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SUMMARY

As opposed to de novo mutation, p-lactam resistance in S. pneumoniae is often conferred

via homologous recombination during horizontal gene transfer. We hypothesize that p-lactam
resistance in pathogenic streptococci is restricted to naturally competent species via intra-/
interspecies recombination due to /n vivo fitness trade-offs of de novo penicillin-binding protein
(PBP) mutations. We show that de novo mutant populations have abrogated invasive disease
capacity and are difficult to evolve /n vivo. Conversely, serially transformed recombinant strains
efficiently integrate resistant oral streptococcal DNA, gain penicillin resistance and tolerance,
and retain virulence in mice. Large-scale changes in pbp2X; pbp2B, and non-PBP-related genes
occur in recombinant isolates. Our results indicate that horizontal transfer of B-lactam resistance
engenders initially favorable or minimal cost changes /n vivo compared with de novo mutation(s),
underscoring the importance of recombination in the emergence of p-lactam resistance and
suggesting why some pathogenic streptococci lacking innate competence remain universally
susceptible.
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Graphical abstract

In brief

Nishimoto et al. show that S. pneumoniae can initially acquire resistance to p-lactam antibiotics

via interspecies recombination without a virulence loss 7n vivo, in contrast to resistance acquired
by de novo mutation. These findings provide insight on how fitness trade-offs constrain p-lactam
resistance acquisition in the pneumococcus and other pathogenic streptococci.

INTRODUCTION

Streptococcus pneumoniae remains a major human pathogen that causes pneumonia, otitis
media, bacteremia, and meningitis in children and adults. Globally, an estimated 300,000
deaths in children were attributed to pneumococcal infection in 2015 despite the introduction
and use of pneumococcal-conjugate vaccines.! Additionally, pneumococcal resistance to
antibiotics in the United States has not appreciably decreased over the past few years, with
resistance estimates hovering between 2% and 2.4% for penicillin over the past 5 years.2=>
In 2019 alone, drug-resistant S. prneumoniae caused an estimated 900,000 infections and
3,600 deaths; it has been designated a “serious threat” by the Centers for Disease Control
and Prevention.6 Moreover, -lactam antibiotics are among the most used drugs to treat
pneumococcal infection, and while there is ongoing debate about the clinical impact of
B-lactam-resistant S. pneumoniae on mortality and illness severity,”8 it remains important to
understand the mechanisms by which resistance arises.
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S. pneumoniae is a naturally competent pathogen that readily uptakes genomic material from
neighboring pneumococcal cells and closely related streptococcal species.®-11 Consequently,
the pneumococcus can gain resistance via alterations in the genes encoding drug targets,
such as the penicillin-binding proteins (PBPs).10:12.13 previous work has identified
recombination events, as opposed to spontaneous single-nucleotide polymorphisms (SNPs),
as the major driver of rapid resistance acquisition.14 Indeed, commensal streptococcal
species resistant to penicillin and other p-lactams have been identified as reservoirs with
which S. pneumoniae can readily recombine and incorporate new genetic material. 1516
However, genomic recombination in response to drug-selective pressure can often result in
virulence and fitness defects in exchange for drug resistance, making for a delicate balance
between resistance and i vivo fitness.17:18 Therefore, understanding the consequences

of these resistance-acquiring recombination events at the host-pathogen interface and the
determinants driving this selection are essential to understanding antibiotic resistance.

Importantly, the intrinsic ability to exchange genetic material via natural competency is

not shared by all other pathogenic streptococci. Streptococcus pyogenes and Streptococcus
agalactiae, for example, are both causes of potentially life-threatening invasive disease,

but neither is considered to be innately competent.1920 |nterestingly, both species of
streptococci are also considered to be universally susceptible to g-lactams, which are

the primary drugs of choice during infection caused by these organisms.?1-23 Cases of
resistance to p-lactams in clinical isolates of either species occur very rarely compared
with S. pneumoniae,?224-26 and resistant isolates would presumably require de novo
mutation, not horizontal gene transfer, for stable changes in p-lactam susceptibility. Thus,
an intriguing question persists as to whether the high frequency of p-lactam resistance in
the pneumococcus is a consequence of its proclivity toward recombination, in contrast to de
novo mutational pathways restricted to the typically non-resistant pathogenic streptococcal
species.

