multi-
modal microscopy techniques and new genetic tools pre-
sented here. This germ free murine GI model system
allows for a wide variety of experimental questions to be
asked at the genetic, developmental, and physiologic lev-
els and may help to address some of the disparities in
understanding the bacterial microbiome in mammalian
hosts at both the basic and translational levels.

Materials and methods
Strains and plasmids

Strains and plasmids are shown in Table 1. The E. faeca-
lis plasmid-free parent strain OGIRF** and mutant
derivatives were used in all in vitro and in vivo
experiments.
e Cyan fluorescent protein ( CFP) construct

Using a previously described genetic markerless insertion
system,” a codon-optimized CFP sequence recently
reported by Bergé et al.*® to be stable in Gram positive
cocci was inserted into the chromosome of E. faecalis
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OGIREF under constitutive expression using the lactococ-
cal P23 promoter system®’ creating OGIRF:p23 cfp
(OGIRF ¢fp™). From a series of CFP-expressing trans-
conjugants, mutants were empirically screened by IFM
to select those with the best combination of fluorescent
intensity, stability, and resistance to photobleaching; can-
didates were checked for basic metabolic and phenotypic
growth to ensure no significant differences from parental
strain prior to general experimental use.
e Transposon mutant pool generation for TnSeq

To examine the differences between in vitro and in vivo
gene expression, a small, defined pool of 11 mutant
strains was generated from an existing saturated mariner
transposon library.**° Equal numbers of cells from each
of the 11 strains were combined to make an input pool
for TnSeq experiments. Separate aliquots of the same
input pool were used to inoculated a CDC Biofilm Reac-
tor (see below) and gavaged into germ-free mice.

In vitro biofilm growth

E. faecalis biofilms were cultivated on polycarbonate cou-
pon surfaces using the CDC Biofilm Reactor system (Bio-
Surface Technologies) largely as we have reported
previously.”" Briefly, a sterile bioreactor was setup using
100% MMOIYEG, a semi-defined medium based on M9
supplemented with 1% casamino acids, 0.3% yeast extract,
20 mM glucose, 1 mM MgSO,, and 0.1 mM CaCl, and
inoculated with 2.8 x 10’ total organisms (~1.1x10°
CFU per 11 defined transposon mutants from Table 2)
under gentle agitation without flow to allow for establish-
ment. After 4 hours at 37°C, fresh 10% MM9YEG growth
medium began flowing into the reactor at 8§ ml min~"
(complete vessel volume replacement approximately once
per hour). Growth under flow continued for 20 additional
hours (24 hours total), after which biofilm cells were
mechanically removed from the coupons using a previ-
ously validated vortexing protocol and processed as below.

In vivo mouse model

Germ-free (GF) Swiss-Webster mice were maintained and
bred in sterile isolators (Class Biologically Clean, Ltd.) until
euthanasia. All experiments were approved by Mayo Clinic
IACUC (protocol # A1115) and complied with BSL-2
guidelines from the Centers for Disease Control and Pre-
vention (CDC). GF mice were fed an autoclaved standard
diet (Purina LabDiet 5K67) and isolator sterility was con-
firmed with negative cultures (absence of growth) from
swabs of GF isolators and GF fecal pellets in Sabouraud
Dextrose Media, Brain-Heart Infusion Media, and Nutrient
Broth Media at 37°C for 7 d under aerobic and anaerobic
conditions, as well as by conducting PCR assays using

universal 16S rRNA primers to screen for bacterial contam-
ination prior to starting experiments.

As summarized in Figure 2b, mice were orally gavaged
with ~5 x 10° bacteria (100 uL of a ~5 x 10’ suspen-
sion) and maintained for 7 d prior to sacrifice by CO,
asphyxiation followed by cervical dislocation. Necropsies
were done rapidly to reduce any post-mortem bacterial
growth. The entire intestinal tract from immediately below
the pyloric valve to the terminal colon was removed,
divided into rough anatomic assignments: the small bowel
was measured without significant distention, and divided
to approximate the duodenum, jejunum, and ileum. Each
of the 5 gross sections (small bowel plus cecum and
colon) were divided at ~1 cm intervals in sets of 4 sam-
ples destined for SEM, histology, IFM, etc. Gross tissue
sections were gently rinsed individually and placed in ice-
cold potassium phosphate buffered saline (KPBS; 10 mM
phosphate, 0.9% sodium chloride). Tissues were re-proc-
essed en masse with further gentle washing in cold KPBS,
dissection, and preparation for fixation. Fecal counts (per
gram of feces) are shown in Figure 2b. A total of 9 ani-
mals in 2 non-overlapping experiments were used.

