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Klebsiella pneumoniae, Escherichia coli, and other members of the Enterobacteriaceae family are common human pathogens 
that have acquired broad antibiotic resistance, rendering infection by some strains virtually untreatable. Enterobacteriaceae 
are intestinal residents, but generally represent <1% of the adult colonic microbiota. Antibiotic-mediated destruction 
of the microbiota enables Enterobacteriaceae to expand to high densities in the colon, markedly increasing the risk of 
bloodstream invasion, sepsis, and death. Here, we demonstrate that an antibiotic-naive microbiota suppresses growth 
of antibiotic-resistant clinical isolates of Klebsiella pneumoniae, Escherichia coli, and Proteus mirabilis by acidifying the 
proximal colon and triggering short chain fatty acid (SCFA)–mediated intracellular acidification. High concentrations of 
SCFAs and the acidic environment counter the competitive edge that O2 and NO3 respiration confer upon Enterobacteriaceae 
during expansion. Reestablishment of a microbiota that produces SCFAs enhances clearance of Klebsiella pneumoniae, 
Escherichia coli, and Proteus mirabilis from the intestinal lumen and represents a potential therapeutic approach to enhance 
clearance of antibiotic-resistant pathogens.
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Introduction
One of the critical functions of a healthy intestinal microbiota is 
to provide colonization resistance against a variety of bona fide 
and potential pathogens. Anaerobic bacteria in the Firmicutes 
and Bacteroidetes phyla are the dominant constituents of the 
normal colonic microbiota and together can provide coloniza-
tion resistance through both direct (bacteria–bacteria) and indi-
rect (host mediated) mechanisms (Human Microbiome Project 
Consortium, 2012; Buffie and Pamer, 2013). Several mechanisms 
of colonization resistance against intestinal pathogens have 
been described, including competition for nutrients (Kamada et 
al., 2012), short chain fatty acid (SCFA)–dependent inhibition of 
virulence and replication (Bohnhoff et al., 1964a,b; Lawhon et al., 
2002; Gantois et al., 2006), and direct antagonism through bacte-
riocin production or Type VI Secretion System–mediated killing 
(Rea et al., 2010; Hecht et al., 2016). In addition, some pathogens 
use strategies to counter or evade these mechanisms of coloniza-
tion resistance (Sorbara and Pamer, 2018). Therefore, the ability 
of a particular pathogenic strain to expand in the intestine will 
be determined by both the characteristics of the host microbi-

ota’s colonization resistance and the invading strain’s ability to 
counter that resistance.

The microbiota’s capacity to provide colonization resistance is 
essential for protection from enteric pathogens, including food-
borne pathogens such as Salmonella enterica serovar Typhimurium 
(S. Typhimurium), Campylobacter jejuni, and Listeria monocyto-
genes (Bohnhoff et al., 1964a; O’Loughlin et al., 2015; Becattini et al., 
2017). Expansion of these pathogens in the gastrointestinal tract 
drives inflammatory responses and gastroenteritis. In some cases, 
the induction of inflammatory responses in the host provides these 
pathogens with a competitive advantage and enables their rapid 
expansion (Lupp et al., 2007). For example, during infection with 
pathogenic S. Typhimurium or Escherichia coli, inflammation 
and disruption of the microbiota leads to increased availability of 
oxygen and nitrates in the lumen, which can be used by respira-
tion-competent pathogens as terminal electron acceptors in elec-
tron transport chains (Winter et al., 2013; Byndloss et al., 2017).

In healthcare settings, antibiotic-mediated disruption of the 
microbiota can be associated with enteric expansion of members 
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of the Enterobacteriaceae family, including E. coli and Klebsiella 
pneumoniae, as well as vancomycin-resistant Enterococci and 
Clostridium difficile (Kim et al., 2017). While C. difficile causes 
gastroenteritis, hospital-associated Enterobacteriaceae and 
vancomycin-resistant Enterococci strains often expand in the 
gut without triggering overt inflammatory responses. In these 
instances, the primary clinical concern is that expansion of these 
species in the gut increases the risk for subsequent development 
of a bloodstream infection (BSI) in vulnerable patient popula-
tions. For example, allogeneic hematopoietic stem cell transplan-
tation (allo-HCT) is an effective but highly immunocompromising 
treatment for some forms of cancer. The high incidence and risk 
of bacterial infections in patients undergoing allo-HCT neces-
sitates administration of prophylactic and empiric antibiotics, 
leading to destruction of the normal microbiome. In this patient 
population, enteric domination with Enterobacteriaceae leads to 
a significant increase in the risk of developing a BSI (Taur et al., 
2012). Furthermore, an increasing proportion of clinical isolates 
of Enterobacteriaceae are resistant to a wide range of antibiotics, 
including strains that produce extended-spectrum-β-lactamases 
or carbapenemases (Centers for Disease Control and Prevention, 
2013). Accordingly, BSI with these highly antibiotic-resistant 
strains are increasingly challenging to treat.

The observation that antibiotic-mediated destruction of the 
microbiota is associated with expansion of Enterobacteriaceae 
(van der Waaij et al., 1971) suggests that the healthy microbiota 
has the capacity to prevent the expansion of these strains. Al-
though colitis enhances expansion of Enterobacteriaceae in the 
gut (Lupp et al., 2007), enteric expansion of highly antibiotic-re-
sistant Enterobacteriaceae often occurs in the absence of colitis 
and thus most likely results from the inactivation of microbio-
ta-mediated inhibitory mechanisms that remain incompletely 
defined. In this study, we demonstrate that the microbiota can 
provide effective direct colonization resistance against anti-
biotic-resistant clinical isolates of K. pneumoniae, E. coli, and 
Proteus mirabilis and identified the major mechanism of that 
resistance. Surprisingly, the inhibition of Enterobacteriaceae 
is completely dependent on an acidified pH. Coupled with the 
production of high levels of SCFA, this acidified environment 
triggers intracellular acidification of Enterobacteriaceae to levels 
that prevent replication. Furthermore, SCFA-mediated inhibition 
prevents the utilization of respiration as a mechanism for com-
petitive advantage during Enterobacteriaceae expansion. Finally, 
we demonstrate in a patient undergoing allo-HCT that a decrease 
in SCFA levels correlates with enteric expansion of E. coli leading 
to development of a BSI.

Results
The microbiota provides colonization resistance and 
colonization clearance against antibiotic-resistant 
Enterobacteriaceae
To directly investigate whether the microbiota provides resis-
tance against antibiotic-resistant clinical isolates of Enterobac-
teriaceae, we used two isolates each of K. pneumoniae, E. coli, 
and P. mirabilis. All six strains were resistant to ampicillin, in 
addition to other antibiotics (Table S1; Xiong et al., 2015). In par-

ticular, two strains, K. pneumoniae MH258 and E. coli MHX43, 
are carbapenemase and extended-spectrum-β-lactamase ex-
pressing, respectively, and thus represent the emerging group 
of highly antibiotic-resistant strains. Mice were treated with 
ampicillin in their drinking water to disrupt the microbiota and 
were challenged with the clinical isolates (Fig. 1 A). All isolates 
expanded to high levels in antibiotic-treated mice, but failed 
to expand in control mice (Fig. 1 A). Similarly, K. pneumoniae 
MH258 rapidly expanded to high levels in the gut of un-reconsti-
tuted gnotobiotic mice, but did not expand in mice reconstituted 
with a diverse microbiota from a naive mouse (Fig. 1 B and Fig. S1 
A). These results demonstrate that the microbiota provides high 
levels of colonization resistance against these antibiotic-resis-
tant Enterobacteriaceae isolates.