Here, we propose that steep fitness trade-offs associated with de novo mutational pathways
to B-lactam resistance restrict their emergence in streptococcal populations and that
horizontal transfer of resistance genes via interspecies recombination may be favored due

to reduced fitness trade-offs. Using B-lactam-resistant recombinant pneumococcal strains,
we observed enhanced virulence /n vivo with initial recombinant strains compared with
antibiotic-evolved, resistant pneumococcal strains possessing de novo point mutations in
PBPs. Although /n vitro characterization revealed only modest differences in adherence

to mammalian cells, invasive potential, macrophage phagocytosis, and affinity for PBPs
between strains, recombinant strains demonstrating initial small increases in minimum
inhibitory concentration (MIC) displayed increased virulence compared with wild-type
(WT) parental strains in murine models. Moreover, in vitro-evolved strains containing

de novo mutations conferring slight MIC increases to penicillin resulted in complete
attenuation of virulence /in vivo. Genome sequencing of recombinant strains revealed large
regions of recombination, including a conserved pattern of recombination around the pop2X
locus in all recombinant strains tested. These findings indicate that horizontal gene transfer,
as opposed to de novo mutation, is readily achievable and confers decreased susceptibility
to B-lactams without a significant /77 vivo cost to S. pneumoniae. Overall, these data suggest
that high-level B-lactam resistance may be restricted to streptococcal species that can readily
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undergo horizontal gene transfer due to the fitness consequences of the initial de novo
mutations in response to antibiotic pressure.

RESULTS

De novo mutations in response to penicillin result in attenuation of virulence

We initially modeled the evolutionary trajectories of S. pneumoniae to increasing
concentrations of penicillin during serial /n vitro passaging. Passaging was undertaken

at various concentrations of penicillin with the highest permissive concentration allowing
growth used to seed the following passage (Figure 1A). This continuously applied pressure
was undertaken for 32 passages representing approximately 115 generations of antibiotic
selection, after which a 3x shift in MIC was observed in liquid culture. Despite continuous
selection, only relatively small (3x or less) increases in the penicillin MIC (Figure 1B;
Table S1) among the eight /n vitro-evolved populations (T4EP1 through T4EP8) were
observed, making these strains well below established clinical breakpoints for resistance.
Mutational mapping of the evolved isolates against their penicillin-free passaged population
counterparts revealed similar conserved (100% of the sequenced population) point mutations
arising as a result of antibiotic selective pressure (Table 1). Despite the similar fixed
mutational changes in T4AEP1 through T4EP4, the predominant mutations in each population
remained unique to each respective population at every passage tested (days 7, 14, 21,

and 32), though these mutations did not grow to fixation (Figure S1). This suggests

that these populations were evolutionarily distinct. Decreased susceptibility for T4EP1,
TAEP2, TAEP3, and T4EP4 most likely stemmed from a single Y586S amino acid change
in PBP2X, which was identified in all populations. Other changes included single-point
mutations in the cell wall biosynthesis component murkE, the capsular polysaccharide
biosynthesis gene cps4E, a gene encoding a DHH subfamily 1 protein, and an ATP-binding
cassette transporter. SNPs in these genes commonly recurred across all four penicillin-
evolved populations, and many of the mutant genes have been linked either as resistance
determinants or virulence factors in S. pneumoniae.2’29

To eliminate the possibility of cross-contamination between passaged cultures as an
alternative explanation for the similar penicillin-resistance-related SNPS observed between
populations, we used T4 strains barcoded with unique identifier sequences as the progenitors
of the evolved populations TAEP5, TAEP6, T4EP7, and T4EP8. As with the other passaged
strains, each barcoded population passaged in penicillin possessed a predominant mutation
in PBP2X (Table 1). Of the 8 passaged populations, 7 of them altered the Y586 residue

of PBP2X, which is conserved in Gram-positive cocci and known to confer resistance.30
Notably among the unique mutations that were present in the individual lineages, a nonsense
mutation arose in the phosphorylcholine metabolism gene licD2 in T4EP6. licD2™ mutants
have been shown to be resistant to penicillin-induced lysis in late logarithmic phases.3!
Interestingly, TAEP4 also contained a single base-pair deletion in licD2 resulting in a
frameshift, possibly suggesting that licD2 mutation may play a role in pneumococcal
resilience to penicillin.

