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ABSTRACT Resistance to ceftriaxone in Neisseria gonorrhoeae is mainly conferred by
mosaic penA alleles that encode penicillin-binding protein 2 (PBP2) variants with
markedly lower rates of acylation by ceftriaxone. To assess the impact of these mo-
saic penA alleles on gonococcal fitness, we introduced the mosaic penA alleles from
two ceftriaxone-resistant (Cror) clinical isolates (H041 and F89) into a Cros strain
(FA19) by allelic exchange and showed that the resultant Cror mutants were signifi-
cantly outcompeted by the Cros parent strain in vitro and in a murine infection
model. Four Cror compensatory mutants of FA19 penA41 were isolated indepen-
dently from mice that outcompeted the parent strain both in vitro and in vivo. One
of these compensatory mutants (LV41C) displayed a unique growth profile, with
rapid log growth followed by a sharp plateau/gradual decline at stationary phase.
Genome sequencing of LV41C revealed a mutation (G348D) in the acnB gene encod-
ing the bifunctional aconitate hydratase 2/2 methylisocitrate dehydratase. Introduc-
tion of the acnBG348D allele into FA19 penA41 conferred both a growth profile that
phenocopied that of LV41C and a fitness advantage, although not as strongly as
that exhibited by the original compensatory mutant, suggesting the existence of ad-
ditional compensatory mutations. The mutant aconitase appears to be a functional
knockout with lower activity and expression than wild-type aconitase. Transcriptome
sequencing (RNA-seq) analysis of FA19 penA41 acnBG348D revealed a large set of up-
regulated genes involved in carbon and energy metabolism. We conclude that com-
pensatory mutations can be selected in Cror gonococcal strains that increase metab-
olism to ameliorate their fitness deficit.

IMPORTANCE The emergence of ceftriaxone-resistant (Cror) Neisseria gonorrhoeae
has led to the looming threat of untreatable gonorrhea. Whether Cro resistance is
likely to spread can be predicted from studies that compare the relative fitnesses of
susceptible and resistant strains that differ only in the penA gene that confers Cro
resistance. We showed that mosaic penA alleles found in Cror clinical isolates are
outcompeted by the Cros parent strain in vitro and in vivo but that compensatory
mutations that allow ceftriaxone resistance to be maintained by increasing bacterial
fitness are selected during mouse infection. One compensatory mutant that was
studied in more detail had a mutation in acnB, which encodes the aconitase that
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functions in the tricarboxylic acid (TCA) cycle. This study illustrates that compensa-
tory mutations can be selected during infection, which we hypothesize may allow
the spread of Cro resistance in nature. This study also provides novel insights into
gonococcal metabolism and physiology.

KEYWORDS Neisseria gonorrhoeae, aconitase, antibiotic resistance, biological fitness,
competitive index

Neisseria gonorrhoeae is the etiologic agent of the sexually transmitted infection
gonorrhea. An estimated 78 million gonococcal infections occur worldwide per

year, and the associated morbidity and mortality take a significant toll on public health
(1). A high percentage of cervical, rectal, and pharyngeal infections in both men and
women are asymptomatic, which contributes to the spread of infection (2). More
serious infections occur when the gonococcus ascends to the upper reproductive tract,
where it can cause epididymitis or pelvic inflammatory disease (PID), along with the
associated sequelae of chronic pelvic pain, ectopic pregnancy, and infertility. Maternal
gonorrhea can lead to multiple complications during pregnancy and birth, including
premature rupture of membranes, low-birth weight, and neonatal conjunctivitis, the
last of which can lead to corneal scarring and blindness (2). Gonococcal infections
increase the risks of acquiring and transmitting HIV (3, 4). Because there is no effective
gonorrhea vaccine, antibiotic treatment of infected individuals and their sexual con-
tacts is a critical control measure for these infections.

This public health strategy is constantly challenged by the inexorable evolution of
antibiotic resistance in N. gonorrhoeae (5), which causes relatively frequent changes in
treatment recommendations and a substantial investment of public health funds in
global surveillance programs, prevention strategies, and diagnostics (6). Gonococcal
resistance to penicillin, tetracycline, and early macrolide antibiotics rose to unaccept-
able levels by the 1980s. These antibiotics were replaced as the recommended empir-
ical treatments for gonorrhea by fluoroquinolones and extended-spectrum cephalo-
sporins (ESCs) (5). However, the rapid emergence of fluoroquinolone-resistant strains,
which is due to mutations in the topoisomerase subunit genes gyrA and parC, resulted
in the removal of fluoroquinolones from the list of recommended first-line therapies for
gonorrhea in 2007 in the United States and even earlier in Europe and Asia, leaving only
the ESCs, specifically cefixime and ceftriaxone (Cro), as the last remaining options for
monotherapy (5, 7). Alarmingly, decreasing susceptibility and emergence of resistance
to the ESCs, particularly cefixime, led to the removal of cefixime as a recommended
antibiotic, a change to dual therapy, and the elevation of the gonococcus to “superbug”
status (5, 8, 9). The first documented high-level ceftriaxone-resistant (Cror) strain, H041,
was isolated from a pharyngeal infection of a sex worker in Kyoto, Japan, in 2009 (10,
11). This report was followed by the emergence of the high-level Cror strain F89 in
France and its documented transmission between two male sexual partners in Spain
(12, 13). Both H041 and F89 are resistant to the majority of antibiotics used to treat
gonorrhea (10, 12).

Resistance to ESCs in N. gonorrhoeae is chromosomally mediated and occurs
through the stepwise acquisition of at least three resistance determinants: penA, which
encodes a mosaic variant of penicillin-binding protein 2 (PBP2) that functions during
cell division (14–16); mtrR, which encodes mutations in the MtrR repressor or mutations
in the overlapping promoters of mtrR and mtrCDE that increase expression of the
MtrC-MtrD-MtrE efflux pump (15, 17); and penB, which encodes mutations in the outer
membrane porin, PorB1b, that decrease the influx of antibiotics into the periplasmic
space (18–20). While all of the abovementioned resistance determinants contribute to
ESC resistance, remodeling of the lethal target of the ESCs, PBP2, is the most important
(15). Indeed, the mosaic penA alleles from either H041 or F89, when introduced into an
antibiotic-susceptible strain, are sufficient to confer ceftriaxone resistance on their own
(10, 12, 21). Mosaic penA alleles encode altered PBP2 variants with up to 63 amino acid
substitutions that arise from multiple recombination events between the gonococcal
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penA gene and penA alleles from commensal and pathogenic Neisseria species (N. sicca,
N. cinerea, N. perflava, N. flavescens, and N. meningitidis) (14). The ESCs are substrate
analogs of the C-terminal acyl-D-Ala-D-Ala peptide chain of peptidoglycan that kill
bacteria by covalently inhibiting the PBP transpeptidases that cross-link peptidoglycan.
The mosaic variants of PBP2 from H041 and F89 display marked decreases (2,000- to
10,000-fold) in the second-order rate constants (k2/KS) for acylation by ESCs, highlight-
ing the remarkable remodeling of PBP2 to exclude substrate analogs (�-lactam antibi-
otics) while retaining sufficient essential transpeptidase activity to support cell viability
(21–23).

