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ABSTRACT The emergence of multidrug-resistant Klebsiella pneumoniae has ren-
dered a large array of infections difficult to treat. In a high-throughput genetic
screen of factors required for K. pneumoniae survival in the lung, amino acid biosyn-
thesis genes were critical for infection in both immunosuppressed and wild-type
(WT) mice. The limited pool of amino acids in the lung did not change during infec-
tion and was insufficient for K. pneumoniae to overcome attenuating mutations in
aroA, hisA, leuA, leuB, serA, serB, trpE, and tyrA in WT and immunosuppressed mice.
Deletion of aroA, which encodes 5-enolpyruvylshikimate-3-phosphate (EPSP) syn-
thase class I, resulted in the most severe attenuation. Treatment with the EPSP
synthase-specific competitive inhibitor glyphosate decreased K. pneumoniae growth
in the lungs. K. pneumoniae expressing two previously identified glyphosate-resistant
mutations in EPSP synthase had significant colonization defects in lung infection.
Selection and characterization of six spontaneously glyphosate-resistant mutants in
K. pneumoniae yielded no mutations in aroA. Strikingly, glyphosate treatment of
mice lowered the bacterial burden of two of three spontaneous glyphosate-resistant
mutants and further lowered the burden of the less-attenuated EPSP synthase cata-
lytic mutant. Of 39 clinical isolate strains, 9 were resistant to glyphosate at levels
comparable to those of selected resistant strains, and none appeared to be more
highly resistant. These findings demonstrate amino acid biosynthetic pathways es-
sential for K. pneumoniae infection are promising novel therapeutic targets.

KEYWORDS Klebsiella pneumoniae, amino acid biosynthesis, aroA, glyphosate,
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Klebsiella pneumoniae is a Gram-negative encapsulated bacterium that can reside in
the gastrointestinal tract as a commensal microorganism (1); however, dissemina-

tion into extraintestinal sites causes a wide range of infections, including pneumonia,
bacteremia, liver abscesses, and urinary tract infections (2–4). The rapid rise of multi-
drug resistance (MDR) in K. pneumoniae, including the expression of both extended-
spectrum �-lactamases (ESBL) and carbapenemases (5) has transformed infection with
K. pneumoniae from an easily treatable infection into an urgent public health threat (6,
7). Because of the shortage of effective drugs against MDR K. pneumoniae and a limited
number of novel antibiotics in the clinical pipeline, new treatment strategies are
needed (8–10).

Previous transposon library sequencing (TnSeq) screens have identified amino acid
biosynthetic pathways as important for the growth and virulence of K. pneumoniae and
other bacteria (11–14) in immunocompetent hosts. During K. pneumoniae lung infec-

Citation Silver RJ, Paczosa MK, McCabe AL,
Balada-Llasat J-M, Baleja JD, Mecsas J. 2019.
Amino acid biosynthetic pathways are required
for Klebsiella pneumoniae growth in
immunocompromised lungs and are
druggable targets during infection. Antimicrob
Agents Chemother 63:e02674-18. https://doi
.org/10.1128/AAC.02674-18.

Copyright © 2019 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Joan Mecsas,
joan.mecsas@tufts.edu.

R.J.S. and M.K.P. contributed equally to this
work.

Received 2 January 2019
Returned for modification 10 February 2019
Accepted 11 May 2019

Accepted manuscript posted online 20 May
2019
Published

EXPERIMENTAL THERAPEUTICS

crossm

August 2019 Volume 63 Issue 8 e02674-18 aac.asm.org 1Antimicrobial Agents and Chemotherapy

25 July 2019

https://orcid.org/0000-0001-9455-6672
https://doi.org/10.1128/AAC.02674-18
https://doi.org/10.1128/AAC.02674-18
https://doi.org/10.1128/ASMCopyrightv2
mailto:joan.mecsas@tufts.edu
https://crossmark.crossref.org/dialog/?doi=10.1128/AAC.02674-18&domain=pdf&date_stamp=2019-5-20
https://aac.asm.org


tion in immunocompetent mice, neutrophils (polymorphonuclear cells [PMNs]) and
inflammatory monocytes (iMOs) contribute to K. pneumoniae clearance in a strain-
dependent manner (15, 16). Notably, immunosuppressed and/or immunocompromised
hosts, a population susceptible to K. pneumoniae (17), may lack these cells and immune
functions, changing the landscape of infection. As such, it is critical when identifying
new strategies to treat K. pneumoniae infections that treatments work in both immu-
nocompetent and immunosuppressed hosts.

In a genetic TnSeq screen (unpublished results), many genes involved in the
biosynthesis of amino acids were identified as required for K. pneumoniae growth in
both immunocompetent and immunosuppressed mice. Here, we validate these find-
ings and test the hypothesis that inhibition of these pathways in K. pneumoniae may be
a viable additional therapeutic strategy to use in combination with other treatments. As
proof of principle, we used the inhibitor glyphosate to target aroA, a gene essential for
tyrosine, phenylalanine, and tryptophan synthesis. Importantly, glyphosate treatment
reduced bacterial colonization in lungs, even during infection with glyphosate-resistant
mutants, and glyphosate resistance did not result in cross-resistance with other anti-
biotics.