Despite modest alterations in MIC and genetic changes associated with them, we
hypothesized that these first step mutations toward resistance would negatively impact
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the invasive capacity of the pneumococcus. To compare /n vivo fitness and other

phenotypic traits between p-lactam-evolved strains, we challenged 7-week-old BALB/c
mice intranasally with either the parental strain or each of the independently experimentally
evolved penicillin-resistant populations and subsequently monitored survival levels of
bacteremia following challenge. We observed that all the /n vitro experimentally evolved
isolates were highly attenuated /n vivo, exhibiting significantly lower blood titers compared
with the TIGR4 (T4, serotype 4) parent isolate and complete survival 10 days post-infection
(Figures 1C and 1D). These data indicate that even minor de novo mutational steppingstones
toward p-lactam resistance can be constrained by severe /n vivo fitness consequences.

Fitness consequences of interspecies recombination conferring p-lactam resistance

We next sought to ascertain whether the fitness trade-offs observed in the experimentally
evolved isolates would hold true during interspecies recombination as previous work has
identified recombination events rather than spontaneous SNPs as the major driver of rapid
B-lactam resistance acquisition.14 Many of these recombination events are thought to occur
between the pneumococcus and other streptococcal species, with recombination between
closely related oral streptococcal species being a primary reservoir for B-lactam resistance in
the pneumococci.

To test this, recombinant p-lactam-resistant pneumococcal strains were generated via
transformation of T4 with genomic DNA (gDNA) from clinical isolates of viridans group
streptococci (VGS) with varying degrees of -lactam resistance (Table S1). Second-

and third-round recombinants, so named because they are the result of successive
transformations of the previous “round” of successful transformants, were subsequently
created by repeating transformation an additional one or two times, respectively, in the
presence of VGS gDNA, with colony selection on penicillin-containing blood agar plates
(Figure 2A). Although the first-round recombinant pneumococcal strain, T4R1P, possessed
a penicillin MIC similar to the /n vitro-evolved strains, the second- and especially the
third-round recombinants showed a capacity for much larger increases in penicillin MIC,
possessing MICs almost 50 times greater than the T4 MIC (Figure 2B). The initial
recombinant strain, T4AR1P, exhibited marked increased virulence /n vivo with high 24 h
blood titers present in mice and significantly increased mortality compared with that of

T4 (Figures 2C and 2D), suggesting the initial rounds of recombination conferring the
initial steps toward resistance did not impair invasive disease capacity. However, second-
and third-round recombinants behaved similarly to /n vitro-evolved strains, with little to

no detectable presence in the blood after 24 h and complete mouse survival 10 days post-
infection. We also tested /n7 vivo the recombinant pneumococcal strain T4trDAW?7, which
was generated from T4 transformed with gDNA taken from DAW?7, a B-lactam-resistant
pneumococcal clinical isolate. The recombinant isolate possessed a relatively high penicillin
MIC and was highly virulent /n vivo (Figures 2B-2D). Interestingly, T4trDAW?7 exhibited
a significantly higher mortality than either the parent strain T4 or the donor isolate DAW?7,
suggesting that this initial recombination confers significant fitness advantages /17 vivo over
either strain individually. Based on our observations, early recombinants do not possess
attenuated traits and may even enhance virulence /n vivo, though attenuation was not
observed until S. pneumoniae underwent subsequent recombination events via horizontal
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gene transfer. When resistant pneumococcal DNA was utilized as a source of gDNA,
virulence was likewise maintained. Furthermore, the levels of attenuation observed in the
later-recombinant pneumococcal strains were comparable to the decreased virulence seen
in mice challenged with the experimentally evolved isolates. These data suggest that early
recombinants can possess decreased susceptibility to p-lactam agents without significant
impairment of /n vivo fitness and may provide initial fitness advantages during invasive
disease. These data further indicate that acquisition of g-lactam resistance from multiple
recombination events requires a balance between antimicrobial susceptibility and fitness /n
Vivo.

Bacterial burden in different host niches supports virulence differences across
recombinant strains in vivo, but differences in markers of inflammation lack significance

To further characterize the effects of early recombination in pneumococcal pathogenesis, we
examined the virulence of first-round recombinants and the less penicillin-susceptible third-
round recombinants in different host niches, including blood, lungs, and nasal passages. At
24 h post-infection, mice infected with T4R1P had relatively equivalent bacterial burden in
the three niches compared with mice infected with T4 (Figures S2A-S2C). In contrast, mice
infected with T4-derived third-round recombinants had significantly lower bacterial burden
in the blood and nasal passages (p < 0.05). Compared with the initial virulence experiment,
these results recapitulated that mutations from initial recombination did not diminish S.
pneumoniae’s ability to colonize and invade the host. Mutations resulting from subsequent
transformations, which consequently had further decreased antibiotic susceptibility, may
decrease the bacteria’s virulence.