Antibiotic resistance mutations can impact bacterial fitness by conferring a fitness
cost or benefit in the absence of antibiotic pressure (24). It is not known whether
acquisition of the mosaic penA alleles from H041 or F89 is accompanied by a fitness
cost. We previously showed that resistance mutations in gyrA and the mtrR gene or its
promoter increase N. gonorrhoeae fitness in vivo but not in vitro (25, 26). mtrR mutations
are likely to increase fitness due to overproduction of the MtrC-MtrD-MtrE efflux pump,
which protects the gonococcus from innate antimicrobial effectors (25). The basis of the
fitness advantage conferred by gyrA mutations (S91F/D95N) is unknown but may be a
consequence of global changes in gene expression (27). In contrast to mtrR and gyrA
mutations, PBP mutations that confer resistance to �-lactams are predicted to have a
negative impact on gonococcal fitness based on fitness studies in Gram-positive
organisms (28–30) and the importance of these enzymes in cell wall biosynthesis. In
N. gonorrhoeae, however, this prediction runs counter to surveillance data showing that
strains with some mosaic penA alleles are prevalent (31); one way in which these strains
could flourish, even in the absence of antibiotic selection, is to acquire spontaneous
compensatory mutations that ameliorate this defect (32). In support of this hypothesis,
we previously showed that whereas acquisition of multiple resistance mutations
(gyrA91/95, parC86, and mtr-79) or insertional inactivation of the mtrCDE activator gene,
mtrA, significantly compromised the capacity of N. gonorrhoeae to grow in vitro and
establish infection in female mice, one or more compensatory mutations were selected
during murine infection that restored fitness to these mutants without compromising
resistance levels (26, 33).

In this study, we tested the hypothesis that mosaic penA alleles that confer high-
level Cro resistance decrease the fitness of N. gonorrhoeae and that compensatory
mutations could arise to alleviate this fitness defect(s). We constructed strains in the
Cros FA19 strain background that harbor the mosaic penA41 or penA89 allele from Cror

clinical isolate H041 or F89, respectively. We then measured the relative fitness of these
strains by competitive coculture in broth and competitive coinfections of female mice.
We isolated four compensatory Cror mutants from murine infections with increased
fitness, and the genomes of these mutants were sequenced. One of these strains
contained a mutation in the bifunctional aconitate hydratase 2/2 methylisocitrate
dehydratase enzyme that functions in the tricarboxylic acid (TCA) cycle. The conse-
quence of this mutation for bacterial growth in vitro, in vivo fitness in the murine model
of gonococcal infection, and global gene transcription when expressed in a Cror strain
background was investigated, and our results indicate that one potential mechanism to
increase fitness of Cror strains is to increase cellular metabolism.

RESULTS
Mosaic penA41 and penA89 alleles reduce gonococcal fitness in vitro. To assess

the impact of mosaic penA alleles that confer ESC resistance on fitness, we transformed
the mosaic penA allele from the Cror strains H041 and F89 into strain FA19, resulting in
strains FA19 penA41 and FA19 penA89, respectively (see Table S1 in the supplemental
material). Importantly, the FA19 strain that we used in this study has a single missense
mutation in the rpsL gene that confers streptomycin resistance, which is critical for use
in the mouse infection model (Table S1). The MIC of Cro for FA19 penA41 and FA19
penA89 was 500-fold higher than that for the parental strain (MICs of 0.5 �g/ml versus
0.001 �g/ml for FA19). We hypothesized that the presumed decrease in essential
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transpeptidase activity caused by the extensive remodeling of PBP2 would impair
bacterial growth (21, 23). To test this hypothesis, strains FA19, FA19 penA41, and FA19
penA89 were cultured independently in liquid GC medium broth (GCB). Growth of the
mutant strains was clearly impaired as evidenced by decreases in both optical density
(Fig. 1A) and the number of viable bacteria recovered (Fig. 1B) over time, with strain
FA19 penA89 exhibiting the most pronounced fitness cost.

We next measured the capacity of the Cros parental strain to outcompete the Cror

strains by performing cocultures in GCB under standard growth conditions. FA19
penA41 bacteria were consistently less fit than FA19 as shown by 10-fold and 50-fold
decreases in the relative number of Cror gonococci recovered after 6 and 8 h of growth,
respectively (Fig. 2A; Table 1). As predicted from the noncompetitive cultures, FA19
penA89 showed a more pronounced fitness defect, with growth decreased 17-fold
relative to FA19 within the first 4 h of incubation and 330-fold at 8 h (Fig. 2B). We
conclude that these mosaic penA alleles are detrimental to gonococcal growth in vitro,
with the penA89 allele being the most attenuating.

Mosaic penA41 and penA89 alleles reduce in vivo fitness in the murine model,
but compensatory mutant strains can be selected during infection. To determine
whether the fitness disadvantages observed in vitro also occur in vivo, we carried out
competitive infections in the murine model of gonococcal genital tract infection (34).
BALB/c mice were inoculated vaginally with similar numbers of FA19 and either FA19
penA41 or FA19 penA89, and the CFU of each strain isolated from vaginal swabs were
determined over 7 days. Overall, fewer mutant bacteria were recovered from mice
relative to the parental strain over the course of infection. When the ratio of the two
strains in the inoculum was compared to the ratio of each strain in vaginal cultures
(expressed as a competitive index [CI]), FA19 penA41 showed reduced fitness relative to
FA19 with a 2.9-fold decrease in the mean CI on day 1 and a 4.3-fold decrease on day
3 (Fig. 2C). No Cror CFU were recovered from 4/9 mice infected with FA19 and FA19
penA41 on day 5 (Fig. 2C, open triangles). In contrast, FA19 penA89 was severely
outcompeted by FA19 as shown by a 50-fold decrease on day 1 and a �10,000-fold
decrease in fitness on all other culture days (Fig. 2D). Indeed, no Cror CFU were
recovered after day 1 (Fig. 2D, open triangles), whereas 5 � 103 to �1 � 105 CFU of
FA19 were recovered at the final time point.

Interestingly, and in contrast to experiments with FA19 penA89, we detected an
upward shift in the CI in five of nine mice inoculated with FA19 and FA19 penA41 after
an earlier decrease in the CI (Fig. 2C; CI values that showed this shift are indicated by
†). In some cases, Cror bacteria completely outcompeted the Cros strain (Fig. 2C, open
circles). We suspected that these bacteria had acquired spontaneously occurring com-
pensatory mutations that improved fitness during infection in these mice, and we made
frozen stocks of well-isolated single colonies from Cro-containing agar plates. Four of
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FIG 1 The mosaic penA41 and penA89 alleles negatively affected growth of the Cros wild-type FA19 parental strain. Strains
were grown over an 8-h period with agitation at 220 rpm and 37°C. (A) Optical density at 600 nm (OD600) measured at
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these putative mutant strains, LV41A, LV41B, LV41C, and LV41E, were subjected to
further phenotypic and genotypic analyses.