We next asked if administration of an antibiotic-naive micro-
biota can mediate colonization clearance of Enterobacteriaceae. 
We colonized antibiotic-treated mice with K. pneumoniae, E. coli, 
or P. mirabilis and then administered a fecal microbiota trans-
plant (FMT) from antibiotic-naive WT mice (Fig. 1, C–E). FMT 
treatments significantly reduced colonization with K. pneumo-
niae, E. coli, and P. mirabilis compared with PBS-treated mice 
(Fig.  1, C–E). Some PBS-treated control mice also partially re-
duced Enterobacteriaceae colonization density over the course 
of 2 wk, suggesting that there is partial recovery of colonization 
resistance. In support of this notion, microbiota composition 
partially recovered in PBS-treated mice toward the composition 
of naive mice, while FMT treatment led to a return to a config-
uration that was indistinguishable from the naive state by PCA 
analysis (Fig. S1 B).

Inhibition of carbapenem-resistant K. pneumoniae 
is pH dependent
To determine the primary mechanism by which the microbiota 
prevents expansion and enhances clearance of these antibiot-
ic-resistant isolates, we first tested whether the microbiota di-
rectly stops growth or whether inhibition was dependent on an 
indirect, host-mediated function. To distinguish between these 
possibilities, we inoculated cultured cecal contents from antibi-
otic-naive or antibiotic-treated mice with K. pneumoniae under 
anaerobic conditions (Fig. 2 A). While K. pneumoniae expanded 
to high densities in cecal contents from antibiotic-treated mice, 
cecal contents obtained from antibiotic-naive mice did not sup-
port K. pneumoniae growth, consistent with a direct role of the 
microbiota in preventing expansion (Fig. 2 B). Type VI Secretion 
Systems have been identified as mediators of antagonism be-
tween Gram-negative species through contact-dependent mech-
anisms (Russell et al., 2014). To determine whether inhibition of 
K. pneumoniae by cecal contents from antibiotic-naive mice re-
quires direct contact with commensal bacteria, we cultured K. 
pneumoniae in filtered cecal contents and found that inhibition 
was intact (Fig. 2 C). Importantly, we found that the same pattern 
of inhibition and expansion was consistent for the other clinical 
isolates we tested (Fig. S2). Therefore, the microbiota is capable 
of directly preventing the replication of these antibiotic-resis-
tant Enterobacteriaceae in a manner that is contact independent.

In some contexts, the microbiota is able to limit pathogen rep-
lication by limiting nutrient availability (Kamada et al., 2012; Ng 
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Figure 1. A diverse microbiota blocks enteric expansion and promotes clearance of clinical Enterobacteriaceae isolates. (A) Antibiotic-naive or ampicil-
lin-treated WT mice were challenged with the indicated isolates of Enterobacteriaceae, and colonization after 24 and 72 h was measured by measuring CFUs in 
fecal pellets (n = 4 mice from two experiments). (B) Colonization of K. pneumoniae MH258 in fecal samples 1–4 d after challenge in gnotobiotic mice reconsti-
tuted with an antibiotic-naive microbiota or PBS as indicated in the schematic diagram (n = 3, 4 mice from one representative experiment of two independent 
experiments). (C–E) Colonization with K. pneumoniae MH258 (C), E. coli MHT18 (D), or P. mirabilis MH42F (E) in fecal pellets from ampicillin-treated WT mice 
that were challenged with K. pneumoniae MH258, E. coli MHT18, or P. mirabilis MH42F and then given FMT or PBS treatments as indicated. (n = 7–12 mice per 
group from three to four independent experiments; t test with the Holm-Sidak method to correct for multiple comparisons was used to compare the PBS and 
FMT groups at each time point). *, P < 0.05; ***, P < 0.001. ns, not significant.
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et al., 2013). To distinguish between nutrient limitation and the 
production of inhibitory factors as mediators of growth suppres-
sion in the context of these clinical isolates, we serially diluted 
antibiotic-naive cecal content supernatant with PBS. Diluted 
cecal content supernatant supported expansion of K. pneumo-
niae to levels higher than the PBS control (Fig. 2 D), indicating 
that production of an inhibitory factor, not nutrient limitation, 
suppresses expansion of K. pneumoniae.

Next, we observed that culture of antibiotic-naive cecal con-
tents, but not ampicillin-treated contents, led to acidification 
relative to the PBS control (Fig. 2 E). To determine if a similar 
change in pH occurred in vivo, we measured the pH of directly 

isolated cecal contents from antibiotic-naive mice and found that 
the cecal pH was 1.47 units lower than cecal contents from am-
picillin-treated mice (Fig. 2 F). The measured cecal pH of 5.94 is 
similar to that reported in human studies measuring pH in the 
gastrointestinal tract (Farmer et al., 2014). Surprisingly, neutral-
ization with NaOH enabled a 4–5 log increase in K. pneumoniae 
growth in cecal content supernatants from antibiotic-naive mice, 
demonstrating that acid pH is necessary to prevent K. pneumo-
niae expansion (Fig. 2 G). However, acid pH alone is not sufficient 
to prevent K. pneumoniae growth, since acidification with HCl 
of cecal content supernatant from antibiotic-treated mice did 
not prevent K. pneumoniae expansion (Fig. 2 G). These results 

Figure 2. An acidified pH is necessary for the microbiota to directly block carbapenem resistant K. pneumoniae expansion. (A) Schematic showing 
the collection and anaerobic culture of cecal contents from antibiotic-naive or ampicillin-treated mice. (B) Growth of K. pneumoniae MH258 in cecal content 
cultures from antibiotic-treated or antibiotic-naive mice (n = 7–8 wells from three to four independent experiments; one-way ANO VA followed by Dunnett’s 
multiple comparison test to PBS control values). (C) Growth of K. pneumoniae MH258 in the supernatant from the indicated cecal content supernatants (n 
= 6–8 wells from three independent experiments; t test). Data from these conditions is also presented in G. (D) Growth of K. pneumoniae MH258 in diluted 
supernatants from cultures of antibiotic-naive mice (n = 4 wells from two independent experiments; one-way ANO VA followed by Dunnett’s multiple com-
parison test to the PBS control values). (E) pH of supernatants from the indicated cecal content cultures (n = 4–5 independent experiments; one-way ANO VA 
followed by Dunnett’s multiple comparison test to the PBS control values). (F) pH of freshly isolated cecal contents from antibiotic-naive or ampicillin-treated 
mice (n = 4–5 independent experiments; t test). (G) Growth of K. pneumoniae MH258 in the supernatant from the indicated cecal content cultures, with or 
without adjusting the pH as indicated (n = 6–8 wells from three independent experiments, one-way ANO VA followed by Sidak’s Multiple comparison test). 
Control conditions without pH adjustment are also presented in C. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Kp, K. pneumoniae.
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demonstrate that acid pH in cecal contents is necessary but not 
sufficient to prevent K. pneumoniae expansion.