Furthermore, using sectioned lung tissues collected at 24 h post-infection, we examined

the signs of inflammatory response and extent of lung injuries from infection with the
recombinant mutants and their respective WT strains, including vasodilation of blood vessels
(veins, arteries, arterioles), neutrophil migration from the bloodstream into the pulmonary
air space, vascular injuries, leukocytes in lungs, collapsed alveoli, and pulmonary edema.
Cumulative pathologic scoring of the right lobar sections from the five mice in each group
revealed slightly higher severity of interstitial inflammation, alveolar involvement, and the
presence of alveolar neutrophils in TAR1P (25, 36, and 40, respectively) and T4R3P.1 (32,
28, and 34, respectively) compared with T4 (12, 21, and 20, respectively) (Figures S2D-
S2H). Thus, although bacterial burden of the third-round recombinant in the host lungs was
significantly lower, there appeared to be modest, but increased, histologic signs of damage
and invasion with both recombinant strains compared with T4. Lastly, heat-killed versions of
T4 and T4R1P lacked any evidence of infection or inflammation, suggesting that dead cells
and cell fragments were not responsible for damage in the lung.

During acute inflammation of lung tissues caused by pneumococcal infection, neutrophils
that infiltrate the lungs and migrate into the pulmonary airspace induced the expression

of regulatory inflammatory cytokines, such as granulocyte macrophage colony-stimulating
factor (GM-CSF), interleukin 1p (IL-1p), IL-6, IL-10, IL-12 (p40), and tumor necrosis
factor a (TNF-a).32 There were few significant differences in the expression of cytokines
responsible for the acute inflammatory phase collected and analyzed from mice infected
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with first- or third-round recombinants compared with their parental strains (Figure

S3). Indeed, only the expression of IL-6 and TNF-a in the serum of T4R3P.1-infected

mice, compared with that of T4-infected mice, was significantly decreased (p = 0.0079).
Consistent with the pulmonary histopathologic findings, most differences in cytokines
induced by recombinants, compared with their parent strains, were slight. Overall, the
degree of inflammation and inflammatory markers, as a result of infection with recombinant
strains, closely resembled that of the parent strains, indicating that the recombinants’
abilities to cause inflammation and tissue injury was not attenuated.

Inter- and intraspecies recombinants exhibit similar transformation efficiencies

The gDNA of 20 clinical VGS strains were isolated for use as donor DNA for generating
recombinant B-lactam-resistant S. pneumoniae. Of these, the gDNA from 10 VGS strains
yielded successful transformants when co-incubated with WT T4 or a T4 recombinant. The
gDNA from a known resistant pneumococcal isolate was also transformed into the parent
strains as a comparator. The transformation efficiencies for the interspecies recombinants
varied between approximately 1076 and 1078 per 5 ug gDNA, which was comparable

to the transformation efficiencies of generating the intraspecies recombinant T4trDAW7
(Figure S4). Subsequent transformations using first-round transformants also did not alter
transformation efficiency when generating second- and third-round recombinants. Overall,
our results suggest that for VGS strains whose DNA was readily taken up by S. pneumoniae,
the transformation efficiency was similar to that of intraspecies recombination under the
same conditions.

Recombinant pneumococcal isolates show large regional genomic changes

When examining the genome sequence of recombinant pneumococcal isolates against that
of the parent strains, we identified several large SNP-rich regions, likely indicating sections
of the genome where recombination with the exogenous VGS gDNA took place (Figure

3; Tables S4 and S5). For example, in the first recombinant series, TAR1P, a segment

of roughly 4 kb containing multiple genes, including the gene encoding the p-lactam

target PBP2X, was densely populated with SNPs. Presumably, this region underwent
recombination with the VGS gDNA from isolate SV5, in which antibiotic pressure selected
for recombinant pbp2X. As one might expect, recombinant pbp2X was conserved upon
successive transformations screened on penicillin, and additional SNPs were accumulated
after each transformation. Indeed, changes in the ~300,000 bp region containing the pbp2X
locus were prominent and conserved in every recombinant isolate sequenced (Figure 3).
The third series recombinants, T4R3P.1 and T4R3P.2, were both derived from T4R1P and
possessed recombinant pbp2X. Also, both had integrated recombinant changes in pbp25,
even though the donor DNA used to generate the recombinants was sourced from two
different VGS isolates.