MICs and growth characteristics of compensatory mutant strains in vitro. The
MICs of Cro for LV41A, LV41B, LV41C, and LV41E were unchanged from that for the
FA19 penA41 parent strain (0.5 �g/ml). We also determined the MICs of ciprofloxacin
and erythromycin because mutations in one of the targets of ciprofloxacin (gyrA), or
mutations in the mtrR gene that increase the MIC of erythromycin, alter in vivo fitness
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FIG 2 The mosaic penA41 and penA89 alleles conferred a fitness disadvantage both in vitro and in vivo, but compensatory mutants
of strain FA19 penA41 can be selected during infection. (A and B) Broth cultures were inoculated with similar numbers of wild-type
FA19 and either FA19 penA41 (A) or FA19 penA89 (B). The competitive index (CI) was determined in early, mid-log, and late log stages
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TABLE 1 In vitro growth kinetics of compensatory mutant strains compared to Cros and
Cror parent strains

Bacterial strain
Time (min) to reach
OD600 of 0.8 � SE

P value for strain vsa:

FA19 FA19 penA41

FA19 205.2 � 3.7 0.001c

FA19 penA41 278.3 � 15.6 0.001b

LV41A 233.3 � 3.3 0.0002b 0.018c

LV41B 262.5 � 13.5 0.002b 0.461
LV41C 214.0 � 6.4 0.260 0.003c

LV41E 200.0 � 3.2 0.317 0.0006c

aOverall significance was determined by a one-way analysis of variance, followed by Student’s t test to
determine significance between individual strains.

bGrowth is significantly slower than Cros strain FA19.
cGrowth is significantly faster than Cror strain FA19 penA41.
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(26, 33). There were no differences in the MIC of erythromycin (0.38 �g/ml) or
ciprofloxacin (0.03 �g/ml) for the compensatory mutant strains compared to that for
FA19 penA41, suggesting that mutations in these genes were not responsible for the in
vivo compensatory phenotype.

To examine the growth characteristics of the in vivo-selected mutant strains, we first
performed noncompetitive growth curves in GC broth (Fig. 3). Mutant strains LV41A
and LV41E grew significantly faster than the Cror parent strain, FA19 penA41, but
similarly to the Cros strain, FA19. Compensatory mutant strains LV41B and LV41C grew
significantly slower than FA19 but equally as well as FA19 penA41. Notably, mutant
strain LV41C exhibited a unique growth profile characterized by a rapid log phase,
followed by a sharp plateau and gradual decline in values of optical density at 600 nm
(OD600). Comparing the times that it took to reach the late log phase, LV41A, LV41C,
and LV41E reached an OD600 of 0.8 significantly faster than FA19 penA41 (Table 1),
whereas LV41B showed no statistical difference in the time that it took to reach late log
phase compared to FA19 penA41. These data suggest that the in vivo-selected muta-
tion(s) in strains LV41A, LV41C, and LV41E may confer a growth advantage that can
compensate for the fitness defect caused by the penA41 allele and that the mutation in
strain LV41C is distinct from the other two in that it promotes rapid growth that is not
sustained during stationary phase. Compared to FA19, FA19 penA41, LV41A, and LV41B
grew significantly more slowly than FA19 (Table 1). In contrast, growth of mutant
strains LV41C and LV41E was similar to that of FA19.

We also competed each compensatory mutant against the parental strain FA19
penA41 or the Cros wild-type strain FA19, and the results were as predicted from the
noncompetitive growth curves (Table 2). Mutants LV41A and LV41E exhibited a strong
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FIG 3 Growth kinetics of the four compensatory mutants compared to the Cror and Cros parent strains.
Bacteria were grown over an 8-h period at 37°C with agitation. The average OD600 from six independent
experiments is plotted versus time of incubation. The error bars represent the SEM. Statistical significance
was calculated using a repeated-measures 2-way ANOVA with Tukey’s multiple comparisons. Compen-
satory mutants LV41A and LV41E grew significantly faster than the Cror parent strain FA19 penA41 (P �
0.001), and the rate was equal to that of the Cros strain FA19. Compensatory mutants LV41B and LV41C
grew significantly slower than the Cros strain FA19 (P � 0.068 and � 0.001, respectively), but there was
no statistical difference from the Cror parent strain FA19 penA41.

TABLE 2 In vivo and in vitro CIs for compensatory mutant strains versus Cros or Cror

parent strains

Bacterial strain

Fitness relative to that of strainb:

FA19 FA19 penA41 cat

In vitro CI In vivo CI In vitro CI In vivo CI

FA19 penA41 0.07 0.08 NAa 1.0
LV41A 1.0 3.6 6.8 871.0
LV41B 0.2 0.4 1.8 480.0
LV41C 0.6 2.3 1.8 392.0
LV41E 1.0 2.0 16.4 277.0
aRespective strain mixture was not tested competitively and is marked as not applicable (NA).
bValues represent the mean CI for two in vivo competition experiments and three competitive cocultures for
each set of strains competed. In vivo CIs are from day 7 of infection.
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fitness advantage relative to FA19 penA41 but were equally as fit as FA19. In contrast,
LV41B showed a slight (1.8-fold) fitness advantage over FA19 penA41 but was 5-fold less
fit than FA19. LV41C was slightly more fit (1.8-fold) than parent strain FA19 penA41 and
slightly less fit (1.7-fold) than FA19. These results suggest that the compensatory
mutations in LV41A and LV41E can restore the growth of FA19 penA41 close to or equal
to that of FA19, while those in LV41B can outcompete FA19 penA41 but not FA19.

Competitive coinfections of in vivo-selected compensatory mutants with FA19
penA41 or FA19. To determine whether the compensatory mutant strains displayed
increased fitness in vivo, we performed competitive murine infections. Each of the
compensatory mutant strains showed a dramatic fitness advantage in vivo against FA19
penA41, with CIs reflecting a 277- to 871-fold increase in fitness (Table 2). Three of the
mutants, LV41A, LV41C, and LV41E, but not LV41B, also outcompeted FA19, albeit not
as dramatically, with 2- to 4-fold increases in fitness detected by day 7 of infection
relative to FA19 (Table 2). In summary, these studies confirmed the compensatory in
vivo phenotype for all four mutants; three of the mutants showed increased growth in
vitro relative to the parental strain, while one mutant, LV41B, has a strong fitness
advantage in vivo that is not correlated with a growth advantage in vitro.

Identification of mutations in the compensatory mutants. To identify the mu-
tation(s) in the compensatory mutants that might be responsible for their increased
fitness, we sequenced the genomes of FA19, FA19 penA41, and the four compensatory
mutant strains and identified the sequence differences relative to the parental strain
FA19 penA41 (Table 3). As expected, the rpsL mutation conferring streptomycin resis-
tance was identified in our strain of FA19, FA19 penA41, and all of the compensatory
mutant strains. Likewise, changes in the sequence of the penA gene were identified in
each of the resistant strains and were identical in all of the compensatory mutants and
FA19 penA41. We also observed single nucleotide polymorphisms (SNPs) in multiple
silent pilin alleles, which were anticipated based on the antigenic variability of the pilE
gene, and in the common 3= region between ftsY and pilE1_2, which may have arisen
as a consequence of recombination at the pilE1_2 locus. In addition, LV41A and LV41B
harbored a codon deletion mutation in mleN, which encodes a putative malate/Na�/
lactate antiporter (35). LV41C had an SNP in the acnB gene, which encodes the
bifunctional aconitate hydratase 2/2 methylisocitrate dehydratase enzyme that revers-
ibly converts citrate to isocitrate in the TCA cycle, and a frameshift mutation in pglG, a
glycosyltransferase (36). Unexpectedly, LV41E had no coding sequence mutations
compared to FA19 penA41 but did have an A deletion in the promoter region of a
putative autotransporter. All of the mutations in protein-encoding genes identified by
whole-genome sequencing were confirmed by PCR amplification of genomic DNA and
conventional Sanger sequencing.