Physiological concentrations of SCFAs inhibit 
Enterobacteriaceae
In the anaerobic environment of the healthy lower gastrointes-
tinal tract, the microbiota breaks down dietary fiber to mono-
saccharides, which, upon fermentation, lead to release of large 
quantities of SCFAs as by-products (Topping and Clifton, 2001). 
Loss of SCFA has been associated with loss of colonization resis-
tance against S. Typhimurium, an enteric pathogen that invades 
intestinal epithelial cells leading to intense inflammatory re-
sponses (Bohnhoff et al., 1964a,b; Jacobson et al., 2018). However, 
SCFA production can be influenced both by diet and microbiota 
composition (Sonnenburg and Sonnenburg, 2014). Therefore, 
we measured the concentration of SCFA in mice from our an-
imal facility. In antibiotic-naive mice, acetate, propionate, and 
butyrate production by the microbiota lead to steady-state total 
concentrations of these SCFA in excess of 80 mM in the cecum 
(Fig. 3 A). Antibiotic treatment markedly reduced SCFA concen-
trations (Fig. 3 A). Next, we asked whether these physiological 
concentrations of SCFAs inhibit expansion of the antibiotic-re-
sistant E. coli, K. pneumoniae, and P. mirabilis isolates. There-
fore, we tested the impact of a physiological mixture of SCFA 
at neutral (7.0) and acidic (5.75) pH on K. pneumoniae, E. coli, 
and P. mirabilis growth (Fig. 3 B). While all strains grew well at 
pH 5.75 in the absence of SCFA and were not inhibited by SCFA 
at pH 7.0, they were significantly inhibited by the presence of 
physiological concentrations of SCFAs at pH 5.75 (Fig. 3 B). Fur-
thermore, physiological concentrations of SCFAs inhibited the 
growth of the Enterobacteriaceae isolates across the pH range 
observed in cecal contents from antibiotic naive mice (Fig. 3 C). 
In addition, we observed strain-specific variation in the extent 
of growth inhibition at acidified pH values, with E. coli MHX43 
and P. mirabilis MH42F being more strongly inhibited at pH of 
5.75 or 6.00 (Fig. 3 C). These results indicate that cecal concen-
trations of SCFA suppress Enterobacteriaceae growth in a pH-de-
pendent fashion.

We next asked if variations in the rescue of in vivo SCFA pro-
duction could explain the variations in clearance of the clinical 
isolates we observed following PBS or FMT treatment (Fig.  1, 
C–E). To address this, we measured acetate, propionate, and 
butyrate levels in the cecum of these K. pneumoniae–, E. coli–, 
and P. mirabilis–colonized mice. First, we asked if these strains 
themselves contributed to high SCFA levels in vivo, since E. coli 
can produce acetate under in vitro conditions (Luli and Strohl, 
1990). During the initial peak of Enterobacteriaceae domination 
before treatment (day 3), cecal SCFA concentrations remained 
low (Fig. 3 D, blue symbols; and Fig. S3), indicating that K. pneu-
moniae, E. coli, or P. mirabilis do produce sufficient acetate in 
vivo to lead to accumulation. Therapeutic reintroduction of the 
microbiota increased SCFA levels, and there was a partial recov-
ery in PBS-treated mice compared with this day 3 time point (Fig. 
S3). Strikingly, there was a significant correlation (P < 0.0001) 
between the total level of SCFA production and the decrease in 
K. pneumoniae, E. coli, and P. mirabilis colonization across both 
PBS- and FMT-treated mice (Fig. 3 D).

An acidic pH and SCFAs reduce the advantage 
Enterobacteriaceae gain through respiration
Recent studies have demonstrated that the ability of Enterobacte-
riaceae to respire is critical for optimal expansion in an inflamed 
or dysbiotic gut and that strains that can use oxygen or nitrate as 
terminal electron acceptors outcompete deficient strains in the in-
flamed gut (Winter et al., 2013; Byndloss et al., 2017). It is unclear, 
however, whether the presence of terminal electron acceptors al-
lows Enterobacteriaceae to overcome SCFA-mediated inhibition 
and whether SCFAs and pH impact the growth advantages con-
ferred by ability to use O2 or NO3. To test this, we used an assay in 
which WT E. coli were grown in competition with a mutant strain 
that is unable to use microaerophilic concentrations of O2 or NO3 
as terminal electron acceptors. Both the total growth of E. coli and 
the relative advantage of the WT compared with mutant were 
measured under conditions with or without acidic pH, oxygen, 
nitrates, and a physiological mixture of SCFA (Fig. 4 A).

The advantage of WT over mutant E. coli (competitive index; 
CI) increased with the addition of oxygen or nitrates, and was 
highest in conditions most closely resembling antibiotic-treated 
mice (+O2, +NO3, −SCFA, high pH; Fig. 4 B and Table S2), which 
is consistent with earlier reports demonstrating a strong com-
petitive advantage for respiration-competent strains under these 
conditions (Winter et al., 2013; Byndloss et al., 2017). In contrast, 
in conditions resembling antibiotic naive mice (−O2, −NO3, 
+SCFA, acidified pH), the relative advantage of respiration was 
∼7,500× lower (Fig. 4 B and Table S2). Surprisingly, acidifying 
the culture media, even in the absence of SCFA, led to a reduced 
CI across conditions (Fig. 4 B and Table S2). Growth of the respi-
ration-incompetent strain was impacted more by pH than either 
oxygen or nitrate concentrations in paired conditions (Table S2). 
Despite these significant changes in the competitive advantage 
gained by respiration, only addition of SCFA at an acidic pH re-
duced total replication of E. coli independent of oxygen or nitrate 
status (Fig. 4 B). We next sought to confirm that these effects also 
occurred when E. coli were growing on the nutrients present in 
the gut. Therefore, we performed experiments to determine the 
relationship between oxygen/SCFA/pH and both total E. coli 
growth and respiration advantage in supernatants of cecal con-
tent cultures from antibiotic-naive or antibiotic-treated mice 
(Fig. S4 and Table S2). Similar to our findings in Luria-Bertani 
(LB) broth, anaerobic growth and acidic pH both reduced the 
competitive advantage gained through respiration. In this sys-
tem, addition of NO3 had a minor impact on the CI in paired con-
ditions (data not shown). The presence of SCFAs at an acidic pH, 
either produced naturally by the microbiota (antibiotic naive) or 
directly added (antibiotic-treated conditions), was necessary to 
reduce E. coli replication. These experiments indicate that loss 
of SCFAs leads to Enterobacteriaceae domination, and in the set-
ting of increased pH, bacterial strains that can use O2 or NO3 to 
respire have a competitive advantage.