RESULTS
Neutrophil-depleted mice have a higher bacterial burden despite similar lim-

ited bioavailability of amino acids in the lungs. In a TnSeq screen of an ordered array
of 13,056 transposon (Tn) insertion mutants in K. pneumoniae ATCC 43816, many K.
pneumoniae genes with putative roles in amino acid biosynthetic pathways were
identified as potentially attenuated during lung infection in both immunocompetent
and neutropenic mice (see Table S1 in the supplemental material; also, unpublished
results). This finding raised two possibilities: amino acids are limited in the mouse lung
and/or amino acid biosynthetic genes are good targets for therapeutics against K.
pneumoniae lung infection. Since some strains of K. pneumoniae are restricted by PMNs,
iMOs, or both (15), we evaluated whether the relative abundances of individual amino
acids change across three different immunological and infectious states. Bronchoal-
veolar lavage (BAL) fluid was collected and analyzed by nuclear magnetic resonance
(1H-NMR) from mock-infected mice (i.e., mice given phosphate-buffered saline [PBS]
intranasally), K. pneumoniae-infected immunocompetent (wild-type [WT]) mice, and K.
pneumoniae-infected, �-Gr1-depleted (�Gr1) mice lacking both PMNs and iMOs.

Only succinate levels varied between the uninfected, infected, and �Gr1-depleted
and infected mice (Fig. 1A). All amino acids were detected in the lung at �2% of total
measured metabolites and, importantly, did not change in immunocompromised mice
(Fig. 1B). Lactate was generated as by-product of using CO2 asphyxiation to sacrifice the
mice (18), while glycerol and methanol were derived during collection and extraction
of the samples (Fig. 1A). As expected (15), the bacterial load in the lungs of mice lacking
PMNs was almost 100-fold larger than in mock-depleted mice (injected intraperitone-
ally with PBS), which retained a neutrophil population (Fig. 1C and D). These findings
indicate that amino acids, relative to many other metabolites, were less available in the
lung and that availability was regulated independently of infection level or innate
immune status.

To evaluate the contribution of amino acid biosynthetic genes to the virulence of K.
pneumoniae in the mouse lung in both WT and immunocompromised animals, a
minilibrary of TnSeq mutants was assembled and used to infect cohorts of mice. This
minilibrary contained four mutants with transposon insertions at neutral sites, where
two neutral mutants each comprised 15%, and the other two comprised 5.8% of the
pool to serve as controls for bottleneck effects. The remaining 58% of the pool
consisted of 10 auxotrophic mutants with transposon (Tn) insertions in aroA, gltB, leuA,
leuB, metA, nadB, serA, serB, trpE, and tyrA. These 10 Tn insertion auxotrophic mutants
were recovered from our arrayed library and were confirmed for growth defects in
M9 broth supplemented with glucose (M9�glucose) and growth was restored upon
growth in low-salt Luria-Bertani medium (L), which contains amino acids (19), and upon
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growth in M9�glucose with supplementation with the appropriate cognate amino
acids, indicating the transposon disrupted the predicted amino acid biosynthetic or
metabolic pathway (see Fig. S1 in the supplemental material). Since K. pneumoniae
43816 is sensitive to neutrophils (15), we also infected �-Ly6G-depleted (�Ly6G) mice
depleted of PMNs with the minilibrary. Mice depleted with �Ly6G lacked PMNs and had
higher bacterial loads than mock-depleted mice (Fig. 2A and B), supporting previous
findings that PMNs limit K. pneumoniae 43816 growth during lung infection (15, 20, 21).
The aroA, leuA, leuB, nadB, serA, serB, trpE, and tyrA mutants were significantly attenu-
ated in both mock-depleted mice (Fig. 2C) and �Ly6G mice (Fig. 2D). Although the
recoveries of the gltB and metA mutants were, on average, 5-fold lower than for the
control K. pneumoniae strains (Fig. 2C, Neu., 5.8%) in mock-depleted mice, these
mutants were only statistically significantly attenuated in �Ly6G mice (Fig. 2D). Notably,
fitness was not significantly restored for any of the mutants in �Ly6G mice compared
to mock-depleted mice (one-way analysis of variance [ANOVA] with Sidak’s posttest on
log-transformed values). Combined these results indicate that K. pneumoniae relies on
many amino acid biosynthetic synthesis genes during mouse lung infection regardless
of host immune status. In single-strain infections, aroA, leuA, serA, serB, trpE, and tyrA
mutants had significant fitness defects compared to WT K. pneumoniae (Fig. 2E),
indicating that the presence of WT K. pneumoniae neither aids the growth of auxotro-
phic mutants by providing metabolites in trans nor impairs them by scavenging
metabolites more efficiently.

The K. pneumoniae Tn::aroA mutant had the most severe defect in lungs (Fig. 2C to
E). aroA encodes the metabolic lynchpin, EPSP synthase, which is required for the
biosynthesis of three aromatic amino acids (22), and siderophores in other bacteria
(23–25). In addition, multiple transposon-insertion mutants in the histidine biosynthesis
operon, the fourth aromatic amino acid (26), were identified as attenuated in the TnSeq
screen (see Table S1 in the supplemental material), but none were recoverable from our
arrayed library due to ambiguity in matching and assigning locations for these strains

FIG 1 Neutrophil-depleted mice have a higher bacterial burden despite similar limited bioavailability of amino
acids in the lungs. (A to D) Mock-depleted (circles) and �Gr1 (squares) mice were infected with 1 � 103 CFU of WT
K. pneumoniae or PBS (baseline) and sacrificed at 40 hpi. (A and B) BAL fluid was analyzed by NMR, and the
percentage of each metabolite normalized to the total measured metabolites in the lung is reported. “^Tyr” is
conditionally essential in the absence of Phe in mammals. (C) CFU/g lung for each mouse. (D) PMN population
(Ly6G� CD11b�) assessed by flow cytometry. Each symbol represents an individual mouse, and the bar represents
the geometric mean. Each condition was tested with two to four mice per cohort in at least two independent
experiments. The data are combined from all experiments. Statistical significance was determined using two-way
ANOVA on log-transformed values with Bonferroni’s posttest (A and B) and the Student t test on log-transformed
(C) and (D) nontransformed values. **, P � 0.01; ***, P � 0.001.
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in our arrayed library (data not shown). Thus, we generated in-frame deletions of aroA
and hisA to test in lung infections. In-frame deletions of hisA (ΔhisA) and aroA (ΔaroA)
were severely attenuated in the lung regardless of host immune status and inoculating
dose (Fig. 2F; see Fig. S2A and B in the supplemental material), and the restoration of
aroA at its native locus restored K. pneumoniae virulence (Fig. 2G). Combined, these
results demonstrate that endogenous levels of amino acids were insufficient to support