TABLE 3 Nucleotide changes relative to FA19 penA41 identified in compensatory mutants

Bacterial strain Genome position Gene name Mutationb Annotation/location

LV41A 1849152 mleN ΔAla467a Malate/Na�-lactate antiporter
2115410 SNP T¡G Intergenic region 135 bp downstream of ftsY
1849145 SNP G¡A Intergenic region 142 bp downstream of ftsY

LV41B 2115410 mleN ΔAla467 Malic/Na�-lactate antiporter
1849145 SNP T¡G Intergenic region 135 bp downstream of ftsY
1849152 SNP G¡A Intergenic region 142 bp downstream of ftsY

LV41C 964470 acnB SNP Gly348Asp Aconitate hydratase 2/2 methylisocitrate dehydratase
2065357 pglG G insertion that puts

gene back in frame
Hypothetical protein related to glycosyltransferase-1

1849145 SNP T¡G Intergenic region 135 bp downstream of ftsY

LV41E 1405383 Deletion of A Promoter region of putative autotransporter
1849201 SNP C¡T Intergenic region 190 bp downstream of ftsY

aΔ refers to a codon deletion.
bMutations in silent pilE alleles are not included.
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While there were several mutations to pursue, we chose to focus on the acnB
mutation in LV41C in this study for several reasons. First, the growth curve of LV41C was
both unusual and distinctive (rapid initial growth followed by a sharp plateau/gradual
decline). Second, acnB is a well-studied enzyme in the TCA cycle and is amenable to
enzymatic analysis, and the mutation changing Gly348 to Asp has not been described.
Last, changes in metabolism to compensate for a growth defect are an obvious avenue
to increase the fitness of Cror strains.

Introduction of the acnBG348D allele into FA19 penA41 and FA19 penA89
confers increased fitness relative to their respective resistant parental strains. To
determine whether the mutated acnB allele was responsible for the unusual in vitro
growth phenotype and in vivo fitness differences of the LV41C mutant, we introduced
the acnBG348D allele (linked to a downstream kanamycin resistance [Kanr] cassette for
selection) into both the Cros strain FA19 and the Cror parental strain FA19 penA41. The
in vitro growth profiles of LV41C and FA19 penA41 acnBG348D were nearly identical, with
both strains showing a rapid log phase followed by an early plateau (Fig. 4A). Com-
petitive growth assays with LV41C and FA19 penA41 acnBG348D showed that the two
strains were equally fit through 6 h of growth (Fig. 4B). These data demonstrate that the
acnBG348D allele is both necessary and sufficient for the unusual growth phenotype of
LV41C.

We next assessed whether the acnBG348D allele increased the fitness of FA19 penA41
in vivo compared to the isogenic parental strain. FA19 penA41 acnBG348D exhibited a
strong fitness advantage early in infection (18- to 76-fold), whereas a 6-fold increase
relative to FA19 penA41 was detected on day 7 of infection; only FA19 penA41
acnBG348D bacteria were recovered from 3 of 7 infected mice at the latter time point
(Fig. 5A). This result was in contrast to LV41C, which exhibited a much greater fitness
advantage (400-fold on day 7 of infection) relative to FA19 penA41 (Table 2). No clear
fitness difference was observed when FA19 penA41 acnBG348D was competed against
FA19 (Fig. 5B); in contrast, LV41C was ~3-fold more fit than FA19 by day 7 of infection
(Table 2). To confirm that LV41C had a greater fitness advantage than FA19 penA41
acnBG348D, we conducted competitive infections with these two strains, and LV41C
clearly outcompeted strain FA19 penA41 acnBG348D (Fig. 5C).

We also introduced the acnBG348D allele into strains FA19 and FA19 penA89. Intro-
duction of the mutated acnB allele into strain FA19 resulted in a growth phenotype
similar to that shown by FA19 penA41 acnB and LV41C (Fig. S1). Strain FA19 penA89
acnBG348D outcompeted FA19 penA89 as evidenced by an ~50-fold to �100-fold
increase in CIs over the course of infection and the isolation of only FA19 penA89
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FIG 4 In vitro growth phenotype of FA19 penA41 acnBG348D. (A) Noncompetitive growth curves for strains
FA19, FA19 penA41, LV41C, and FA19 penA41 acnBG348D. (B) Competitive cocultures inoculated with similar
numbers of LV41C and FA19 penA41 acnBG348D. The number of CFU of each strain was determined at 2, 4,
and 6 h. Data from two independent experiments are shown at each time point, with the mean competitive
indexes (CIs) shown in parentheses. Statistical significance was calculated using a repeated-measures 2-way
ANOVA with Tukey’s multiple comparisons. ***, P value � 0.005 of LV41C or FA19 penA41 acnBG348D

compared to FA19.
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acnBG348D bacteria from ~50% of mice at each time point (Fig. S2A). We also competed
FA19 penA89 acnBG348D against FA19, and while the Cros strain outcompeted the
mutant at every time point (Fig. S2B), the degree of fitness disadvantage exhibited by
FA19 penA89 acnBG348D was not nearly as severe as that exhibited by FA19 penA89,
which was unable to survive to day 3 of infection in earlier competition experiments
with FA19 (Fig. 2D). Thus, although the acnBG348D mutation did not restore the fitness
of the highly attenuated strain FA19 penA89 to the level of the Cros wild-type strain, it
did partially rescue the in vivo fitness defect of strain FA19 penA89, a finding that further
supports the capacity of this mutation to increase gonococcal growth or survival in vivo.

Based on the greater fitness advantage of LV41C over FA19 penA41 acnBG348D, we
tested whether the additional frameshift mutation that restores the open reading frame
of the pglG gene in LV41C also contributed to fitness in vivo. We constructed FA19
penA41 acnBG348D pglGin-frame and LV41C pglGframe-shift and conducted competitive
infections with LV41C. The results showed that harboring an in-frame pglG gene did not
alter fitness in vivo (Fig. S3).

In vitro activity of AcnB and AcnB-G348D. AcnB catalyzes the reversible conver-
sion of citrate to isocitrate (through the intermediate cis-aconitate), a key reaction at
the top of the TCA cycle. To ascertain the effects of the G348D mutation on aconitase
activity, we measured the kinetic parameters of purified wild-type and G348D mutant
proteins for the production of cis-aconitate from both directions of the reaction cycle
(citrate↔cis-aconitate↔isocitrate). The mutant enzyme had a 2.6-fold-lower Vmax and
a slightly lower Km than those of the wild-type enzyme in the forward reaction and a
3.2-fold-lower Vmax and 2-fold-higher Km for the backward reaction (Table 4; Fig. S3).
The Vmax and Km values for the mutant enzyme in both directions of the reaction were
significantly different from those of the wild-type enzyme.
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FIG 5 The acnBG348D mutation increased the in vivo fitness of FA19 penA41 but not to the same level as the compensatory mutant LV41C. Mice were
inoculated vaginally with similar numbers of FA19 penA41 and FA19 penA41 acnBG348D (A), FA19 and FA19 penA41 acnBG348D (B), or LV41C and FA19 penA41
acnBG348D (C). The ratio of each strain isolated from vaginal swabs was determined, and the CIs for individual mice at each time point were calculated as
described for Fig. 2. Open circles indicate that only mutant bacteria were recovered, and open triangles indicate that only the comparative strain was
recovered. For those cultures, the limit of detection (4 CFU) was used as the number of CFU for the strain that was not isolated when calculating the CI. The
results are combined data from two independent experiments (A and C) or one experiment (B). The bar indicates the geometric mean, which is also indicated
by the value in parentheses. Significant differences in the log CIs were found when competing FA19 penA41 acnBG348D with FA19 penA41 (A) compared to
FA19 penA41 acnBG348D competed against mutant LV41C (C), with P values of 0.02, 0.0003, and 0.003 on days 1, 3, and 5, respectively. Day 7 cultures were
not collected from mice infected with a mixture of LV41C and FA19 penA41 acnBG348D.