SCFA mediate intracellular acidification of antibiotic resistant 
K. pneumoniae and E. coli
We next investigated the mechanism by which SCFA directly in-
hibit these isolates. SCFA are weak acids that become membrane 
permeable as they become protonated at lower pH, and intracellu-
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Figure 3. SCFAs inhibit Enterobacteriaceae isolates. (A) Acetate, propionate, and butyrate concentrations in antibiotic-naive or ampicillin mice. Total SCFA 
represents the sum of these three most-abundant SCFA (n = 8 mice from two independent experiments; t test). (B) Growth of the indicated isolates of Entero-
bacteriaceae in LB with or without a mixture of SCFA at the indicated pH was measured after 16 h of incubation (n = 6–8 wells from three to four independent 
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lar proton release in bacteria has been shown to disrupt pH homeo-
stasis (Salmond et al., 1984; Roe et al., 1998). Therefore, we asked 
if physiological concentrations of SCFA are sufficient to drive in-
tracellular acidification in these antibiotic-resistant isolates using 
a GFP-reporter assay that we adapted for use by flow cytometry 
(Martinez et al., 2012). We generated K. pneumoniae MH258 and 
E. coli MHT18 strains expressing a pH-sensitive GFP and equili-
brated the intracellular and extracellular pH to generate standard 
curves for intracellular pH (Fig. 5 A). As expected, E. coli and K. 
pneumoniae maintained a slightly alkaline intracellular pH, which 
was not disrupted by an environmental shift to an acidic pH in the 
absence of SCFA (Fig. 5, B and C). However, addition of physiolog-
ical concentrations of acetate led to intracellular acidification and 
a decrease in the ΔpH compared with the extracellular environ-
ment (Fig. 5, B and C). Increasing concentrations of propionate and 
butyrate also triggered intracellular acidification (Fig. S5). How-
ever, while physiological concentrations (>10 mM) of butyrate are 
sufficient to trigger moderate acidification (Fig. S5), propionate 
did not trigger acidification at the measured cecal concentrations 
(<10 mM; Fig. 3 A and Fig. S5). Therefore, as a result of the ratio 
of acetate/propionate/butyrate observed in our facility, as well 
as in human studies (den Besten et al., 2013), acetate is likely the 
primary driver of intracellular acidification under physiological 
conditions. We next performed the assay in freshly isolated cecal 
contents to determine if other soluble components in this more 
complex environment would prevent SCFA-mediated acidifica-
tion. Freshly isolated WT mouse cecal contents led to intracellu-
lar acidification to pH 6.25 of K. pneumoniae at slightly acidic but 
not neutral external pH, indicating that natural concentrations of 
SCFA are sufficient to drive this response (Fig. 5 D). Furthermore, 
extracellular acidification did not lead to consistent acidification 
in cecal contents from ampicillin-treated mice (Fig. 5 D). In line 
with a central role for acetate, intracellular acidification could be 
rescued by addition of a physiological concentration of acetate 
alone (Fig. 5 D). We next sought to determine what internal pH 
was necessary for K. pneumoniae and E. coli replication by titrat-
ing the pH in conditions where the external and internal pH were 
equalized. Decreasing internal pH values starting from pH 8.25 
resulted in stepwise decreases in E. coli and K. pneumoniae repli-
cation rates (Fig. 5 E). K. pneumoniae and E. coli failed to replicate 
above input levels at internal pHs of 7.25 or 7.00, respectively, and 
an internal pH of 6.5 or 6.75 was bactericidal (Fig. 5 E). Together, 
these results indicate that under normal cecal conditions, SCFAs 
are sufficient to trigger intracellular acidification in these K. pneu-
moniae and E. coli isolates to levels that prevent replication.

Loss of SCFA is associated with expansion of E. coli in an 
allo-HCT patient
The results of our in vivo and in vitro experiments demonstrated 
that SCFA-mediated intracellular acidification provides coloni-

zation resistance against the tested antibiotic-resistant isolates 
under our experimental conditions. Therefore, we next asked 
whether alterations in SCFA levels could also be playing a role in 
patient populations vulnerable to Enterobacteriaceae expansion. 
To address this, we examined a patient undergoing allo-HCT who 
was administered several antibiotics both before and following 
transplant (Fig. 6 A). Antibiotic administration dramatically al-
tered the fecal microbiota composition and reduced the diversity 
of bacterial populations, as demonstrated by metagenomic DNA 
sequence analysis of daily fecal samples (Figs. 6, B and C). Over 
the course of antibiotic treatment, E. coli expanded to abnormally 
high levels in the intestine (Fig. 6 B). This persistent, abnormally 
dense intestinal colonization by E. coli preceded the development 
of an E. coli BSI (Fig. 6 B), consistent with our previous studies 
demonstrating that intestinal expansion increases the risk of BSI 
(Taur et al., 2012). In addition, metagenomic sequencing of fecal 
samples revealed an increased prevalence of antibiotic resistance 
genes within in the gut microbiome, coinciding with expansion 
of E. coli before the onset of the BSI (Fig. 6 D). We next measured 
the concentrations of SCFAs in the daily fecal samples. In line 
with our observations in mice, as exposure to antibiotics in-
creased over time, SCFA concentrations decreased (Fig. 6 E). Over 
the first 6 d of treatment, the total SCFA concentration remained 
above 80 mM (Fig. 6 F), a level of SCFA that strongly inhibited the 
clinical isolates we tested under in vitro conditions (Fig. 3 B). Fur-
thermore, there was a significant negative correlation between 
total SCFA concentrations and E. coli expansion within the mi-
crobiota (Fig. 6 G).

Discussion
Dense colonization of the lower gastrointestinal tract by hospi-
tal-associated, antibiotic-resistant strains of Enterobacteriaceae 
in the colon is an important clinical concern because it increases 
the risk of disseminated infection, including bacteremia, and it 
contributes to spread between patients (Taur et al., 2012). Our 
results suggest that maintenance of an acidic environment cou-
pled with production of high concentrations of SCFA by the cecal 
and colonic microbiota is critical in preventing the expansion 
and promoting clearance of the antibiotic-resistant isolates of 
K. pneumoniae, E. coli, and P. mirabilis. Furthermore, at least 
with respect to the carbapenem-resistant K. pneumoniae strain 
studied in this report, colonization resistance is not mediated by 
competition for nutrients and does not require direct antagonism 
through contact-dependent mechanisms.