FIG 2 K. pneumoniae genes encoding enzymes required for amino acid biosynthesis are attenuated in the lungs
of WT and neutropenic mice. (A to D) Mock-depleted and �Ly6G mice were infected with 2 � 104 CFU of a
minilibrary of K. pneumoniae Tn mutants and sacrificed at 33 hpi. (A) CFU/g lung for each mouse. (B) Percent PMN
population (Ly6G� CD11b�) per live cells. (C and D) Abundance of each Tn strain in the output versus the input
pool in mock-depleted (C) and �Ly6G (D) mice. (E) CFU in lungs of mice infected with 1 � 103 CFU of the indicated
strains and sacrificed at 45 hpi. (F) CFU in lungs of Mock-depleted (circles) and �Gr1 (squares) mice infected with
2 � 103 CFU of the indicated strains and sacrificed at 40 hpi. (G) CFU of mice infected with 2 � 104 CFU of the
indicated strains and sacrificed at 33 hpi. Each symbol represents a mouse; open symbols indicate no CFU were
recovered and limit of detection, and dashes represent geometric mean (A, C to G) or mean (B). Each strain was
tested in two to four mice per cohort in at least two independent experiments. The data are combined from all
experiments. Statistical significance was determined by Student t test (A and B) on log transformed (A) and
nontransformed (B) values or by one-way ANOVA with Dunnett’s posttest (C and D) on log-transformed values by
comparing each mutant against the neutral mutants present at 5.8% in the input pool. To assess whether Tn
mutants had statistically significant fitness differences in �Ly6G mice compared to WT, the fitness of each mutant
in WT mice was compared to the fitness of the same mutant in �Ly6G mice using one-way ANOVA with Dunnett’s
posttest. No mutants had a significantly higher value in �Ly6G mice than WT. (E to G) One-way ANOVA on
log-transformed values using Dunnett’s (E) or Tukey’s (F and G) posttests. **, P � 0.01; ***, P � 0.001; ****,
P � 0.0001.
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growth of amino acid auxotrophic mutants in both immunocompetent and immuno-
suppressed lungs.

aroA inhibition effectively attenuates K. pneumoniae growth in vitro and
during lung infection. Metal scavenging is a critical requirement for K. pneumoniae
pathogenesis (1), and chorismate, a product downstream of EPSP synthase in the
shikimate pathway, is a precursor for some iron-acquiring siderophores (25). To test
whether aroA is critical for iron acquisition in addition to its requirement for aromatic
amino acid synthesis, WT and Tn::aroA strains were grown in L broth in the presence or
absence of the iron-chelator 2,2=-bipyridyl (DIP) (Fig. 3A). While both strains were
inhibited by 1 mM DIP, the Tn::aroA strain was more impaired for growth in iron-
restricted conditions (0.25 mM DIP) than the WT in L broth, demonstrating a role for
aroA in iron acquisition and growth under low-iron conditions.

To test the idea that molecules targeting amino acid biosynthetic genes may be
effective at controlling growth of K. pneumoniae during infection, we targeted EPSP I
synthase in K. pneumoniae using glyphosate, an EPSP I synthase-specific competitive
inhibitor (22, 27). Glyphosate inhibited K. pneumoniae growth in M9�glucose in a
dose-dependent manner with an MIC of glyphosate (MICgly) of 125 �g/ml, defined as
the lowest concentration of glyphosate inhibiting K. pneumoniae growth in
M9�glucose at 16 h (Fig. 3B, Table 1). This inhibition was due to glyphosate targeting
EPSP I synthase, since the addition of phenylalanine, tyrosine, and tryptophan in
combination, but not individually, restored bacterial growth in glyphosate (Fig. 3C).
Glyphosate was tested as an inhibitor of WT K. pneumoniae infection in the lungs by

FIG 3 aroA inhibition attenuates K. pneumoniae growth in the lungs. (A) The indicated strains were grown in L with
or without iron-chelator DIP (0.25 or 1 mM) for 16 h. (B) WT K. pneumoniae was grown in M9�glucose for 16 h in
a dose curve of glyphosate. The OD630 after 16 h of growth is shown. (C) Strains were grown in M9�glucose with
10 mM phenylalanine (F), tryptophan (W), or tyrosine (Y) and/or 250 �g/ml glyphosate (G) as indicated. (D and E)
Swiss-Webster (D) or �Ly6G (E) mice were infected with 2 � 104 CFU of WT and mock treated with PBS (circles) or
0.5 mg of glyphosate (triangles) at 6 and 24 hpi and harvested at 30 hpi, and the CFU from the lungs were
determined. Each symbol represents a mouse; the bar represents the geometric mean. Experiments were per-
formed independently at least twice with three technical replicates (A to C) or at least three times (D and E) with
two to four mice per cohort. The data are from representative experiments (A to C) or combined from all
experiments (D and E). Statistical significance was determined by one-way ANOVA with Sidak’s posttest on EC50