TABLE 4 Kinetic parameters of AcnB activitya

Protein

Citrate¡cis-aconitate Isocitrate¡cis-aconitate

Vmax (�mol/min/mg) Km (mM) Vmax (�mol/min/mg) Km (mM)

AcnB 37.1 � 1.9 21.9 � 0.7 21.4 � 0.3 5.0 � 0.1
AcnB-G348D 14.5 � 0.2**** 16.5 � 0.4*** 6.7 � 0.3**** 10.3 � 1.2**
aValues for Vmax and Km were determined from graphs such as those shown in Fig. S3 for conversion of
both citrate and isocitrate to cis-aconitate. Values represent averages � standard deviations from a
minimum of 4 independent experiments. All values of AcnB-G348D were significantly different from those
for AcnB using a 2-tailed unpaired t test. ****, P value � 0.0001; ***, P value � 0.0005; **, P value � 0.0073.
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Expression of AcnB and AcnB-G348D at different growth phases. Gonococci can

grow on glucose, lactate, or pyruvate as a carbon source (37). Morse and colleagues
reported that cells grown in glucose-containing medium utilize the Entner-Doudoroff
and pentose phosphate pathways, but not the TCA cycle, for ATP production during
log-phase (glucose-replete) growth (38–40). Once glucose is depleted, the cells take up
extracellular acetate, convert it to citrate (through acetyl coenzyme A [CoA] synthase
and citrate synthetase), and feed it into the TCA cycle, where it is acted upon by
aconitase. Hebeler and Morse (40) reported that no measurable aconitase activity could
be detected in cells under glucose-replete conditions, whereas aconitase activity was
observed under glucose-depleted conditions (i.e., stationary-phase growth). These
results suggested that aconitase may be regulated in expression as well as in activity
during different phases of growth. Therefore, we assessed the protein levels of aconi-
tase in FA19 acnB-HA (acnB containing a C-terminal hemagglutinin [HA] epitope tag)
and FA19 acnBG348D-HA as a function of the growth phase in liquid medium. The
bacteria were grown in GCB, and starting at t � 2 h postinoculation, equivalent OD·ml
aliquots were removed every hour, and the levels of AcnB in whole-cell pellets were
measured by Western blotting with anti-HA antibody. Wild-type aconitase levels re-
mained fairly constant until the cells entered stationary phase, at which point the
protein levels of the enzyme increased by ~2.5-fold (Fig. 6A and B). In contrast, the
levels of the G348D mutant aconitase decreased 50% as the cells entered stationary
phase (Fig. 6A and B). Analysis of the relative amounts of wild-type and mutant AcnB
in bacteria at t � 2 h revealed that the mutant aconitase was expressed at 10% of the
levels of the wild-type protein (Fig. 6C). Taken together, these data suggest that at
stationary phase, when aconitase is required to maintain metabolic competence by
utilizing acetate, there is a 50-fold decrease in mutant aconitase protein compared to
wild type and a 150-fold decrease in maximal aconitase activity. We conclude from
these data that the mutant enzyme acts as a functional knockout, with the sharp
plateau in OD600 when the cells enter stationary phase reflecting the inability of the
bacteria to utilize acetate. Indeed, the growth phenotype of FA19 penA41 in which acnB
was insertionally inactivated was very similar to that of FA19 penA41 acnBG348D-HA
(Fig. S4).

We next assessed whether the changes in protein expression were the result of
changes in acnB mRNA transcription. Samples were removed at 2, 3, 7, and 8 h
postinoculation, and acnB mRNA levels were determined by real-time reverse
transcription-PCR (RT-PCR) (Fig. 6D). The mRNA levels for wild-type acnB at 2 h were
similar to or even higher than those at stationary phase, suggesting that changes in
wild-type AcnB expression are posttranscriptional, which would be consistent with the
reported role of AcnB as a posttranscriptional regulator in other species of bacteria
(41, 42).

RNA-seq analysis of FA19 penA41 acnBG348D during log-phase growth. To better

understand how the mutant acnBG348D allele increases both in vivo and in vitro fitness,
we utilized RNA-seq to determine the differences in the transcriptional profiles of FA19
penA41 acnBG348D and parental FA19 penA41 during log-phase growth. We focused on
log-phase growth for the following reasons: (i) log phase is where the fitness benefit is
most obvious and pronounced and (ii) gonococci in the vaginal tract would be
continually exposed to high glucose levels during infection and are unlikely to encoun-
ter glucose-depleted conditions in the host (43, 44). Table S2 lists all of the genes that
are upregulated and downregulated in FA19 penA41 acnBG348D compared to FA19
penA41 during log-phase growth. In total, 66 genes were �2-fold upregulated, while
132 genes were �2-fold downregulated (in which the Bonferroni-adjusted P value was
�0.05). Strikingly, two-thirds of the genes that were upregulated are involved in energy
and carbon metabolism, whereas 43% of the 132 genes that were downregulated were
hypothetical genes and another 24% were pilin genes. Taken together, our data
suggest that the mutant aconitase increases transcription of a large set of genes that
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increase the metabolic potential of the cell and thereby alleviate the fitness deficit
caused by the mosaic penA41 gene.

DISCUSSION

Here, we report that the mosaic penA alleles from two well-characterized ESCr

clinical isolates, H041 (10) and F89 (12), reduce the fitness of N. gonorrhoeae both in
vitro and in vivo. We hypothesized that mosaic penA alleles, while increasing ESC
resistance, would impart a fitness deficit to a wild-type strain, but in nature, these
resistant strains accumulate fitness-increasing mutations that allow the strains to
spread (9, 21, 23, 45), as has been shown for other antibiotic-resistant strains (46, 47).
We showed that FA19 penA41, but not FA19 penA89, acquired spontaneous compen-
satory mutations during coinfections in the female mouse model that markedly in-
creased fitness. We isolated four compensatory mutants, and one of these contained a
point mutation in the acnB gene encoding the aconitase enzyme that functions in the
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FIG 6 Levels of wild-type and mutant aconitase protein and mRNA during different phases of cell growth. (A) FA19 acnB-HA and FA19
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TCA cycle. Biochemical analysis showed that the mutation acts as a functional knock-
out, and our RNA-seq data suggest that the mutation increases expression of a large set
of genes involved in energy and carbon metabolism, thereby overcoming the growth
defect imparted by the penA41 allele.

Interestingly, we did not isolate any compensatory mutants of FA19 penA89 during
infection. Acquisition of the penA89 allele by strain FA19 was more attenuating than the
penA41 allele, as evidenced by the growth phenotype of FA19 penA89 and the inability
to culture any FA19 penA89 bacteria past day 1 of experimental murine infection. The
penA89 allele contains essentially all of the mutations found in mosaic alleles from
cephalosporin-intermediate (Cephi) strains, with an additional A501P mutation that
increases the MIC of ceftriaxone and cefixime for FA19 penA89 by 5-fold (23). All
evidence to date suggests that this additional mutation markedly decreases the
essential transpeptidase activity of PBP2, severely compromising cell wall biosynthesis
and cell division (PBP2 activity is predicted to be important in septation of dividing cells
based on its homology to Escherichia coli PBP3 [48]). Based on our findings, we would
predict that the penA89 allele is unlikely to spread, and indeed, there have been no
additional infections reported by strains with this allele beyond the three infections
(one in France [12] and two in Spain [13]) where the penA89 allele was first identified.
Whether these strains carried compensatory mutations that allowed them to success-
fully establish infection is not known, but it seems likely. Strain F89, like H041, is
resistant to several different antibiotics, and with acquisition of each resistance allele,
compensatory mutations may have been selected in parallel to counter fitness costs
associated with multiple resistance determinants.