Our results indicate that production of SCFA is the most criti-
cal function of the microbiota in terms of providing colonization 
resistance against these hospital-associated Enterobacteriaceae 
strains. Earlier reports have demonstrated that SCFA have indi-
rect contributions to colonization resistance. In these indirect 

experiments; one-way ANO VA followed by Dunnett’s multiple comparison test to the control LB condition for each isolate). (C) Growth of Enterobacteriaceae 
isolates in LB at the indicated pH values with a mixture of acetate, propionate, and butyrate was measured after 16 h of incubation (n = 6 wells from two inde-
pendent experiments). pH values observed directly in cecal contents (Fig. 2 F) are indicated in green (antibiotic naive) or orange (antibiotic treated). Dotted 
line indicates strain growth in LB alone (n = 6 wells from two independent experiments). (D) The K. pneumoniae, E. coli, or P. mirabilis burdens in the intestinal 
content (CFU/g) of colonized mice given PBS or FMT treatments or collected before treatment is plotted against SCFA concentration in cecal contents (acetate 
+ propionate + butyrate; n = 3–12 mice per group; Spearman correlation. CFU/g values are also plotted in Fig. 1, C and D).
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mechanisms, SCFAs function through the activation of host sig-
naling, including peroxisome proliferator-activated receptor-γ, 
in the host epithelium, leading to reduced oxygen and nitrate 
availability, which in turn decreases the competitive advantage 
gained through respiration and also stabilizes HIF-1, leading to 
production of antimicrobial peptides (Kelly et al., 2013, 2015; 
Rivera-Chávez et al., 2016; Byndloss et al., 2017). Here, we demon-
strate that SCFA can directly trigger the intracellular acidifica-
tion of K. pneumoniae and E. coli in the conditions of the lower 
intestinal tract. While previous in vitro experiments indicated 
that SCFA can disrupt pH homeostasis in laboratory strains of E. 
coli and S. Typhimurium (Wilks and Slonczewski, 2007; Jacobson 
et al., 2018), our experimental model allowed us to demonstrate 
for the first time that, directly in the complex mix of solutes 
present freshly isolated cecal contents, the intracellular pH of 
carbapenem-resistant K. pneumoniae is decreased to a level that 
prevents replication. Furthermore, this activity is absent in cecal 
contents from antibiotic-treated mice, but can be rescued by re-
introduction of acetate alone.

At physiological concentrations and pH, only acetate and, to a 
lesser extent, butyrate individually triggered intracellular acidi-
fication of carbapenem-resistant K. pneumoniae (Fig. 5 and Fig. 
S4). In contrast, a recent report demonstrated that inhibition of 
S. Typhimurium replication depends on propionate-driven in-

tracellular acidification (Jacobson et al., 2018). We also observed 
moderate strain-specific variation in the degree of SCFA-medi-
ated inhibition in acidic pH conditions (Fig. 3 C). Together, these 
data suggest that overall susceptibility to the Enterobacteriaceae 
family is likely determined by total concentrations of SCFAs, but 
that variations in the amounts of individual SCFA might differ-
entially influence susceptibility to different species of Entero-
bacteriaceae. In addition, pH has been reported to play a role 
in shaping the balance between Bacteroidetes and Firmicutes 
in in vitro assays (Duncan et al., 2009), raising the possibility 
that changes in acetate, propionate, and butyrate ratios or lev-
els along with pH might also influence the composition of the 
indigenous microbiota. In future studies, it will be informative 
to determine if differences in membrane permeability, or the 
presence of specific pathways allowing for tolerance or reversal 
of intracellular pH stresses represent mechanisms of differen-
tial sensitivity.

One of the differences between Enterobacteriaceae and the 
Firmicutes and Bacteroidetes is the ability of Enterobacteria-
ceae to use oxygen, nitrates, and other substrates as terminal 
electron acceptors enabling aerobic and anaerobic respiration. 
In contrast, many Firmicutes and Bacteroidetes derive energy 
through fermentation pathways. We demonstrate that the prod-
ucts of microbiota fermentation, SCFAs, markedly reduce the 

Figure 4. An acidic pH and SCFA reduce the advantage conferred by aerobic or anaerobic respiration. (A) Equal numbers of E. coli Nissle 1917 and the 
isogenic cydAB/napA/narG/narZ strain were mixed in competitive cultures supplemented with or without SCFAs, NO3

−, or oxygen in neutral or acidic pH condi-
tions. Both the total growth of E. coli and the competitive advantage of the WT were measured after 16 h. (B) The total growth of E. coli in the indicated SCFA, 
NO3, O2, and pH conditions is plotted (n = 3 wells from three independent experiments, mean + SEM). The shading of each bar indicates the mean competitive 
advantage of respiration-competent WT compared with the mutant strain for that condition. Values and SEM for the CI are provided in Table S2.
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competitive advantage Enterobacteriaceae gain through respi-
ration compared with respiration-deficient strains. Our obser-
vations suggest a model in which, during antibiotic-mediated 
destruction of the microbiota, the luminal environment tran-
sitions from a state characterized by an acidified pH with high 
SCFA and low oxygen and nitrates to a neutral environment 
with higher oxygen and nitrate availability and low SCFAs. 
Our mechanistic studies indicate that during this transition, it 
is the loss of SCFA production and the acidic pH that enables 
Enterobacteriaceae replication. As previously reported, during 
this transition, the competitive advantage gained through res-
piration increases as a result of oxygen and nitrate availability. 
Our study extends this finding, by demonstrating that the tran-
sition from an acidic to neutral pH is also critical in creating an 
environment that confers the maximum advantage for respira-
tion-competent strains.

In addition to providing colonization resistance, our data 
demonstrates that clearance of established populations of K. 
pneumoniae, E. coli, and P. mirabilis in the noninflamed colon is 
associated with a recovery of SCFA production by the microbiota. 
In our mouse model, the microbiota partially recovers and begins 
producing SCFA without intervention following the cessation of 
antibiotic treatment (Fig. 3 D and Fig. S3). However, therapeutic 
intervention by administration of a complex microbiota drives 
more complete microbiota recovery (Fig. S1 B) and rescues SCFA 
production (Fig. 3 D and Fig. S3), leading to a significant reduc-
tion in colonization by K. pneumoniae, E. coli, and P. mirabilis 
(Fig. 1, C–E). Our findings show that a similar loss of SCFA and 
disruption of the microbiota can occur with antibiotic treatment 
in patients (Fig. 6). Earlier studies in pediatric patients under-
going allo-HCT demonstrated, in the absence of therapeutic in-
tervention, that alterations in the composition of the microbiota 

Figure 5. SCFA prevent E. coli and K. pneumo-
niae replication by decreasing intracellular 
pH. (A) Representative histograms of FITC and 
AmCyan fluorescence of pHlourin-expressing K. 
pneumoniae MH258 at different set pH values in 
the presence of potassium benzoate and methyl-
amine hydrochloride (left). A representative stan-
dard curve depicting the relationship between 
intracellular pH and AmCyan/FITC intensity 
ratios (right). (B and C) The intracellular pH of K. 
pneumoniae MH258 (B) or E. coli MHT18 (C) in 
the presence of the indicated concentrations of 
acetate in LB at pH 7.0 or 5.75 (n = 3 from three 
independent experiments). (D) The intracellular 
pH of K. pneumoniae MH258 in freshly isolated 
cecal contents from control or antibiotic-treated 
mice supplemented with 50  mM of acetate as 
indicated. External pH was set at 7.5 or 6.0 as 
indicated (n = 3–7 from three to seven indepen-
dent experiments; t test). In B–D, values above 
the upper limit of confidence are indicated with 
a horizontal line. (E) Anaerobic replication of K. 
pneumoniae MH258 or E. coli MHT18 in LB with 
potassium benzoate and methylamine hydro-
chloride at the indicated pH levels (n = 3–6 wells 
from three to four independent experiments). Ec, 
E. coli; Kp, K. pneumoniae; Pm, P. mirabilis.
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can persist for months following treatment (Biagi et al., 2015). 
This suggests that patients might benefit from therapeutic inter-
vention with complex microbiotas or defined communities spe-
cifically selected to rapidly rescue total SCFA production as well 
as colonic acidification to reduce the risk of Enterobacteriaceae 
BSIs. In line with this, two recent clinical studies have demon-
strated that third-party or autologous FMT treatments can safely 
increase microbiota diversity in allo-HCT patients (DeFilipp et 
al., 2018; Taur et al., 2018). Our work indicates that the capacity 
to acidify the proximal colon and produce high concentrations of 
SCFA is likely to be a critical parameter in the success of thera-
peutic microbiota interventions in preventing the abnormal ex-
pansion of antibiotic-resistant K. pneumoniae or E. coli.