values (A), Student t test on log-transformed values (D), or Mann-Whitney test (E). *, P � 0.05; **, P � 0.01; ****,
P � 0.0001.
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intranasally treating K. pneumoniae-infected mice with PBS (mock treated) or 0.5 mg of
glyphosate/mouse at 6 and 24 h postinfection (hpi). At 30 hpi, glyphosate significantly
inhibited K. pneumoniae growth in lungs, with the lungs of mock-treated mice con-
taining almost 100-fold more bacteria than the glyphosate-treated mice (Fig. 3D).
Notably, glyphosate inhibited K. pneumoniae growth in the lungs even in the absence
of host PMNs (Fig. 3E and Fig. S2C), indicating the decrease in bacterial burden from
AroA inhibition was not entirely dependent on PMNs. Together, these results show that
AroA has multiple nonredundant roles during growth and virulence of K. pneumoniae
infection and can be targeted by glyphosate to reduce bacterial burden regardless of
host immune status.

Selection of spontaneous glyphosate-resistant and generation of aroA catalyt-
ically active-site glyphosate-resistant mutants in K. pneumoniae. As K. pneumoniae
rapidly acquires resistance to antibiotics (28, 29), we evaluated the rate of spontaneous
glyphosate resistance of K. pneumoniae (see Materials and Methods). WT K. pneumoniae
was grown overnight in L and plated on M9�glucose containing 1,000 �g/ml glypho-
sate, 50 �g/ml rifampin (RIF), or 200 �g/ml streptomycin (STR). After 24 h, no
glyphosate-resistant (glyr) colonies were seen above our limit of detection of 1 � 10�9

CFU on 1,000 �g/ml glyphosate plates (Fig. S3A). The rate of RIF resistance was
5 � 10�7 CFU, and the STR resistance was below our limit of detection (Fig. S3A). After
48 h, colonies were detected on glyphosate plates at an average frequency of 1 � 10�8

bacteria, while the frequency of RIF and STR resistance did not increase.
Six colonies, designated sGR1 to sGR6 for spontaneous glyphosate resistance (sGR),

appeared as normal sized (sGR1 to sGR3) or small (sGR4 to sGR6) colonies on

TABLE 1 MICs and EOPs of sGR, aroA-encoded, and clinical K. pneumoniae strains

Straina Genotype

Fold
change
in
MICgly

b

Mean EOP (%)c � SEM on:

250 �g/ml
glyphosate 1,000 �g/ml glyphosate

24 h 48 h 24 h 48 h 72 h

MKP220 WT 1 0 80 � 13 0 H 103 � 17
RJS196 sGR1 6 105 � 18 105 � 18 TSTC 71 � 1 71 � 1
RJS197 sGR2 10 119 � 19 119 � 19 TSTC 91 � 15 91 � 15
RJS198 sGR3 8 86 � 20 86 � 20 TSTC 65 � 9 65 � 9
RJS199 sGR4 8 94 � 15 94 � 15 TSTC 71 � 7 71 � 7
RJS200 sGR5 10 105 � 14 105 � 14 TSTC 77 � 3 77 � 3
RJS201 sGR6 4 80 � 7 80 � 7 TSTC 79 � 8 79 � 8
ALM121 aroAG96A 4d 0 89 � 11 0 94 � 12 94 � 12
ALM122 aroAT97I 2 79 � 4 79 � 4 TSTC 64 � 4 64 � 4
ALM123 aroAP101S 2 86 � 14 86 � 14 TSTC 71 � 5 71 � 5
ALM111 aroATIPS 8 H 114 � 33 H 107 � 32 107 � 32
R1 ESBL 2 ND ND ND ND ND
R9 ESBL 4 ND ND ND ND ND
R17 KPC 2.7 ND ND ND ND ND
B1 Non-ESBL/KPC 4 ND ND ND ND ND
B6 KPC 1.7 ND ND ND ND ND
B17 ESBL 2.7 ND ND ND ND ND
B18 KPC 5.3 ND ND ND ND ND
B19 Non-ESBL/KPC 3.3 ND ND ND ND ND
B20 ESBL 2 ND ND ND ND ND
aR1, R9, etc., are respiratory isolates; B1, B6, etc., are blood isolates.
bMICgly of WT � 125 �g/ml � 12. Bacteria were grown overnight in minimal media and two-fold serial
dilutions of glyphosate. Experiments were performed three independent times in technical triplicate, and
values are reported as the average fold change for three experiments.

cEOP, efficiency of plating measured in three independent experiments, as described in Materials and
Methods. Technical replicates were averaged in each experiment, and the EOP was calculated as
CFU�glyphosate/CFUM9�glucose. Values represent the average EOP and SEM, as calculated by ANOVA with
Dunnett’s t test. TSTC, too small to count; H, hazy growth on concentrated spots where more than 1,000
colonies would be expected but no colonies detected on samples expected to generate 100 colonies. ND,
not determined.

daroAG96A has a growth defect in minimal media; the MICgly was thus determined by evaluating growth in
glyphosate at 24 h.
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1,000 �g/ml glyphosate plates after 48 h. These were streak purified on glyphosate
plates before further characterization. All six sGR mutants had 4- to 10-fold higher
MICgly values, defined by growth in M9�glucose with glyphosate at 16 h, than that of
K. pneumoniae 43816 (Table 1). While all sGR mutants grew slightly slower than the WT
in M9�glucose, none showed significant defects (Fig. S3B). The higher MICs indicate
that these sGR mutants are resistant, versus tolerant, to glyphosate (30). Efficiency-of-
plating (EOP) assays on M9�glucose plates with 250 or 1,000 �g/ml glyphosate re-
vealed that all sGR mutants formed normal-sized colonies on the 250 �g/ml glyphosate
and distinct, but too-small-to-count (TSTC) colonies on the 1,000 �g/ml glyphosate
plates at 24 h. These all became normal-sized by 48 h. In contrast, WT K. pneumoniae did
not form colonies until 48 and 72 h on 250 and 1,000 �g/ml plates, respectively (Table
1). The resistance of the sGR mutants to 14 clinically used antibiotics was measured
using Vitek-2 analysis. This revealed that no additional antibiotic resistances occurred
under glyphosate selection, indicating that the mechanism of glyphosate resistance did
not confer cross-resistance to commonly used antibiotics (Table S2). Target modifica-
tion is a common strategy used by bacteria to develop antimicrobial resistance (31, 32).
Therefore, we sequenced the serC-aroA locus, but no base pair changes were detected,
indicating resistance was unlinked.