Additionally, we observed variable changes in non-PBP regions of the genome for each
recombinant. Both isolated polymorphisms and SNP-heavy regions of recombination

were present in all recombinant series. Notably, TAR1P and all its derivative strains
possessed a recombinant /muriM gene, which is involved in the production of pneumococcal
branched-stem peptides and PBP-mediated p-lactam resistance.33 Also, within this series of
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recombinant isolates was a 5 kb recombinatorial region encompassing, among others, genes
encoding LuxS, which helps regulate virulence and fitness genes during biofilm formation;
ClpB, a heat-shock and stress-response protein; and DexB, a highly conserved glucosidase
known to flank one side of the pneumococcal capsular polysaccharide locus. No other
PBP-associated genes were localized in this region, suggesting that one or more of these
changes is advantageous for the pneumococcal cell with regards to -lactam exposure.

In vitro phenotypes of recombinant versus experimentally evolved pneumococcal strains
do not significantly differ

To further assess the phenotypes of the resistant recombinant strains, compared with the

in vitro-evolved pneumococcal isolates, we incubated strains with A549 human alveolar
basal epithelial cells to compare strain capacity for invasion and adhesion (Figures S5A
and S5B). Although we observed some alterations in the ability of the recombinant strains
to adhere to cells, the results were inconsistent between the tested strains and the overall
discernible patterns being observed. Nonetheless, these data might, in part, account for the
differences in attenuation seen /n vivo between the second- and third-round recombinant
series compared with the first-round recombinant series. For example, the second- and
third-round recombinants, T4R2P.1, T4R3P.1, T4R2P.2, and T4R3P.2, showed elevated
adhesion to alveolar epithelial cells compared with T4 (Figure S5A). Although target

cell adhesion may assist with invasion and colonization, it did not explain (and was
somewhat counterintuitive to) the attenuation we observed with these strains /n vivo, in
which we expected enhanced adhesion to facilitate virulence in T4R1P. Quantification

of pneumococcal cell invasion of A549 cells revealed only significantly higher invasive
potential with the third-round recombinant T3R3P.2, suggesting that these observed
differences in invasion were not primarily responsible for fitness differences /in vivo (Figure
S5B). Additionally, the penicillin-evolved strain T4EP1 showed no significant differences in
either adhesion or invasion of A549 alveolar epithelial cells compared with T4.

We next assessed whether macrophage phagocytosis differed across recombinant strains,
their parents, and experimentally evolved isolates. For this, we co-incubated J774A.1
murine macrophages with respective pneumococcal strains at an approximate multiplicity
of infection (MOI) of 50. Unfortunately, not all strains differed from their respective
parent, as measured by the proportion of intracellular S. pneumoniae cells present inside
lysed macrophages versus total pneumococcal cells present (Figure S5C). The measure
of intracellular S. pneumoniae may indicate a significant alteration in the ability of

the pneumococcal cells to survive intracellularly after phagocytosis and/or the ability of
macrophages to ingest the invading pneumococcus. However, we saw no strong trends
in recombination versus de novo mutation, lending to consistent changes in killing by
macrophages.

Lastly, to determine the alterations in PBP-binding affinity of the recombinant strains

and the experimentally evolved isolates, we added BOCILLIN FL, a fluorescent penicillin
derivative, to actively dividing bacteria during the mid-logarithmic phase and then purified
and quantified the whole-cell protein. A standard concentration of 10 ug was loaded and run
via gel electrophoresis, which allowed for the visualization of fluorescent PBP bands; band
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intensity correlated with PBP abundance and BOCILLIN FL-binding affinity. Quantification
of band intensity revealed no large changes in PBP binding between any strain and its
parent (Figure S6). Overall, many recombinant strains showed very slight decreases in

band intensity for many, if not all, of the six visualized PBPs, perhaps suggesting a slight
decrease in the PBPs’ affinity to BOCILLIN FL compared with that of the parent strain.
However, our data indicated that the differences in BOCILLIN FL PBP-binding affinities
across recombinant strains was also modest and therefore probably not wholly responsible
for differences in virulence and fitness seen between recombinant strains.