DNA extractions

E. faecalis planktonic and biofilm cell pellets obtained
from CDC biofilm reactors were extracted using the
DNeasy Blood and Tissue Kit (Qiagen) following the
pretreatment protocol for Gram-positive bacteria.
Extractions from fecal pellets were performed as
described by Yu and Morrison with modifications.™
Briefly, fecal pellets (approximately 50 mg per sample)
were lysed for 15 min at 37°C using 250 ul fresh lysis
buffer (500 mM NaCl, 50 mM Tris-HCI pH 8, 50 mM
EDTA, 30 mg/ml lysozyme, 500 U mutanolysin, 4%
SDS). An additional 700 ul lysis buffer was added to the
sample and transferred to 0.5 mm ZR BashingBead Lysis
Tubes (Zymo Research) and homogenized for 1 min
using a FastPrep FP120 (Thermo Savant). Samples were
incubated at 70°C for 15 min with gentle agitation every
5 min followed by centrifugation at 4°C for 5 min at
16,000 x g. Supernatant was transferred to a fresh tube,
300 wl fresh lysis buffer was added to the lysis tube and
homogenization was repeated for 1 min. Nucleic acids
were precipitated from the supernatant using ammo-
nium acetate. RNA was removed by incubating resus-
pended nucleic acids for 15 min at 37°C using 4 ul of
100 mg/ml DNase-free RNase. Proteins were removed
by incubating the sample at 70°C for 10 min using 30 pul
Proteinase K (Qiagen DNeasy Blood and Tissue Kit) and
900 ul Fecal DNA Binding Buffer (Zymo Research).
Nucleic acids were purified by adding equal volumes of
AL Buffer (Qiagen DNeasy Blood and Tissue Kit) and



100% EtOH followed by centrifugation using DNeasy
Mini spin columns according to the manufacturer proto-
col. Samples were further purified using the Zymo-Spin
IV-HRC Spin filter (Zymo Research) according to the
manufacturer. Extracted DNA underwent PCR amplifi-
cation of the transposon insertion junctions and was
sequenced by the University of Minnesota Genomics
Center using the MiSeq 150 platform (Illumina, Inc.)
with paired-end reads prior to mapping and quantifica-
tion for overall fitness calculations.™

Imaging

All image processing (histological, fluorescent, and SEM)
was done in accordance with this journal’s policies and
adhere to the larger Journal of Cell Biology standards
originally outlined by Rossner and Yamada® as well as
the standards set by the Microscopy Society of America.”

e LV-SEM imaging
Processing for SEM was done largely as we have previ-
ously reported.”>*® Briefly, samples were fixed for
~22 hours in 2% formaldehyde + 2% glutaraldehyde in
135 mM sodium cacodylate buffer system (all Electron
Microscopy Sciences [EMS]) with 4% sucrose and 0.15%
Alcian blue 8GX (Sigma-Aldrich) to preserve the biofilm
extracellular matrix. After extensive washing, secondary
fixation in a partially-reduced 1% osmium tetroxide
(EMS) solution was done for 75 minutes, followed by
further washing and chemical dehydration in a progres-
sive ethanol series [25%— 50%—>70%—>80%—>95%
(x2) —100% (x3)]. Samples were physically dried in a
critical-point CO,-based system (Samdri 780A, Tousi-
mis), mounted on aluminum stubs with conductive car-
bon adhesive (EMS) and cyanoacrylate glue (3M), and
coated with 1-2 nm of platinum in an ion beam sputter
coater (VCR, South Bay Technology) prior to imaging.
Low-voltage imaging (0.1 - 2.5 kV) was done using a
Hitachi S-4700 (paired upper and lower secondary elec-
tron (SE) detectors) and a Hitachi SU-8230 (paired
upper and lower SE or low-angle backscatter electron
[LA-BSE] with SE suppression detectors; beam decelera-
tion for images acquired with beam energies below
0.5 kV). All micrographs were acquired as lossless TIFF
images.

SEM micrographs are representative of approximately
690 micrographs comprising samples taken from
between 7 and 13 germ-free animals and 51 SEM sam-
ples (depending on anatomical location: there are more
replicates for the ileum and colon segments, for example)
spread over multiple experiments.

e IFM labeling
Matched adjacent gut tissue samples were fixed in a 2%
EM-grade formaldehyde solution (EMS) with 8% sucrose
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in a 10 mM KPBS buffer for 4 hours at 4°C. After rins-
ing, thick sections (~500 pum) were manually prepared
and counterstained with Alexa Fluor 594: Wheat Germ
Agglutinin (WGA; Molecular Probes / Thermo Fisher)
prior to mounting on charged glass slides (Superfrost
Plus, Thermo Fisher) in Prolong Diamond (Molecular
Probes, Inc.). Slides were allowed to cure for 48 hours at
4°C prior to final imaging. Images acquired as a widefield
Z-stack with an step size below the sampling limit (100
1.45 NA objective; Nikon, Inc.) on a Cascade 1K EM-
CCD camera (Photometrics, Inc.) using individual CFP/
GFP/Texas Red filter sets (Semrock, Inc.) followed by
deconvolution with Huygens (Scientific Volume Imag-
ing, Inc.). Image shown is a maximum intensity projec-
tion of the deconvolved stack.
e Histochemical staining

Matched tissue samples were fixed in 10% normal buff-
ered formalin (Thermo Fisher) containing 8% sucrose
for 48 hours at 4°C, rinsed extensively with KPBS, and
stored in 70% ethanol at 4°C. Routine paraffin block
embedding and staining with H&E or tissue Gram stain
(Hucker-Twort, Newcomer Supply) was done by the
Comparative Pathology Shared Resource facility at the
University of Minnesota. Imaging was done with a Plan-
Apochromat 20x (0.8 N.A.) or Plan-Neofluar 100x,
(1.3 N.A.) objective on an Axiolmager M.1 using an Axi-
ocam MRc 5 camera and AxioVision (ver. 4.7.2) or Zen
(ver. 2.1); software (all Zeiss).
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