Although no sGR mutations were found in the aroA locus, previous work has shown
that affecting the catalytic active site of AroA via a single amino acid substitution at
aroAG96A (i.e., a G-to-A change at position 96) (27, 33) or a double mutation at
aroAT97I/P101S (34, 35) gives rise to glyphosate resistance. Since the impact of these
catalytic mutations on K. pneumoniae virulence has not been evaluated, strains
containing mutations aroAG96A, aroAT97I, aroAP101S, and aroAT97I/P101S (TIPS) were
generated (Table 1). aroAG96A and aroATIPS strains displayed significant growth
defects in M9�glucose at 16 h (Fig. 4A and Table 1). Likewise, both had a delay in
colony formation on M9�glucose plates compared to sGR mutants (Table 1). The
MICgly values for these mutants were evaluated in M9�glucose, but because of the
extremely impaired growth rate of aroAG96A, the MIC was quantified at 24 h rather than
at 16 h (Table 1 and Fig. 4B and C). The aroAT97I and aroAP101S strains had MICglys of
250 �g/ml, 2-fold greater than for the WT, and the aroAG96A and aroATIPS strains had
MICglys 4- and 8-fold greater than WT, respectively. Thus, mutations within the AroA
catalytic site conferring high levels of glyphosate resistance come with unfavorable
growth tradeoffs in amino acid poor environments, such as minimal media. This
suggests that glyphosate-resistant active-site mutations, while advantageous under
selective pressure of glyphosate, may be disadvantageous in vivo where aromatic
amino acids are limited (Fig. 1B), and bacteria must synthesize them through the AroA
pathway.

Another reported mechanism of glyphosate resistance has been increased expres-
sion of aroA (31). We compared the aroA mRNA levels by quantitative reverse
transcription-PCR (qRT-PCR) in each sGR mutant and the catalytic mutants at mid-log
growth phase in M9�glucose. Two sGR mutants, sGR2 and sGR6, and the aroAG96A

strain had significantly higher aroA mRNA levels compared to the WT (Fig. 4D and E),
revealing a potential mechanism of glyphosate resistance. However, it is important to
note that increased mRNA levels did not correlate with degree of glyphosate resistance
(Table 1).

Glyphosate treatment lowers sGR and aroATIPS burden in vivo. Three sGR
mutants, sGR1 to sGR3, and two catalytic mutants (aroAG96A and aroATIPS) were evalu-
ated for virulence in the mouse lung with and without glyphosate treatment (Fig. 4F
and G). Both aroAG96A and aroATIPS mutants were significantly attenuated for growth in
immunocompetent mouse lungs, consistent with their low growth rate in M9�glucose
(Fig. 4C). Moreover, glyphosate significantly lowered the burden of the aroATIPS strain
despite the MICgly being 8-fold higher than that of K. pneumoniae 43816. Although
none of three sGR mutants were attenuated in untreated mice, intriguingly, treatment
with glyphosate significantly lowered the bacterial burden of the sGR1 and sGR2
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strains, which had 6- and 10-fold higher MICglys, respectively, than that of K. pneu-
moniae 43816 (Table 1). Similarly, the sGR3 bacterial burden was decreased on average
by 10-fold, although this was not statistically significant. These data show glyphosate
impedes growth of these glyphosate-resistant K. pneumoniae mutants and that the
highly resistant catalytic mutations come with a significant virulence tradeoff in the
lung, an amino acid-poor environment (Fig. 1A).

Sensitivity of clinical blood and respiratory K. pneumoniae isolates, including
ESBL- and KPC-producing strains, to EPSP I inhibition. Thirty-nine clinical isolates
from blood (B) or the respiratory tract (R) were characterized for their antibiotic
resistance profile using Vitek-2 antibiotic susceptibility profiling (Table S3). Of these
isolates, 12 B and 13 R strains were determined to be ESBL or KPC producers. To screen

FIG 4 Glyphosate-resistant mutants remain susceptible to glyphosate in infection. (A) The indicated strains were grown in M9�glucose
for 16 h. (B and C) The indicated strains were grown in M9�glucose with various glyphosate, and the OD630 after 16 h (B) or 24 h (C) of
growth is shown. (D and E) The aroA mRNA copy number of the indicated strains was quantified using qRT-PCR after growth to mid-log
phase in M9�glucose. (F and G) CFU counts in lungs of mice infected with 2 � 104 CFU of the indicated strains, mock treated with PBS
(circles), or treated with 0.5 mg of glyphosate (triangles) at 6 and 24 hpi and harvested at 30 hpi. Each symbol represents a mouse; open
symbols indicate that no CFU were detected at limit of detection; bars indicate the geometric means. Experiments were done
independently at least twice with groups of two to three mice. The data are from a representative experiment of three performed in
triplicate (A to C) or are combined from all experiments (D to G). Significance was determined using one-way ANOVA on log-transformed
values with Dunnett’s (D and E) or Fisher LSD (F and G) posttest. NS (not significant), P � 0.05; *, P � 0.05; **, P � 0.01; ****, P � 0.0001.
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for glyphosate resistance, their growth in M9�glucose in the presence or absence of
250 �g/ml glyphosate was evaluated (Fig. S3D and E and Fig. 5A and B). All strains grew
in M9�glucose, which demonstrated that none were auxotrophic, although the R14,
R15, R19, B8, and B10 strains displayed significantly less growth than K. pneumoniae
43816 in M9�glucose (Fig. S3D and E). In M9�glucose with 250 �g/ml glyphosate, 30
strains were inhibited for growth, while R1, R9, R17, B1, B6, B17, B18, B19, and B20 grew
significantly (Fig. 5A and B). Among these, there was no correlation as to whether they
were ESBL or KPC producers (Fig. 5A and B).

