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In addition to their established functions in host defense, accumulating evidence has

suggested an emerging role for antimicrobial proteins (AMPs) in shaping commensal

microbiota. However, the role of α-defensins, the most abundant AMPs of intestine,

in regulating microbial ecology remains inconclusive. Here, we report that α-defensins

promote commensal Bacteroides colonization by enhancing bacterial adhesion to the

mucosal reservoir. Experiments utilizing mice deficient in matrix metalloproteinase 7

(MMP7), the α-defensin–activating enzyme, with rigorous littermate controls showed that

α-defensin deficiency did not significantly influence steady-state intestinal microbiota.

In contrast, α-defensins are essential for replenishment of commensal Bacteroides

from the mucosal reservoir following antibiotics-induced dysbiosis, shown by markedly

compromised recovery ofBacteroides inMmp7−/− animals. Mechanistically, α-defensins

promote Bacteroides colonization on epithelial surfaces in vivo and adhesion to

epithelial cells in vitro. Moreover, α-defensins unexpectedly does not show any

microbicidal activities against Bacteroides. Together, we propose that α-defensins

promote commensal bacterial colonization and recovery to maintain microbial diversity

upon environmental challenges.
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INTRODUCTION

The mammalian gastrointestinal tract is under continuous exposure to trillions of microorganisms
(microbiota) that play fundamental roles in maintenance of gut homeostasis, modulation of the
immune system, facilitation of digestion, and regulation of distant organ functions in physiology
and disease (1, 2). Although day-to-day variabilities in diet and exposures to diverse environmental
factors could influence microbiota ecology, community compositions of the adult gut are relatively
stable because of their ability to recover from the reservoirs of bacterial cells (3, 4). For instance,
severe perturbations of the gut microbiota by antibiotics lead to a low-diversity consortium, yet
after a period of recovery, membership, and relative abundance largely resemble the pretreatment
state (5). Certain species that have been diminished to undetectable levels in stool by antibiotic
treatment are later recovered (3, 5, 6), supporting the notion that there exist reservoirs that protect
bacterial cells and reseed them to the intestinal lumen (3). Intestinal crypts, mucus layers, and the
appendix have been proposed to act as mucosal reservoirs to sustain community diversity (3). For
example, human commensal species Bacteroides fragilis colonizes to the deep colonic crypts for
long-term resilience to intestinal perturbations such as antibiotic treatments (7). The mucus layers
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FIGURE 3 | α-Defensin 5 facilitates adherence of B. fragilis to epithelial cells. (A,B) SEM analysis of B. fragilis (1 × 105 CFUs) adhesion to HeLa cells with or without

synthetic mouse mature α-defensin 5 (10µM). The black arrow indicates the B. fragilis in the surface of HeLa cells. Quantifications are shown in (B) (n = 7). (C) qPCR

analysis of B. fragilis (1 × 105 CFUs) adhesion to HeLa cells with or without mouse mature α-defensin 5 (10µM) (n = 6). (D) qPCR analysis of different numbers of B.

fragilis adhesion to HeLa cells with or without mouse mature α-defensin 5 (n = 3). (E) qPCR analysis of B. fragilis (1 × 105 CFUs) adhesion to CMT-93 cells with or

without mouse mature α-defensin 5 (10µM) (n = 9). (F) qPCR analysis of different numbers of B. fragilis adhesion to CMT-93 cells with or without mouse mature

α-defensin 5 (n = 6). Data are pooled from two independent experiments (A–C). Data are shown as mean ± SEM. Student t-test was performed; *p ≤ 0.05, **p ≤

0.01, ***p ≤ 0.001, ****p ≤ 0.0001.

However, data from the above in vivo experiments suggested
that α-defensins were likely non-destructive for commensal
Bacteroides (Figure 1). To directly assess the impact of

α-defensins on Bacteroides, synthetic mature α-defensin
5 was coincubated with B. fragilis, L. monocytogenes, and
S. typhimurium in vitro. Synthetic α-defensin 5 displayed
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FIGURE 4 | α-Defensin 5 does not exhibit antimicrobial activities against Bacteroides. (A) The antimicrobial activities of synthetic mature α-defensin 5 (4.5µM) on B.

fragilis, L. monocytogenes, and S. typhimurium were determined by CFUs (n = 3–4). (B) The antimicrobial activity of synthetic mature α-defensin 5 (4.5µM) on a

single clone of S24-7 family of Bacteroidetes was determined by qPCR analysis of specific bacterial 16S rDNA (n = 4–5). (C) The antimicrobial activity of synthetic

mature α-defensin 5 (4.5µM) on mouse intestine Bacteroides from feces-derived bacterial community was determined by qPCR analysis of specific bacterial 16S

rDNA (n = 5). (D) 1 × 106 CFUs S. typhimurium, E. coli O157:H7, C. rodentium, or a single clone of S24-7 family was incubated with mature α-defensin 5 (4.5µM).