As expected based on the importance of PBP2 in cell division, mosaic PBP2 enzymes
with markedly reduced acylation rates impart a growth disadvantage to an antibiotic-
susceptible strain of N. gonorrhoeae. It is important to note, however, that it is unlikely
that the current Cror isolates that are being identified around the world originated by
transformation of a wild-type strain by a mosaic penA allele, which then acquired
compensatory mutations. Instead, these Cror strains most likely emerged following
transformation of preexisting chromosomally mediated penicillin-resistant (Penr)
strains, which are still common worldwide (49). The Cror strains harbor all of the other
resistance determinants (mtrR and penB) found in Penr strains, including the ponA1
mutation that contributes to penicillin resistance but not ceftriaxone resistance (15, 16,
50). Penicillin was used for over 40 years to treat gonorrhea, and during this time, MICs
steadily increased, until in 1986 high-level penicillin resistance necessitated the removal
of the antibiotic as a recommended treatment in the United States (5). We suspect that
during those 40 years of penicillin treatment, N. gonorrhoeae picked up compensatory
mutations to improve fitness, thus paving the way for the rapid emergence of Cror

strains following a single transformation event with a mosaic penA allele. Work to
identify these potential compensatory mutations in resistant clinical isolates is ongoing.

At the initiation of this study, we expected to identify mutations in genes involved
in cell wall biosynthesis or division that would compensate for the impaired transpep-
tidase activity of PBP2. However, with the exception of LV41B, results from growth
kinetics and in vitro competition assays suggested that the compensatory mutations
increased bacterial growth rate and replication. Whole-genome sequence analysis
revealed that three of the four in vivo-selected compensatory mutant strains contained
mutations in genes important to gonococcal physiology and metabolism, and we
investigated one of these mutations, acnBG348D, in further detail. This mutation de-
creases both protein levels (by 10- to 50-fold, depending on growth phase) and
enzymatic activity (3-fold decrease in Vmax). When cultured in broth, strains LV41C and
FA19 penA41 acnBG348D both exhibited a rapid log phase of growth followed by a sharp
plateau and eventual decline in growth and loss in viability. We suspect that the sharp
plateau upon glucose depletion and entrance into stationary phase during in vitro
growth are a consequence of the marked loss of AcnB protein and activity caused by
the G348D mutation, which renders the cell unable to metabolize acetate under
glucose-depleted conditions (39, 40, 51).
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How mutation of AcnB compensates for the fitness defect displayed by FA19 penA41
and FA19 penA89 is not entirely clear. Even though strains harboring an acnBG348D allele
showed a sharp plateau during growth in liquid culture upon glucose depletion, when
tested in vivo these mutants outcompeted the Cror parent strain and infected mice for
at least 7 days, confirming that there is a fitness benefit associated with this mutant
allele. Since it is very unlikely that gonococci would experience glucose depletion
during infection in a host, the sharp plateau and eventual decline observed during in
vitro growth in liquid medium are unlikely to occur during infection. The increase in
expression of energy and carbon metabolism-associated genes in log phase (glucose
replete) would therefore be sufficient to increase metabolism enough to overcome the
negative aspects of harboring a mosaic penA allele and thus to confer a fitness
advantage over the parental strain, FA19 penA41.

The mechanism by which the AcnB-G348D mutant causes such a large change in
gene expression is unclear. One possibility is that a change in metabolite composition
affects gene transcription, but since aconitase has been reported to be inactive during
log-phase growth (40), it is hard to envision that this mechanism is in play. We therefore
looked for other possible functions for this protein. It has been reported in other
bacteria that when the iron-sulfur network is lost during iron limitation or oxidative
stress, aconitase functions as a pleiotropic posttranscriptional regulator by binding to
specific mRNA transcripts and regulating their translation (41, 42). Our in vitro growth
experiments were not done under iron deprivation, but in preliminary in vitro experi-
ments, iron limitation did not alter the growth phenotype or increase the in vitro fitness
of FA19 penA41 acnBG348D. However, it is likely that bacteria are exposed to iron-limiting
conditions during infections of the host. Even if aconitase acts as a posttranslational
regulator of protein translation, however, that still does not explain such a large
difference in gene transcription.

While it is clear that the acnBG348D allele increases fitness, it was not sufficient to
bring the level of fitness to that of the compensatory mutant LV41C. We therefore
tested whether an additional mutation found in LV41C, a frameshift mutation in the
phase-variable pglG gene that restores the complete open reading frame, would
increase fitness but found no evidence that this mutation alters fitness relative to
LV41C. There remain additional untested mutations in the noncoding region down-
stream of ftsY, and it is possible that these mutations alter transcription or transcript
stability of the associated gene. This scenario may also explain the fitness advantage of
LV41E, which did not contain any mutations in protein-encoding regions.

In summary, here we have demonstrated that two clinically relevant mosaic penA
alleles, which result in Cro resistance in N. gonorrhoeae, impart a fitness deficit com-
pared to their nonmosaic counterparts. In vivo, compensatory mutations were readily
selected in a Cror strain carrying the penA41 allele that abrogated the fitness disad-
vantage but not for the more attenuating penA89 allele. Differences in vivo and in vitro
for the acnBG348D mutation suggest that AcnB may have a yet-undiscovered function(s)
that leads to the fitness advantage observed in vivo. Ongoing research in this area
should lead to novel glimpses into gonococcal metabolism and physiology. Our
findings also suggest that ESC resistance may not spread rapidly but that compensatory
evolution may allow some ESCr strains to be maintained in communities and potentially
spread. It is doubtful that enough time has elapsed to determine whether Cror strains
will spread in the human population; global dissemination of resistance to other
antibiotics used to treat gonorrhea typically took ~15 to 20 years (5, 10). Continued
surveillance for ESCr strains will be essential to identify whether the compensatory
mutations that we have identified in a surrogate infection model are present in ESCr

isolates from natural infections.

MATERIALS AND METHODS
Strains and plasmids. Descriptions of the bacterial strains used in fitness studies are shown in

Table S1 in the supplemental material. The antibiotic-susceptible laboratory strain FA19 (52) was used as
the background strain for all fitness studies. Streptomycin resistance is required for mouse infection
studies (34); therefore, the rpsL1 gene from FA1090, which encodes a mutant form of ribosomal protein
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S12 that confers streptomycin resistance (53), was transformed into strain FA19 by allelic exchange (54).
All FA19 strain variants used in this study harbored the rpsL1 allele.