The serC-aroA locus and its upstream regulatory region were sequenced in the glyr

clinical isolates. Only two isolates, B3 and B19, had differences in aroA sequence (Q419L
and Q221K, respectively), but these differences were insufficient to cause glyphosate
resistance when cloned into K. pneumoniae 43816 	aroA (Fig. 5C). To further evaluate
glyphosate resistance of the clinical isolates, the MICglys of select strains that grew
significantly in glyphosate (Fig. 5A and B) were determined. The MICgly of B1, the most
resistant strain, was 4-fold higher than that of K. pneumoniae 43816 (Fig. 5D and Table
1). In addition, the MICglys of R1 and R9, two resistant respiratory strains, were 2- and
4-fold higher (Fig. 5D). Notably, all tested clinical isolate MICglys were within range of
the sGR and aroATIPS mutant strains that remained sensitive to glyphosate treatment in
the lungs (Fig. 4C to E).

FIG 5 Sensitivity of clinical blood and respiratory K. pneumoniae isolates, including ESBL- and KPC-producing strains, to glyphosate. (A and B) Clinical K.
pneumoniae strains were grown in M9�glucose containing 250 �g/ml glyphosate (black, non-EBSL/KPC; red, ESBL; or blue, KPC) or M9�glucose alone (gray,
K. pneumoniae 43816; see also Fig. S3C and D in the supplemental material) for 20 h. (C) Mutations in aroA from B3 and B19 were introduced into the K.
pneumoniae 43816 	aroA strain and grown in M9�glucose with the indicated concentrations of glyphosate for 16 h. (D) The indicated strains were grown in
M9�glucose with glyphosate; the OD630 at 16 h is shown. Experiments were performed at least twice with three technical replicates. The data are combined
from all experiments (A to C) or are from a representative experiment (D). Statistical significance was determined by using one-way ANOVA with the Fisher LSD
test (A and B) or Sidak’s posttest (C). *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001.
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DISCUSSION

Our findings strongly support the idea that targeting amino acid biosynthetic
pathways is a promising strategy to contain MDR infections (36, 37). Importantly,
regardless of immune status of the host, levels of amino acids in the lungs did not
drastically change and amino acid biosynthetic K. pneumoniae mutants remained
attenuated in the lung. This included all aromatic amino acid mutants, which were the
most significantly attenuated, consistent with the fact that aromatic amino acids are the
most energy-expensive amino acids to synthesize (38). In addition, some of these
pathways share molecular precursors with iron-acquiring siderophores critical for K.
pneumoniae virulence (1, 25). Importantly, BAL fluid in humans is similar in amino acid
content to mice (39), suggesting that amino acids are too scarce in human lungs for K.
pneumoniae to scavenge, and therefore targeting amino acid biosynthesis pathways
could translate to the clinic. In addition, none of the clinical isolates were auxotrophic,
indicating that amino acid biosynthetic pathways are intact and therefore potentially
targetable in infectious strains. Using class I EPSP synthase as a proof of principle, we
found that its inhibition by glyphosate limited the growth of K. pneumoniae in lungs
and that glyr mutants arose infrequently and were either themselves attenuated and/or
still sensitive to the dose of glyphosate during infection. In addition, glyr strains did not
become cross-resistant to other commonly used antibiotics, and many clinical MDR
strains remained sensitive to glyphosate, suggesting that the mechanisms of resistance
in these six sGR strains are distinct from common antibiotic resistance mechanisms.
Finally, studies by others show glyphosate can synergize with some antibiotics (40, 41),
supporting the idea that essential amino acid enzymes could be targeted in concert
with other therapies.

Although glyphosate is the active ingredient in the most common commercial and
agricultural herbicide used globally since 1974, Roundup (42, 43), naturally occurring
catalytic glyr EPSP synthase mutants in bacteria are reported infrequently, likely due to
the adverse effects of mutations on the substrate Km (27, 34, 35) which impair bacterial
growth under nutrient-limiting conditions. While bacterial EPSP has been studied for
the design of glyr crops, our findings of significant growth and virulence defects in
active-site EPSP mutants highlight the importance of an intact, WT aroA gene to retain
virulence and are consistent with studies showing that aroA is important for virulence
(14, 44, 45). Since aroA mutations were ruled out as the source of glyr in both the clinical
and sGR strains, the resistance mechanisms of the sGR mutants could be one of many
phenomena observed in other species. These include the presence of a metabolic
enzyme that chemically modifies glyphosate, epigenetic changes to increase the copy
number of EPSP synthase to overcome competitive inhibition, or by amplifying the
aroA gene to increase transcription and/or translation (31, 46, 47). Upregulation of
efflux pumps, an additional resistance mechanism, is an unlikely resistance determinant
here since the MICs of clinical antibiotics were unchanged.