The integrity of α-defensin 5 was detected by AU-PAGE. (E) 1 × 106 CFUs B. fragilis was incubated with mature α-defensin 5 (4.5µM). The integrity of α-defensin 5

was detected by AU-PAGE. (F,G) The antimicrobial activities of synthetic mature α-defensin 5 (4.5µM) with or without preincubation of B. fragilis on L.

monocytogenes, S. typhimurium, and C. rodentium were determined by CFUs. Data shown are representative for two to three independent experiments. Data are

shown as mean ± SEM. Student t-test was performed; *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.
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potent bactericidal activities against pathogenic bacteria
L. monocytogenes and S. typhimurium but not against B.
fragilis on the agar plates (Figure 4A). To evaluate whether
non-killing activities of α-defensins also apply to mouse
endogenous Bacteroidetes, a single clone of S24-7 family from
the Bacteroidetes phylum [also known as Muribaculaceae (29)]
was isolated from mouse feces and maintained under anaerobic
conditions (Figure S3). In line with the data obtained using
B. fragilis, addition of α-defensin 5 did not reduce the growth
of S24-7 organisms (Figure 4B) or diminish the abundance of
intestinal Bacteroides when incubated with the collected stool
samples (Figure 4C). To investigate the mechanisms underlying
resistance of Bacteroides to α-defensin–mediated killing, we
used AU-PAGE to detect the integrity of α-defensin 5 after
coincubation with various bacterial species. Compared with
pathogenic bacteria including S. typhimurium, E. coli O157:H7,
and C. rodentium, incubation with a single clone of S24-7 family
resulted in diminishment of α-defensin 5 (Figure 4D), implying
potential inactivation and/or degradation of α-defensin 5. This
effect of potential inactivation of α-defensin 5 was further
confirmed by incubation with B. fragilis, which demonstrated
partial inactivation of α-defensin 5 and reduced bactericidal
activities against L. monocytogenes, S. typhimurium, and C.
rodentium after preincubation with B. fragilis (Figures 4E–G).
Thus, these findings suggested that commensal Bacteroides
bacteria resisted α-defensin–mediated microbicidal action
plausibly through reciprocal biochemical interactions between
bacterial and defensin proteins.

DISCUSSION

α-Defensins are among the most evolutionarily ancient AMPs
and highly expressed by Paneth cells in the small intestine
(15). They help maintain gut homeostasis by forming a
biochemical barrier that protects the host from infection and
continuous exposure to potentially inflammatory stimuli (9).
Here we presented unexpected in vivo and in vitro observations
supporting a role for α-defensins in promoting Bacteroides
recovery after antibiotic intervention by facilitating bacterial
adhesion to the mucosal reservoirs such as epithelial surfaces
(Figure S4).

A previous study using Mmp7−/− and DEFA5-transgenic
mice showed that α-defensins help maintain the proportions
of Bacteroidetes yet diminish the proportions of Firmicutes at
homeostasis (19). However, in our study, thorough analyses of
bacterial communities associated with two intestinal locations in
Mmp7−/− and Mmp7+/+, littermates did not reveal prominent
functions of α-defensins in shaping the compositions or
diversity of Bacteroidetes or Firmicutes under homeostatic
conditions. Although our data agreed with a minimal role
of α-defensins in shaping homeostatic microbiota, we could
not rule out the possibility that regulation of steady-state
microbiota by α-defensins is influenced by a number of factors
including geographic locations of mouse facilities, diet, and
the immune status of mice. One study documented that mice
housed in different rooms within the same animal facility

harbored different gut microbiota and exhibited different barrier
structures (30). Diet and immune status have been reported to
influence biogeography of bacteria in the gut (3). Moreover,
this speculation is supported by a report showing that shaping
of microbiota composition by host genetic effects depends on
community structure (31).

Specific niches such as crypts, mucus, and epithelial surfaces
protect commensal species and serve as reservoirs to repopulate
the lumen after environmental challenges (3, 5, 7), supporting the
possibility that α-defensins may facilitate Bacteroides recovery
by promoting bacterial colonization of mucosal niches in the
gut. Interestingly, α-defensins promoted Bacteroides recovery
after antibiotic treatment but did not regulate the population of
Bacteroides at homeostasis, which could be plausibly explained
by the presence of mucosal reservoirs for Bacteroides. Under
normal conditions, Bacteroides extensively occupy the gut lumen
(3) because of the fact that rapidly proliferating bacteria from
luminal reservoirs continuously repopulate the lumen utilizing
energy sources from diet-derived nutrients (32). On such
occasion, mucosal reservoirs of Bacteroides may not be required
for repopulating the lumen. Nevertheless, when majority of
the luminal Bacteroides bacteria are depleted by antibiotics, the
consequences of regulation of mucosal reservoirs by α-defensins
could possibly be manifested, as the bacterial cells preserved in
mucosal reservoirs may represent the predominant source for
repopulating the lumen. In line with a previous report (33),
our study implies that epithelia surfaces act as a dominant
Bacteroides reservoir, which is facilitated not only by IgA but also
by α-defensins.

α-Defensins are the most abundant and diverse AMP families
in the small intestine (12, 15), but it remains a mystery why
the mucosal immune system is evolved to invest considerable
amounts of energy to produce such high quantities of α-
defensins on a daily basis, whereas mice deficient in mature
α-defensins are viable and do not display any gross physical
or behavioral abnormalities under homeostatic conditions (20,
34). Our previous study has suggested an important role
for α-defensins in protecting host from pathogenic bacterial
infection under nutrient-deprived conditions, indicating that
environmental stresses may reveal the otherwise masked
functions of α-defensins (20). In line with these findings,
the current study demonstrates that instead of affecting the
commensal bacterial community at homeostasis, α-defensins
promote Bacteroides recovery upon environmental stresses
such as antibiotic challenges. In junction with the previously
reported role of human α-defensin 5 in promoting Shigella
infection (11), we propose that α-defensins possibly play an
evolutionarily conserved role in broadly impacting adhesion of
commensal or pathogenic bacteria to intestinal epithelia cells to
shape microbiota ecology and thus influencing the microbiota-
associated diseases such as IBDs.
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