Materials and methods
Patient sample collection
Fecal samples were collected from an adult patient undergoing 
allo-HCT at Memorial Sloan Kettering Cancer Center. The patient 
was enrolled in a prospective fecal collection protocol, where fecal 
samples are collected from patients during transplant hospitaliza-
tion in a biospecimen bank, as previously described (Taur et al., 
2012). The study was approved by the Institutional Review Board 
at Memorial Sloan Kettering Cancer Center. All study patients pro-
vided written informed consent for biospecimen collection and 
analysis. The study was conducted in accordance with the Decla-
ration of Helsinki. The fecal samples studied here were selected 
for metagenomics and metabolomics processing retrospectively 
on the basis of the patient’s development of a BSI with E. coli.

Bacterial strains
The E. coli MHT18 and MHX43 isolates and P. mirabilis MH438 
and MH42F isolates were isolated by the Clinical Microbiology 
Service at Memorial Hospital, Memorial Sloan Kettering Can-
cer Center. Antimicrobial susceptibility testing of these isolates 
was performed using a Neg MIC 43 panel on a Microscan System 
(Beckman Coulter) by the Clinical Microbiology Service at Memo-
rial Hospital. The K. pneumoniae MH258 and MH189 isolates were 
previously described (Xiong et al., 2015). These isolates of K. pneu-
moniae, E. coli, and P. mirabilis were routinely grown overnight 
in LB broth (BD) with 100 µg/ml ampicillin (Fisher Scientific) at 
37°C under aerobic conditions. E. coli Nissle 1917 and the isogenic 
E. coli Nissle 1917 cydAB/napA/narG/narZ strain were routinely 
grown in LB broth as previously described (Byndloss et al., 2017).

Mice
6–8-wk-old C57BL/6 (WT) female mice were purchased from The 
Jackson Laboratory and then maintained under specific patho-

gen–free conditions at the Memorial Sloan Kettering Research 
Animal Resource Center. Male and female gnotobiotic mice were 
bred in house and maintained in gnotobiotic isolators before 
being transferred to cages under specific pathogen–free condi-
tions for treatment. All animal procedures were approved by the 
Institutional Animal Care and Use Committee of the Memorial 
Sloan Kettering Cancer Center.

Colonization resistance against Enterobacteriaceae
WT mice were given ampicillin in sterile drinking water at a con-
centration of 500 mg/liter for 4 d (day −4 to day 0). Control mice 
were kept on sterile drinking water. On the day of challenge (day 
0), overnight cultures of K. pneumoniae MH258, E. coli MHT18, 
and P. mirabilis MH42F were diluted 1:20 and grown with shak-
ing at 37°C for 2 h before dilution. Mice were individually housed 
in autoclaved cages without ampicillin in the drinking water and 
were challenged with ∼500–1,000 CFUs in 200 µl of PBS by oral 
gavage. Fecal pellets were collected from ampicillin-treated and 
antibiotic-naive mice at 1 and 3 d after challenge. Pellets were 
resuspended at 50 mg/ml in PBS, diluted, and plated on LB agar 
plates with 100 µg/ml ampicillin.

Individually housed gnotobiotic mice were gavaged with 
200 µl of an FMT from a WT mouse or PBS as a control (day −12). 
FMTs were prepared by collecting cecal contents from WT mice 
under anaerobic conditions in an anaerobic chamber (Coylabs). 
Cecal contents were then resuspended at 200 mg/ml in reduced 
PBS with 10% glycerol before freezing at −80°C. After 12 d, mice 
were challenged with 500–1,000 CFUs of K. pneumoniae MH258 
as described above (day 0). At days 1 to 4 after challenge, pellets 
were collected and plated as described above to measure K. pneu-
moniae colonization. At days −5 and 0–4, a second set of pellets 
was collected and immediately frozen for 16S rRNA analysis as 
described below.

Enterobacteriaceae clearance experiments
WT mice were treated with ampicillin (day −4 to day 0) and chal-
lenged with K. pneumoniae MH258, E. coli MHT18, or P. mirabilis 
MH42F (on day 0) as described above. On days 3, 4, and 5 after 
challenge, mice were gavaged with 200 µl of PBS or 200 µl of a 
FMT prepared as described above.

Levels of K. pneumoniae, E. coli, and P. mirabilis colonization 
were measured by collecting and plating fecal pellets as described 
above. Colonization was measured at days −4 and 0 to confirm 
that no colonization was detectable before Enterobacteriaceae 
challenge. Samples were then taken at day 3 and then every 2 d 
thereafter to monitor clearance.

At days −4, 0, 3, 7, and 17, a second set of fecal pellet samples 
was collected and immediately frozen on dry ice for Illumina 

Figure 6. Loss of SCFA production correlates with E. coli expansion in an allo-HCT patient. (A) Daily changes in the composition of the intestinal micro-
biota were monitored in a patient undergoing allo-HCT from 9 d before transplant to 5 d after transplant when a BSI with E. coli was detected (dashed red 
line). Select antibiotics administered to the patient are depicted. (B) The composition of the microbiota in daily fecal samples is plotted. Values are plotted as 
the percent abundance of each species determined using MetaPhlAn analysis. (C) The inverse Simpson diversity index of the microbiota in daily fecal samples. 
(D) Levels of the indicated β-lactamase genes in the microbiota from daily fecal samples. (E) Acetate, propionate, and butyrate concentrations in daily fecal 
samples from the patient. (F) Total SCFA in daily fecal samples from the patient calculated as the sum of acetate, propionate, and butyrate. (G) The relative 
abundance of E. coli (MetaPhlAn) compared with the total SCFA concentration in the daily fecal sample. At the point highlighted in red, a BSI with E. coli was 
detected (n = 15 d; Spearman correlation).
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MiSeq analysis as described below. On day 17, mice were sac-
rificed, and a sample of cecal contents was frozen at −80°C for 
SCFA analysis as described below. Successful FMT treatment was 
defined as an Enterobacteriaceae load of less than 107 CFU/g at 
day 17. To assess SCFA concentrations at the peak of colonization, 
a third group of mice was sacrificed at day 3 after colonization 
(before FMT treatment), and a sample of cecal contents was col-
lected as above.