Our studies indicate that resistant mutants in catalytic sites of amino acid biosyn-
thetic pathways may arise infrequently and/or be themselves attenuated, which are
important considerations for antimicrobial therapeutics. While glyphosate is not rec-
ommended for human use, it is a well-studied, highly effective competitive inhibitor
(34), making it a good molecule for a proof of principle to test our hypothesis that
targeting amino acid enzymes would augment resolution of infection in difficult to
treat MDR cases. In fact, the dose of glyphosate used in mice in this study is higher than
the current U.S. Environmental Protection Agency (EPA) standard for human exposure
of 2 mg/kg of body weight (48, 49), and there is currently much active research into the
adverse effects of glyphosate and/or other additives in Roundup on a number of
human health issues (42, 50–52).

In this study, we treated bacterial pneumonia by intranasal glyphosate delivery to
mice, permitting high enough concentrations in the infected site to contain resistant
mutants. Intranasal administration of therapies against lung infection models has been
effective due to the high drug concentration achieved by direct administration to the
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lung (53, 54). However, this is not predictive of the ability to treat using systemic
delivery, and therefore it remains uncertain whether glyphosate would be an effective
inhibitor in a systemic infection such as K. pneumoniae bacteremia. Given our results, it
is worthwhile to assess the efficacy of inhibitors of components other shikimate
pathway enzymes (55, 56), as well as histidine (hisA) and leucine (leuA and leuB)
biosynthesis (36, 57), in combination with each other and/or known antibiotics. Impor-
tantly, studies on other bacterial pathogens indicate that amino acid biosynthetic
mutants are attenuated in the lung (44, 45, 58), gastrointestinal tract (59), mesenteric
lymph nodes, spleen (14), and skin (13). Escherichia coli shows high upregulation of
branched-chain amino acid and histidine biosynthetic genes during growth in urine
(60, 61), and branched-chain amino acid biosynthetic inhibitors have shown promise as
antifungal agents (36, 40). This study supports the design and development of safe
molecules that target amino acid biosynthetic pathways to be tested in combination
with other treatments as a promising strategy to improve the treatment of MDR K.
pneumoniae infections.

MATERIALS AND METHODS
Generation of K. pneumoniae strains. All strains and primers used in this study are listed in Tables

S4 and S5, respectively, in the supplemental material. A WT K. pneumoniae strain (K. pneumoniae ATCC
43816; MKP203) was made spectinomycin resistant and verified as equally fit compared to the parental
K. pneumoniae (see the supplemental material). K. pneumoniae transposon-insertion mutants were
generated by introducing a kanamycin-resistant (Kanr) Himar1 transposon into K. pneumoniae by mating
MKP220 with the DAP auxotrophic MFDpir-pSC189 (MKP216) (62), and insertion sites were confirmed by
PCR as described in the supplemental material. All deletion mutants were generated using lambda red
recombination as described in the supplemental material (63). Clinical isolates from blood (B) and
respiratory (R) infections at Ohio State University were used. No human subjects were included in this
study. The Tufts University Institutional Review Board (IRB) has approved the use of clinical isolates
without patient information.

Mouse intranasal infections and flow cytometry analysis. K. pneumoniae strains were cultured
overnight at 37°C with aeration in 2 ml of low-salt (0.5 g/liter NaCl) Luria-Bertani medium (L). From the
overnight cultures, bacteria were serially diluted in sterile PBS, and the infectious dose was quantified on
L-agar plates. Female Swiss-Webster mice (7 to 12 weeks old; Taconic) were anesthetized with 3%
isoflurane and intranasally infected with a 50-�l bolus of the indicated dose. Mock-infected mice
intranasally received 50 �l of PBS (Corning). The K. pneumoniae minilibrary was prepared and assessed
for fitness in lung infections as previously described (14) and in the supplemental material. Mice were
depleted of PMNs by intraperitoneally injecting 100 �l of 0.5 mg/ml �-Ly6G antibody (1A8; Fisher
Scientific) at 16 h preinfection or 100 �l of 0.5 mg/ml �-Gr1 antibody (RB6-8C5, Fisher Scientific) at 16 h
preinfection and 24 h postinfection as previously described (14). Mock-depleted mice intraperitoneally
received 100 �l of PBS. Mice treated with glyphosate were anesthetized with 3% isoflurane at 6 and 24 hpi,
and 50 �l of PBS or 0.5 mg of glyphosate (Santa Cruz Biotechnology)/mouse in 50 �l of PBS was delivered
intranasally. At the indicated times after infection, mice were sacrificed by CO2 asphyxiation. Lungs were
harvested into sterile PBS, weighed, and homogenized by pushing tissue through a 70-�m-pore cell strainer.
Homogenates were plated for CFU/g lung and collected for analysis by deep sequencing in the indicated
experiments, and the PMN and iMO populations were quantified by flow cytometry using an LSRII. The lung
homogenates were stained with �-Ly6G PE-Cy7 (eBioscience), �-Ly6C-APC (eBioscience), and �-CD11b-FITC
(eBioscience) and evaluated with FlowJo (v10.0) by first gating on the live population and then quantifying
the Ly6G� CD11b� (PMN) and Ly6C� Ly6G– CD11b� (iMO) cells. All mice were handled in accordance with
protocols approved by the Institutional Animal Care and Use Committee of Tufts University.