Strains FA19 penA41 and FA19 penA89 are transformants of FA19 in which the wild-type penA gene
was replaced by the mosaic penA alleles from gonococcal strains H041 and F89, respectively, by allelic
exchange. Strain FA19 penA41 cat was constructed by introducing the ClaI fragment carrying a chlor-
amphenicol acetyltransferase (cat) gene from the Neisseria chromosomal integration vector pGCC5 (55)
into a nonessential intergenic region in FA19 penA41. Strains LV41A, LV41B, LV41C, and LV41E are vaginal
isolates from in vivo competitive infections with strains FA19 and FA19 penA41. The acnBG348D mutation
from strain LV41C was introduced into strains FA19 penA41, FA19, and FA19 penA89 to create strains
FA19 penA41 acnBG348D, FA19 acnBG348D, and FA19 penA89 acnBG348D, respectively. The construct used to
introduce the acnBG348D allele contained the 3= end of the acnBG348D gene with a silent NotI restriction
site adjacent to the site of the mutation, a Kanr cassette after the stop codon, and 500 bp downstream
of the acnB gene. To follow AcnB protein, an analogous construct was made that contained a hexahis-
tidine tag at the very 3= end of the coding sequence. Transformants were selected on GC agar plates
containing 50 �g/ml kanamycin, and mutant and wild-type acnB transformants were identified by PCR
amplification and digestion with NotI and verified by Sanger sequencing.

All gonococcal strains were propagated on solid GCB agar containing Kellogg’s supplement I (56) and
12 �M Fe(NO3)3 for 18 to 20 h at 37°C in a 4% CO2-enriched atmosphere. Passage from frozen stocks was
minimized to reduce the risk of acquiring secondary mutations. For competitive infections and cocul-
tures, GCB agar plates containing antibiotic selection were used to isolate the mutants as follows:
ceftriaxone, 0.125 �g/ml for FA19 penA41, LV41A, LV41B, LV41C, and LV41E and 0.008 �g/ml for FA19
penA89; chloramphenicol, 0.5 �g/ml for FA19 penA41 cat; kanamycin, 50 �g/ml for FA19 penA41
acnBG438D and FA19 penA89 acnBG348D. Streptomycin (100 �g/ml) was included in the GCB agar plates
used for vaginal cultures.

Bacterial growth. Bacterial colonies with nonpiliated morphology were harvested with a sterile swab
and inoculated into GCB (per liter: 15 g protease peptone 3, 4 g K2HPO4, dibasic, 1 g KH2PO4, 5 g NaCl)
supplemented with Kellogg’s supplement I (56), 12 �M Fe(NO3)3, and 5 mM NaHCO3. Cultures were
shaken at 220 rpm at 37°C, and bacterial growth was assessed by measuring the OD600 at hourly intervals
for a total of 8 h. Aliquots were also quantitatively cultured every 2 h on GCB agar plates with and
without antibiotic selection to determine the number of CFU per milliliter of total bacteria or mutant
bacteria, respectively. Experiments were repeated six times, and data were combined and analyzed using
a repeated-measures 2-way analysis of variance (ANOVA) with Tukey’s multiple comparisons. Differences
in growth rate were measured by comparing the average numbers of minutes that it took to reach an
OD600 of 0.8 for each strain as previously described (26). Results were compared using a one-way analysis
of variance to determine overall significance followed by Student’s t test to determine significance
between individual strains.

Antimicrobial susceptibility testing. The MICs of Cro, penicillin G, erythromycin, ciprofloxacin, and
chloramphenicol were determined by agar dilution as described previously (23).

In vitro competition experiments. Competitive coculture was used to compare the fitness of Cros

or Cror parent strains with those of mutant strains FA19 penA41 and FA19 penA89 or the in vivo-selected
compensatory mutants of FA19 penA41. Bacteria were harvested from GCB agar plates and suspended
in liquid GCB, and suspensions were adjusted to an OD600 of 0.8. Equal volumes of the suspensions of
each strain to be compared were inoculated into supplemented GC broth with 5 mM NaHCO3 (starting
OD600 of 0.08), and cultures were shaken at 220 rpm at 37°C. Aliquots were cultured quantitatively at the
time of inoculation (t � 0) and every 2 h thereafter on GCB agar with no antibiotics (total CFU) and GCB
agar with antibiotic selection. The CI was determined hourly for 8 h, whereby the ratio of mutant to
wild-type bacteria at output was divided by the ratio of mutant to wild-type bacteria at input (57).
Experiments were conducted three times, and the geometric mean CI at each time point was deter-
mined.

Competitive murine infections. All animal experiments were conducted at the Uniformed Services
University of the Health Sciences, a facility fully accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care, under a protocol that was approved by the university’s
Institutional Animal Care and Use Committee. Female BALB/c mice (6 to 8 weeks old, National Cancer
Institute) were treated subcutaneously with 0.5 mg of either water-soluble �-estradiol (catalogue no.
E-4389; Sigma-Aldrich, St. Louis, MO) or oil-soluble �-estradiol 3-benzoate (catalogue no. E-8515;
Sigma-Aldrich) suspended in sesame oil when competing compensatory mutant strains against parent
and wild-type strains. In all experiments, �-estradiol was given on days �2, 0, and �2 of infection. Mice
were also given streptomycin sulfate, vancomycin, and trimethoprim to reduce the overgrowth of
commensal flora as described previously (34). Two days after the first injection of �-estradiol, mice were
inoculated intravaginally with 20 �l of a mixed bacterial suspension containing 1 � 106 to 2 � 106 CFU
of each strain (n � 4 to 8 mice per experiment). Vaginal swabs were collected on days 1, 3, 5, and 7
postinoculation and suspended in 1 ml of phosphate-buffered saline (PBS). Equal volumes of vaginal
swab suspensions were cultured quantitatively on GCB agar with streptomycin (100 �g/ml) (total CFU)
and GCB agar with streptomycin plus the appropriate selection as described above (mutant CFU). A CI
was determined whereby the ratio of mutant to wild-type bacteria in vaginal cultures at each individual
time point was divided by the ratio of mutant to wild-type bacteria in the inoculum. For those cultures
from which only one strain was recovered, the limit of detection (4 CFU) was used as the number of CFU
for the strain that was not isolated when calculating the CI. Experiments were conducted two or three
times for each mixture.
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Genomic resequencing. Genomic DNA was extracted using the Promega Wizard genomic DNA
purification kit (Promega, Madison, WI) according to the manufacturer’s protocol using bacteria grown
to mid-log phase in supplemented GCB. The extracted DNA was rehydrated overnight, and the DNA was
quantified using a NanoDrop 1000 spectrophotometer. A mate-pair library was constructed using
Nextera XT standard kits (Illumina FC-121-1024 and FC-121-1001) and prepared for emulsion-based
amplification and paired-end sequencing. Illumina MiSeq 2500 genomic DNA paired-end sequencing was
conducted by the Tufts University Core Facility using a v2 flow cell paired-end 250-base (PE250) format.
Each read was 251 bases with two reads per insert plus a barcode. The insert for PE250 with Nextera XT
ranges from 500 bp to 1,300 bp, with the average/peak size range around 800 bp. Data were analyzed
using CLC Genomics Workbench version 6.0.4 against the recently sequenced FA19 genome sequence
(58). The threshold to be flagged as a mutation was set to 85% mutation frequency of all aligned reads.

Coverage (number of mapped bases/number of bases in FA19) for the different strains ranged from
360 for LV41B to 483 for LV41A, with a fairly even distribution across the genome. No deletions larger
than 3 nucleotides (e.g., the codon deletion in mleN) were observed for any of the strains; however, there
were 10 regions of ~100 bp in length in the resequencing data for all of the resequenced strains that had
low coverage (�7 reads). These regions were in or nearby PROKKA 0283, 0477, 0600, 0814, 0839, 1584,
1966, 1990, 2035, and 2217. Primers were made to these regions, and DNA surrounding the low-coverage
regions was amplified by PCR and sequenced by Sanger sequencing. In all cases, the sequences were
identical to FA19.