16S rRNA sequencing
DNA was isolated from murine fecal pellets or patient fecal 
samples using 0.1-mm zirconia/silica beads (BioSpec Products) 
to homogenize the sample and phenol/chloroform/isoamyl ex-
traction as previously described (Becattini et al., 2017). After 
phenol/chloroform/isoamyl extraction, DNA was precipitated 
in ethanol, resuspended in TE buffer with 200 µg/ml RNase, 
and further purified with QIAamp mini spin columns (Qiagen). 
The V4–V5 region of the 16S rRNA gene was amplified with the 
primers 563F (5′-nnnnnnnn-NNN NNN NNN NNN-AYT GGG YDT 
AAA GNG-3′) and 926R (5′-nnnnnnnn-NNN NNN NNN NNN-CCG 
TCA ATT YHT TTR AGT-3′), where uppercase Ns represent 12-bp 
Golay barcodes and lowercase Ns represent additional nucleo-
tides to offset the sequencing of the primers (Caporaso et al., 
2012). Amplicons were purified with the Qiaquick PCR Purifi-
cation kit (Qiagen). The purified PCR products were quantified 
using Agilent Technologies 2200 tape station and pooled at equi-
molar amounts. The TruSeq DNA library preparation kit (Illu-
mina) was used according to the manufacturer’s instructions to 
prepare the library. The library was sequenced on an Illumina 
MiSeq platform following the manufactures instructions and a 
paired-end 250 × 250-bp kit.

16S rRNA phylogenetic analysis
16S rRNA (V4–V5) paired end reads were merged and de-mul-
tiplexed. Maximum expected error filtering (Emax = 1; Edgar 
and Flyvbjerg, 2015), operational taxonomic unit (OTU) group-
ing (97% distance-based similarity), and chimeric and singleton 
sequence removal were performed using the UPA RSE pipeline 
(Edgar, 2013). Taxonomic classification of OTUs was performed 
by nucleotide BLA ST of representative sequences from each OTU, 
with NCBI RefSeq as the reference training set. A minimum E-
value threshold value of 1e−10 was used for assignments. Species 
abundances were plotted as the proportion of 16S rRNA se-
quences (Fig. S1 A), or unweighted UniFrac analyses or Simpson 
diversity analyses were performed using the phyloseq R package 
(Fig. S1 B and Fig. 6 C; McMurdie and Holmes, 2013).

Metagenomic sequencing
DNA was isolated from fecal samples as described above. After 
purification using the QIAamp mini spin columns, the purified 
DNA was quantified. 1 µg of DNA in a volume of 50 µl of H2O 
was sheared to a target size of 650 bp with an Ultrasonicator 
(Covaris). Following shearing, size selection with AMPure XP 
beads (Beckman Coulter) was performed and libraries were pre-
pared for sequencing with the TruSeq DNA library preparation 
kit according to the manufacturer’s instructions (Illumina). Se-
quencing was performed on a HiSeq platform (Illumina) with a 

paired-end 100 × 100-bp kit in pools designed to provide 20–30 
million reads per sample.

Metagenome analysis
Whole metagenome data were trimmed and human reads were 
filtered with KneadData (version 0.5.1) using default settings 
and removing reads <70 bp. Community composition was calcu-
lated using MetaPhlAn2 (version 20; Truong et al., 2015) using 
the default settings. Antibiotic resistance genes were identified 
using Short, Better Representative Extract Dataset (ShortBRED; 
Kaminski et al., 2015). First, ShortBRED-identify was used to cre-
ate a database of unique marker peptide sequences of antibiotic 
resistance genes from the Comprehensive Antibiotic Resistance 
Database version 1.2.1 (Jia et al., 2017). The UniRef90 protein 
database was used to define unique peptide marker sequences. 
Lastly, ShortBRED-quantify was used to map translated reads to 
protein markers using the default parameters.

SCFA analysis
Concentrations of acetate, propionate, and butyrate were 
measured as previously described (Haak et al., 2018). In brief, 
murine cecal content samples were collected directly into 
Bead-Ruptor tubes with 2.8-mm ceramic beads (OMNI Inter-
national) and immediately frozen on dry ice. For patient sam-
ples, frozen fecal samples were aliquoted into Bead-Ruptor 
tubes. After thawing, samples were extracted with 80% meth-
anol containing internal standards of deuterated SCFA (d-3 
acetate, d-5 propionate, and d-7 butyrate; Cambridge Isotope 
Laboratories). Pellets were resuspended at a ratio of 100 mg/
ml and homogenized. Homogenized samples were centrifuged 
at 20,000 g for 15 min at 4°C. The supernatant was derivatized 
for 60 min at 65°C with one volume of 50 mM, pH 11.0 borate 
buffer, and four volumes of 100  mM pentafluorobenzyl bro-
mide (Thermo Scientific) in acetone (Fisher Scientific). The 
SCFA were extracted in n-hexane and then further diluted 1:10 
in n-hexane. Extracted SCFA were quantified by GCMS (Agi-
lent 7890A GC System; Agilent 5975C MS detector) operating in 
negative chemical ionization mode with methane as the reagent 
gas. MassHunter software was used for data analysis (B07.0; 
Agilent Technologies).

Ex vivo cecal content cultures
WT mice were kept on sterile water or sterile water with ampicil-
lin (500 mg/liter). After 3 d, mice were sacrificed and cecal con-
tents were collected anaerobically and resuspended at 250 mg/
ml in PBS. These cultures were incubated at 37°C for 24 h under 
anaerobic conditions. After 24 h, cultures were either inoculated 
with K. pneumoniae, E. coli, or P. mirabilis directly (as described 
below) or a portion of the cultures was used to prepare superna-
tants. Culture supernatants were prepared by centrifuging the 
contents at 10,000 g for 2 min and then filtering the supernatant 
through a 0.22-µm filter. For conditions with neutralized control 
contents, the pH of the control supernatant was titrated to 7.0 
with NaOH. For conditions with acidified ampicillin contents, the 
pH of the ampicillin supernatant was titrated to 5.75 with HCl. 
For dilution experiments, culture supernatants from antibiot-
ic-naive mice were diluted in PBS.
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Stationary phase cultures of K. pneumoniae, E. coli, or P. 
mirabilis were serially diluted to 10−5 and then 1:2. 40 µl of this 
dilution was added to 180 µl of PBS, antibiotic-naive or ampicil-
lin-treated cecal content cultures. For supernatant conditions, 
stationary phase cultures of K. pneumoniae, E. coli, and P. mira-
bilis were serially diluted to 10−3 in PBS and then 10−4 and 10−5 in 
each supernatant condition. 20 µl of the 10−5 dilution was added 
to 200 µl of the appropriate supernatant. All cultures were then 
incubated overnight at 37°C. After 24 h, samples were serially di-
luted and plated on LB agar + 100 µg/ml ampicillin to measure K. 
pneumoniae, E. coli, or P. mirabilis growth.

SCFA in vitro inhibition
To model in vivo SCFA concentrations, 50 mM acetic acid, 6 mM 
propionic acid, and 25 mM butyric acid were added to LB. LB or 
LB + SCFA was then titrated to pH 5.75, 6.00, 6.25, 6.50, 6.75, or 
7.0 with NaOH and HCl, filtered through a 0.22-µm filter and al-
lowed to reduce in an anaerobic chamber. Overnight cultures of 
K. pneumoniae, E. coli, or P. mirabilis strains, grown under an-
aerobic conditions, were diluted to 10−3 in LB and further diluted 
to 10−5 in reduced LB or LB + SCFA. 200 µl of LB or LB + SCFA at 
pH 5.75 or 7.00 were inoculated with the diluted K. pneumoniae, 
E. coli, and P. mirabilis and incubated for 16 h at 37°C under an-
aerobic conditions. Growth was measured by serial dilution and 
plating on LB agar + ampicillin plates.