Interspecies recombination can promote antibiotic tolerance

Antibiotic tolerance, whereby there are minimal shifts in MIC but markedly reduced kill
kinetics, has been recognized in the pneumococcus for decades34:3% and has been associated
with antibiotic resistance and poorer treatment outcomes.36-39 Due to their subtle increases
in MICs to penicillin, we next sought to investigate whether recombinant isolates displayed
tolerance phenotypes by examining their Kill kinetics in the presence of antibiotics. The
Tupelo strain, a prototypical tolerant pneumococcal strain, served as a reference strain

and positive control for tolerance experiments.4? Upon exposure to lethal concentrations

of penicillin (10x MIC), both the /n vitro-evolved populations and the T4-derived first-

and second-round recombinants displayed a lack of tolerance to penicillin, with < 1%
colony-forming units (CFUs) remaining within 2 h of penicillin exposure (Figures 4A-4D).
Third-round recombinants exhibited a more gradual decline in bacterial CFUs than did

the susceptible WT (Figure 4E). The kill kinetics of the third-round, penicillin-screened
recombinants also more closely resembled those of the control Tupelo strain, indicating

that these recombinants had acquired tolerance to otherwise lethal concentrations of the
antibiotics. Thus, in our hands, the repeated uptake and recombination of penicillin-resistant
gDNA into S. pneumoniae resulted in not only measurable increases in penicillin MIC

but also tolerance acquisition after multiple exposures. A single transformation of penicillin-
resistant pneumococcal gDNA into T4, as in the recombinant T4trDAW?7 strain, was also not
sufficient to confer tolerance to penicillin, suggesting that resistance, rather than tolerance,
is more easily attained under penicillin-selective pressure during intraspecies horizontal gene
transfer.

It should also be noted that among the VGS strains used for transformation and horizontal
gene transfer, all except for SV4 showed attenuated killing by 10x MIC of penicillin,
indicating that these donor strains were also penicillin tolerant (Figure 5). Recombination
of the non-tolerant T4R2P.2 with gDNA from the non-tolerant S\V4 generated the penicillin-
tolerant TAR3P.2. It is unknown whether this emergence of tolerance after recombination
between non-tolerant strains is an unmasked phenotype from previous recombination events
with the tolerant SV5 and/or SV8. Conversely, it is also possible that tolerance arose de
novoin TAR3P.2 after piecemeal transfer of various genetic components contributing to

a penicillin-tolerant phenotype. These data underscore the potential for rapid emergence

of tolerance to cell-wall-active antibiotics via intraspecies recombination events that could
contribute to antibiotic treatment failure.

Cell Rep. Author manuscript; available in PMC 2023 January 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Nishimoto et al.

Page 10

De novo PBP mutations occur infrequently and do not persist in vivo under penicillin
selective pressure

Because our data suggest that de novo mutation comes with a high 77 vivo fitness trade-

off, we hypothesized that de novo PBP mutations occur infrequently or, alternatively, are
quickly outcompeted /n vivo. Therefore, we next sought to determine the frequency and
persistence of de novo-mutation-containing pneumococcal strains /n vivo during antibiotic
treatment. To test this, we passaged the T4 parental strain through 15 successive mice treated
with penicillin in three independent lineages. Briefly, mice were intranasally inoculated
with pneumococci and treated 8 h later with intraperitoneal injections of penicillin. 24 h
post-infection, mice were euthanized, and pneumococci was recovered from the lungs of
infected mice and used as the inoculum for the next successive mouse infection. Penicillin
doses were slowly increased up to 40 mg/kg to allow for resistance development. As
expected, mutations were observed in several PBP genes, including pbp1A, pbp2A, pbp2B,
and pbp2X, in the later passages of each lineage (Figure 6). However, each PBP mutation
occurred in <10% of the sequenced pneumococcal population among which it was detected,
and none of these mutations were retained in the following passages of their respective
lineages. Overall, SNPs in PBP genes were observed in only 8 passaged populations:
generation 15 of lineage 1; generations 6, 8, 12, and 13 of lineage 2; and generations 7,

8, and 15 of lineage 3. Taken together, these data suggest that even under antibiotic stress,
de novo PBP mutations occur relatively infrequently and are quickly outcompeted in vivo.
This further supports the notion that de novo resistance mutations to the p-lactams are
disadvantageous /n vivo.