Collection and analysis of BAL fluid by NMR. Mice were sacrificed, and their tracheas were exposed
and cut with fine-blade scissors. Plastic tubing was inserted into the tracheal slit, and 1 ml of sterile saline
(0.9% NaCl in H2O) was injected into the lungs and collected. This was repeated twice for a total of 3 ml
collected. A 2:1 volume of ice-cold methanol was added to the samples, which were incubated at –20°C
for 20 min and centrifuged at 17,000 � g for 5 min at 4°C to pellet and remove proteins. Supernatants
were collected and evaporated by spinning in a SpeedVac overnight. Dried metabolites were resus-
pended in 600 �l of deuterated water (D2O; Spectra). To serve as a standard, 1 �l of 100 mM 4,4-dimethyl-
4-silapentane-1-sulfonic acid (DSS; Cambridge Isotope Laboratories, Inc.) was added to each sample.
1H-NMR spectra of each sample were collected at 25°C on a Bruker Avance 600 spectrometer using 256
scans and a NOE1D pulse sequence. NMR spectral peaks were assigned, and the area of each peak was
quantified (Chenomx NMR Suite software 8.0). The percentage of each metabolite out of the total
measured metabolite levels in that sample was calculated. All amino acids, as well as several metabolites,
including glucose, were measured.

Selection of spontaneous glyphosate-, rifampin-, and streptomycin-resistant mutants. Over-
night cultures of MKP220 grown in L were washed twice in M9�glucose and plated on M9�glucose or
M9�glucose with 250 �g/ml of glyphosate, 1,000 �g/ml of glyphosate (Sigma or Santa Cruz), 50 �g/ml
RIF, or 200 �g/ml STR. Glyphosate was added to M9�glucose agar at 50°C. The frequency of spontane-
ous resistance was determined by counting CFU after 24 and 48 h (CFU�drug/CFUM9glu). All glyphosate-
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resistant colonies were isolated after 48 h of incubation. Colonies were streak purified on M9�glucose
plates containing 1,000 �g/ml glyphosate before characterization.

Antibiotic resistance profile of clinical and glyphosate-resistant isolates. Spontaneous glyphosate-
resistant mutants, catalytic aroA mutants, and clinical isolates were evaluated for susceptibility to a panel
of 16 clinically used antibiotics using the Vitek-2 system (bioMérieux; Tufts Clinical Microbiology Lab).
Vitek-2 assigned an MIC for each drug and flagged likely ESBL- and KPC-producing strains based on
clinical laboratory standards.

Growth curves and calculation of MIC. Strains were grown overnight in L, washed in PBS, and
diluted to 1 � 107 cells/ml. Bacteria (100 �l) were placed in a 96-well plate in M9�glucose or L, with or
without the indicated compound. Amino acids were added to a final concentration of 10 mM (Sigma) and
2,2=-bipyrydyl (DIP; Sigma) was added to the indicated concentration. MICgly values were determined by
using 2-fold dilutions of glyphosate in M9�glucose. The 50% effective concentration (EC50) values were
determined for DIP inhibition. Cultures were incubated at 37°C for 16 h with shaking, and the optical
density at 630 nm (OD630) was measured every 15 min in a plate reader (BioTek Synergy HT). The
resulting values were corrected for background and path length. MICgly was defined, using EUCAST
standards (64, 65), as the lowest concentration of glyphosate in which a strain did not grow by 16 h with
the exception of the aroAG96A mutant, which was measured at 24 h due to its slow growth in
M9�glucose. Each experiment was performed in technical triplicate and averaged, and the average of
at least three independent experiments was used to calculate the MICgly. The fold changes between the
WT and mutant MICgly in each independent experiment were averaged to account for the 2-fold variation
(ranging from 63 to 125 �g/ml) observed in the K. pneumoniae 43816 MICgly between experiments.

Efficiency of plating on glyphosate. The EOP of K. pneumoniae strains was measured by culturing
the indicated strains in L overnight with shaking at 37°C. Cultures were washed in PBS and diluted to
1 � 108 cells/ml in PBS, and serial dilutions were plated in triplicate on M9�glucose plates containing 0,
250, or 1,000 �g/ml glyphosate. Plates were incubated at 37°C overnight, and visible colonies counted
after 24, 48, and 72 h. Technical replicates were averaged in each experiment, and the EOP was calculated
as CFU�glyphosate/CFUM9�glucose.

RNA extraction and qRT-PCR analysis. RNA from overnight cultures of each K. pneumoniae strain
was isolated and analyzed as previously described (66). Briefly, cultures were back diluted 1:50 in
M9�glucose and grown at 37°C for 3 h in L media. A volume of 1 ml was mixed with 200 �l of 1%
Zwittergent–100 mM citric acid, followed by incubation for 10 min prior to pelleting and snap-freezing.
The total RNA was extracted using TRIzol reagent (Ambion, Carlsbad, CA). Contaminating DNA was
removed after a 1-h incubation in DNA-free Turbo (Invitrogen, Carlsbad, CA) according to the manufac-
turer’s protocol with up to 10 �g of RNA per sample. cDNA was synthesized with iScript cDNA kit
(Bio-Rad, Hercules, CA) with 1 �g of RNA as the template. Samples were diluted 10-fold with RNA-free
H2O. PCR was performed with 5 �l of cDNA, 500 nM concentrations of each primer designed with Primer3
(67), and 10 �l of SYBR green (Bio-Rad) with a CFX96 RealTime system (Bio-Rad). Relative aroA transcript
levels (Table S5; RJS298 and RJS299) were normalized to 16S RNA transcript levels (Table S5; RJS259 and
RJS260) and calculated using the 2–ΔΔCT method (68).

Statistical analysis. Statistical significance was assessed using Prism 7.03 (GraphPad Software, La
Jolla, CA) as indicated in each figure legend. Biological replicates are presented with the standard errors
of the mean (SEM), and representative images are presented with the standard deviations.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AAC
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