CI assays
LB and LB + SCFA were prepared as described above. For con-
ditions with nitrates, NaNO3 was added at a final concentra-
tion of 1 mM. The pH of the solutions was adjusted to pH 5.75 
or 7.50 with HCl and NaOH. After filtering through a 0.22-µm 
filter, solutions were transferred into an anaerobic chamber or 
left aerobic. Cecal content culture supernatants from antibiot-
ic-naive or ampicillin-treated mice were prepared as described 
above. Where indicated, 50 mM of acetate, 6 mM of propionate, 
and 25 mM of butyrate were added. pH was adjusted to 5.75 or 
7.50 or left at the naturally occurring pH as indicated. After fil-
tering through a 0.22-µm filter, solutions were transferred into 
an anaerobic chamber or left aerobic. The OD600nm densities of 
overnight cultures of WT E. coli Nissle or the cydAB/napA/narG/
narZ strain (mutant) were measured, and an equal amount of 
each strain was mixed. Under aerobic or anaerobic conditions, 
as indicated, the mixture was then serially diluted to 10−3 in LB 
and further diluted to 10−5 in each assay condition. The diluted 
mixture of WT and mutant E. coli was plated on LB agar with 
carbenicillin and streptomycin with or without kanamycin to 
measure the input CFU of the WT and mutant E. coli, respec-
tively. 20 µl of the dilution was used to inoculate 200 µl of each 
assay condition, and growth of the WT and mutant strains was 
measured by plating on selective media after 16 h. CI values were 
calculated as: (WT16h / mutant16h) / (WTinput / mutantinput).

Construction of pHluorin-arr-3 plasmid
The arr-3 gene encoding rifampicin resistance was amplified by 
PCR from a pKD46-arr-3 plasmid template using primers with 
the sequence 5′-TGA AAA AGG AAG AGT ATG GTA AAA GAT TGG ATT 
CCC ATC-3′ and 5′-AAC TTG GTC TGA CAG CTA GTC TTC AAT GAC 

GTG TAA ACC-3′. The pHlourin-expressing plasmid pGFP RO1 
(Martinez et al., 2012) was linearized by PCR with the primers 
5′-ACT CTT CCT TTT TCA ATA TTA TTG-3′ and 5′-CTG TCA GAC CAA 
GTT TAC TCAT-3′. PCR products were purified by gel extraction 
(Qiagen). The amplified arr-3 gene was ligated into the linearized 
vector using the IN-Fusion HD cloning kit according to the man-
ufacturer’s instructions (Clontech; Takara Bio USA). The ligated 
plasmid was transformed into Stellar-competent cells (Clontech; 
Takara Bio USA). Transformed cells were selected for on LB agar 
with rifampin at 50 µg/ml (Rifadin IV; Novaplus). Miniprep puri-
fied pHluorin-arr-3 plasmid was transformed by electroporation 
into the K. pneumoniae MH258 and E. coli MHT18 isolates.

Intracellular pH measurement
K. pneumoniae MH258-pGFP or E. coli MHT18 were grown to 
stationary phase in the presence of rifampicin at 37°C. Stationary 
phase cultures were diluted 1:20 into LB media with rifampicin 
and 1% l-arabinose and incubated at 37°C with shaking. After 2 h, 
log phase cultures were used in intracellular pH assays.

Assay conditions were prepared fresh for each experiment. 
For in vitro assays, sodium acetate, propionic acid, or butyric acid 
were added to cultures at 100, 50, or 10 mM. LB with or without 
these SCFA was titrated to a pH of 7.00 or 5.75. For ex vivo assays, 
cecal contents from antibiotic-naive or ampicillin-treated mice 
were collected and resuspended at a ratio of 750 mg/ml in ddH2O. 
The resuspended contents were centrifuged at 10,000 g for 2 min 
and filtered through a 0.22-µm filter. The pH was then adjusted 
to pH 6.0 or 7.5. To generate standard curves, 40 mM potassium 
benzoate and 40 mM methylamine hydrochloride were added, 
and the pH was adjusted to set pH values.

Log phase cultures were serially diluted in each assay condi-
tion to 10−3 and allowed to sit for 4 min at room temperature. GFP 
fluorescence was then analyzed by flow cytometry on a LSR II flow 
cytometer (BD). Data were collected using BD FacsDIVA v8.0.1 
and analyzed with FlowJo v9.9. Bacteria were selected by forward 
scatter and side scatter gating, and pH-sensitive GFP fluores-
cence was measured in the AmCyan and FITC channels. At least 
103 bacterial cells were analyzed.

The ratios of background-subtracted mean fluorescence in-
tensities of the GFP and AmCyan channels in conditions with 
potassium benzoate and methylamine-hydrochloride at set pH 
values were used to generate a standard curve. A Boltzmann-sig-
moidal curve was used to fit the data (Martinez et al., 2012). In-
dependent standard curves were generated in each experiment 
and for each starting solution (LB, antibiotic-naive supernatant, 
ampicillin-treated supernatant).

Statistical methods
Individual data points are depicted throughout the paper; in 
some cases the geometric mean is also indicated with a solid line. 
In Fig. 4, Fig. S4, and Table S2, the mean and SEM were calculated 
on the log-transformed values of both E. coli CFU/well and the 
CI. Analyses were performed with GraphPad Prism version 7.0a 
or R-3.3.2.pkg. Statistical tests included t tests with Holm-Sidak 
correction for multiple comparisons, one-way ANO VA followed 
by either Dunnett’s multiple comparison test to a control sam-
ple or Sidak’s multiple comparison test between selected pairs of 
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conditions, unpaired t test, and spearman correlation analysis, 
as indicated in figure legends. Statistical tests on values of CFU/g 
or CFU/well were performed on log-transformed data. A Boltz-
mann-sigmoidal curve was used to fit the intracellular pH curve.

Data availability
Sequence data that support the findings of this study are avail-
able as an NCBI BioProject (ID: PRJ NA479462).

Online supplemental material
Fig. S1 shows the microbiota composition in reconstituted gno-
tobiotic mice and Enterobacteriaceae-colonized mice receiving 
FMT treatments. Fig. S2 shows the inhibition of Enterobacte-
riaceae expansion in cecal content cultures. Fig. S3 shows the 
SCFA levels in Enterobacteriaceae-colonized mice following PBS 
or FMT treatment. Fig. S4 shows the growth of WT and respi-
ration-deficient E. coli in cecal content cultures under different 
oxygen, SCFA, and pH conditions. Fig. S5 shows in the intracel-
lular pH of K. pneumoniae MH258 in the presence of increasing 
concentrations of propionate and butyrate. Table S1 shows the 
antimicrobial resistance profile of selected Enterobacteriaceae 
strains. Table S2 shows the CI values of WT over respiration-de-
ficient E. coli in broth and cecal content cultures.
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