Aconitase kinetics. The aconitase gene was amplified from either FA19 or LV41C by PCR and cloned
into pMALC2KV, which fused the gene in frame with hexahistidine-tagged maltose-binding protein and
an intervening tobacco etch virus (TEV) protease site. Following expression in E. coli and purification on
a Ni2�-nitrilotriacetic acid (NTA) column, the fusion proteins were cleaved with His-TEV protease and run
again over the column to retain any uncleaved protein and His-TEV and allow the purified enzymes to
flow through the column. The proteins were concentrated and stored at �80°C. For enzymatic analysis,
the thawed enzyme was reactivated immediately prior to assay by incubation on ice with 5 �l 0.5 M
dithiothreitol (DTT), 0.5 �l 20 mM Na2S, and 0.5 �l 20 mM (NH4)2Fe(SO4)2 under nitrogen (59). After
30 min, the tube was opened and immediately diluted into 100 �l buffer containing a range of citrate
or isocitrate concentrations, and the increase in OD240 was monitored on a BMG PolarStar Omega plate
reader in UV-clear microtiter plates. The slopes of each reaction within the first minute were used to
calculate the initial velocity of the enzymes.

RNA extraction, RT-PCR, and quantitative PCR (qPCR). The appropriate strains were grown in
liquid GC broth medium with glucose as the main carbon source. The equivalent of 10 ml of cells at an
OD600 of 0.18 was removed at 2 and 3 h (log phase) and at 7 and 8 h (stationary phase) of growth, and
the bacteria were collected by centrifugation, resuspended in RNAlater solution, and stored at 4°C. Total
RNA from the cells was extracted the next day using the Bio-Rad Aurum total RNA minikit and eluted in
40 �l RNase-free water. One microliter of RNasin (RNase inhibitor; Promega, Madison, WI) was added to
the extracted RNA, and the total RNA concentration was determined using a NanoDrop reader. To
remove DNA contamination, 1 �g of total RNA was digested for approximately 40 min at 37°C with 1 unit
of RQ1 RNase-free DNase (Promega). The DNase was inactivated using the supplied stop solution at 65°C
for 10 min.

cDNA was generated from purified total RNA using the Bio-Rad iScript reverse transcription supermix
(Bio-Rad, Hercules, CA). Real-time qPCR was performed using the Bio-Rad Sso Advanced Universal SYBR
green supermix and the Bio-Rad CFX96 Touch real-time PCR detection system. Fold change was
determined using the threshold cycle (2�ΔΔCT) method (60), with 16S rRNA as the reference gene. RNA
reference samples were diluted 1:50,000 using RNase-free water.

Western blotting and electrophoresis. The appropriate strains were prepared for growth in
supplemented liquid GCB, and aliquots were taken hourly starting at 2 h postinoculation. The equivalent
of 1 ml of cells at an OD600 of 0.18 (i.e., 0.18 OD per ml) was pelleted, the supernatant was aspirated, and
the samples were frozen at �20°C if not used immediately. Pellets were resuspended in 100 �l fresh 1�
Laemmli sample buffer (0.07 M Tris-HCl, pH 6.8, 10% glycerol, 5% �-mercaptoethanol, 1.05% SDS, dyed
with bromophenol blue) and boiled for 5 min. Samples were centrifuged briefly, and equal volumes of
protein were loaded and resolved on a 10% polyacrylamide SDS-PAGE gel.

The proteins were transferred to a polyvinylidene difluoride (PVDF) membrane and blocked in
PBS-Tween (PBS with 0.1% Tween 100) containing 5% nonfat dry milk (NFDM) for 1 h at room
temperature on a shaker table. The membrane was incubated in PBS-Tween containing 2.5% NFDM and
1:10,000 rabbit PilM antibody (61) for 1 h at room temperature. The membrane was then washed four
times for 9 min each in fresh PBS-Tween and then incubated in PBS-Tween containing 2.5% NFDM,
1:1,000 3F10 (mouse HA antibody conjugated with horseradish peroxidase [HRP]), and 1:20,000 goat
anti-rabbit HRP-conjugated antibody for 1 h at room temperature. The membrane was washed again as
previously described and then incubated for 2 min with Bio-Rad enhanced chemiluminescence (ECL)
reagents and imaged using the Bio-Rad ChemiDoc Touch imager. PilM was used as an internal loading
control because its expression does not appear to change in different phases of growth; however, it was
not used to normalize protein expression between strains because its expression appears to vary
between strains.

RNA extraction, purification, library preparation, and RNA-seq. RNA-seq was carried out for FA19
penA41 and FA19 penA41 acnBG348D from three separate cultures on different days for each strain.
Bacteria were streaked from frozen stocks onto GCB agar plates and grown for 20 h at 37°C in a 4% CO2

atmosphere. Liquid cultures were prepared as described above for the in vitro growth curves and grown
until the cells reached log phase (OD600 of ~0.4 to 0.5). Three milliliters was removed, and the cells were
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pelleted, resuspended in RNAlater solution, and stored overnight at 4°C. The next morning, total RNA was
isolated using the Qiagen RNeasy minikit (Qiagen, Carlsbad, CA), contaminating DNA was removed by
DNase digestion using the Invitrogen Turbo DNA-free kit, and the RNA was reisolated using the RNeasy
minikit. rRNA was removed by 2 successive rounds of treatment with the Life Technologies MICROBEx-
press mRNA prep kit (Thermo Fisher, Grand Island, NY), and the mRNA was recovered with the Qiagen
RNeasy MinElute cleanup kit. All mRNA samples were analyzed using the Agilent high-sensitivity
ScreenTape system to determine quality (Agilent, Santa Clara, CA) and by a NanoDrop spectrophotom-
eter to assess quantity. Libraries were prepared from a minimum of three separate cultures of each strain
using the Illumina TruSeq high-sample (HS) protocol (Illumina, San Diego, CA). First- and second-strand
cDNAs were synthesized using AMPure XP magnetic beads, first- and second-strand master mixes, and
SuperScript II reverse transcriptase. End repair, 3= end adenylation, adapter ligation, and DNA fragment
enrichment were all performed according to the TruSeq protocol. The quality of the DNA libraries was
analyzed by the Agilent high-sensitivity ScreenTape system, and the concentrations were determined
using the Qubit double-stranded DNA (dsDNA) HS assay kit (Thermo Fisher, Grand Island, NY). Equimolar
DNA amounts of each library were pooled and prepared for sequencing on the Illumina NextSeq 500
system according to the manufacturer’s system guide. Run parameters and data were collected using
Illumina BaseSpace.

The data were mapped to the FA19 genomic sequence with the CLC Genomics Workbench software
package (version 11.0; Qiagen) using the RNA-seq analysis command, with mapping options of mismatch
cost � 2, insertion cost � 3, deletion cost � 3, length fraction � 0.8, similarity option � 0.8, and the
maximum number of hits for a read � 3. Between 85 and 90% of reads for each alignment had a reads
per kilobase per million (RPKM) of �5. To determine differentially expressed genes, the differential
expression for RNA-seq command was run. Table S2 lists all of the genes with a Bonferroni-adjusted
P value of �0.05 with a differential expression of �2-fold higher or lower.

Accession number(s). The .fastq and aligned .bam files can be obtained from the Sequence Read
Archive under accession number SRP132214.
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