DISCUSSION

Phenotypic and genotypic distinction between recombination and de novo mutation in
resistance acquisition

Gaining an understanding of why some pathogens become antibiotic resistant while others
remain sensitive despite decades of antibiotic exposure is a fundamental question in
microbiology. While de novo mutation is one route to resistance, oftentimes resistance
rapidly spreads via horizontal gene transfer, raising the question to whether one route

may be more advantageous for a given antibiotic-pathogen combination. To address this
question, we generated both /n vitro-evolved and recombinant pneumococcal isolates with
altered susceptibilities to B-lactam antibiotics. The fitness of the isolates was variable in
murine models of intranasal infection, where bacterial blood and lung tissue titers, nasal
colonization, and overall lethality tended to be inversely related to serial recombination and
increased MIC. The /n vitro experimentally evolved pneumococcal isolates demonstrated

in vivo attenuation for all isolates tested. However, first-round recombinants (including
T4trDAWT) exhibited /n vivo fitness similar to, if not greater than, the WT parent strain
despite elevated MICs to the p-lactams. In fact, despite roughly comparable bacterial titers
in vivo, the survival of the first-round recombinant strains, TAR1P and T4trDAW?7, was
significantly decreased compared with T4. This suggests that initial genetic changes in both
strains enhanced their overall virulence compared with the parental strain. These data further
underscore that p-lactam resistance in S. prneumoniae is tightly constrained by /n vivo fitness
determinants.
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We identified a few significant changes to the virulence phenotypes in the recombinant
isolates compared with WT. Furthermore, many /n vitro differences did not appear to
translate /n vivo. For example, the second- and third-round recombinants (T4R2P.1,
T4R2P.2, TAR3P.1, and T4R3P.2) all exhibited increased adhesion to A549 cells in vitro,
which suggests possible advantages to colonization. However, nasal colonization titers of
T4R3P.1 were lower than those of T4 in mice 24 h post-infection. Similarly, the scoring
of lung histology (i.e., comparisons of the resistant recombinant pneumococcal strains)
suggested a subjective increase in inflammation with recombinant S. pneumoniae strains,
compared with WT, despite the lack of significance in inflammatory cytokine profiling

of the lungs and blood. Consistent with the alterations in PBP2X found in all resistant
pneumococcal recombinants, we found a slight decrease in BOCILLIN FL-binding affinity
for PBP2X in all recombinants compared with the parental isolate. Our results appear to
indicate that changes to any one virulence trait investigated here were relatively minor and
that the cumulative effect of these deficits, and potentially others not identified, was the
overall attenuation seen /n vivo with some of the recombinant strains.

Although the evolution of antibiotic resistance can often be accompanied by a trade-off in
fitness, growth, and/or virulence, the underlying cost associated with resistance development
is highly variable and dependent on the genetic mechanisms driving resistance.1841 Altered
B-lactam susceptibility has been associated with differences in virulence and transmission in
pneumococcal isolates.#243 Specifically, resistant pbp alleles are acquired at the expense of
fitness determinants in competitive nasal colonization models.1” Our findings demonstrated
that resistant strains evolve via different mechanisms (i.e., horizonal transfer versus de

novo mutation) and can have strikingly dissimilar /n vivo fitness despite exhibiting similar
susceptibilities. The attenuation to invasion without significant change in colonization of
the de novo mutant strains /in vivo indicates that resistance acquired by horizontal transfer
may be preferable from an evolutionary standpoint. Mechanistically, horizontal transfer may
allow a diverse exchange of genetic material among isolates, which, under drug pressure,
might engender selection for low-cost resistance traits or accompanying compensatory
genetic changes. In contrast, we observed /n vivo that de novo PBP mutations occur with
low frequency and are not retained even under penicillin selective pressure, suggesting that
pneumococci with de novo PBP mutations are disadvantaged /n vivo.

In all cases of p-lactam-induced resistance within the isolates, we identified changes

in PBP2X, and in many cases, we saw alterations in PBP2B, especially in later-round
recombinants. Mutations in pbp1A and pbp2X can act as compensatory mutations that

may restore fitness to S. pneumoniae, stabilizing resistance mutations by allowing their
dissemination in the face of competition with WT strains.*# We found more than 200

amino acid changes in PBP2X in many of the recombinant series, which contrasts with

the experimentally evolved, penicillin-resistant TAEP populations, which possessed only
single amino acid substitutions in the central transpeptidase domain of PBP2X. Despite the
relative lack of PBP changes, all /n vitro-evolved isolates were greatly attenuated /n vivo.

In contrast, the recombinant pneumococcal isolates showed attenuated /7 vivo characteristics
only after larger increases in MIC in the later transformations, unsurprisingly when many of
the isolates showed large changes in PBP2B. Thus, it appears that the changes to PBP2X

in the first-round recombinant isolates had a net-neutral or net-minimal cost to fitness
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in vivo, with possible compensatory changes conferred by substitutions within PBP2X or
from other alterations in the recombinant genome. Several large recombination regions in
resistant isolates also involved genes not previously associated with p-lactam resistance. For
example, TAR1P possessed genomic recombinations involving /uxA, dexB, and c/pB, which
are not directly involved in p-lactam resistance. These alterations, namely the changes that
occurred in the tolerant third-round recombinant strains, may be of interest for investigating
determinants of tolerance and resistance. However, the broad scale of change in many of the
genes poses a significant hurdle to identifying the contributions of individual mutations.

Relationship between recombination, innate competency, and adaptive p-lactam resistance
across streptococcal species

Here, we showed that S. pneumonia€e’s innate competence provides for greater genetic
diversification and adaption than does de novo mutation. This advantage has important
implications for not only pneumococcus but also non-pneumococcal Streptococcus spp. In
part, this flexibility afforded by genetic recombination via horizontal gene transfer may
explain the lack of pB-lactam resistance observed in non-competent Streptococcus spp., such
as S. pyogenes (Table $3).21 Despite the presence of orthologous genes that are required
for transformation, S. pyogenes generally does not undergo genetic transformation even
after induction of competency genes.2% As such, a reliance on de novo mutation without
accompanying plasticity to allow compensatory changes could explain the constraints in
PBP variability seen in S. pyogenes, for example.#® This could also potentially explain

the low rates of resistance seen in group B streptococcus, which is not thought to be
naturally competent.® In contrast, the genomic plasticity of S. pneumoniae allows greater
diversity, selection, and adaptation in low-fitness environments,*6:47 such as in the presence
of antimicrobial agents. Based on this and our current data, we propose that genetic
variability via recombination grants a considerable advantage not only in developing
antibiotic resistance but also in simultaneously adapting to the host’s response.

Limitations of the study

Commensal streptococcal species have long been known to recombine effectively with S.
pneumoniae to confer resistance. However, the cross-species specificity and efficiency of
this recombination, while prominently studied /n vitro, lacks in vivo data, especially during
acute infection, in part due to the technical challenges involved. Additionally, while we
have demonstrated the retention and attenuation of virulence /n vivo in the first recombinant
strain and later recombinants, respectively, the mechanism and precise genetic changes
responsible for these differences are yet to be identified. Our work characterized slight
changes in damage and inflammation in the lung based on histological scoring among the
first recombinant and third recombinant strains, for example, but further investigation of the
differences in genomic recombination would be needed to clarify the specific contributors
behind the observed differences in mortality seen in our mouse models.
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STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Jason Rosch (jason.rosch@stjude.org).

Materials availability—Streptococcal isolates and strains used in this study are readily
available upon request from the lead contact.

Data and code availability

. Whole genome sequence data have been deposited at the NCBI SRA database
and are publicly available as of the date of publication. Accession numbers are
listed in the key resources table. Microscopy data reported in this paper will be
shared by the lead contact upon request.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse models—Female wildtype BALB/c mice were purchased from The Jackson
Laboratory and housed in groups of five under a 12-h light and dark cycle with regular
husbandry handled by in-house staff of the St. Jude Animal Resource Center. All mice were
approximately seven weeks old at the outset of all experiments, and mice were randomly
assigned to experimental groups. All experiments, protocols, and procedures involving mice
were performed with approval of and in accordance with the NIH Guide for the Care and
Use of Laboratory Animals and guidelines of the St. Jude Institutional Animal Care and Use
Committee.

METHOD DETAILS

Strains and growth conditions— Streptococcus pneumoniae from frozen glycerol
stocks was inoculated onto tryptic soy agar (Millipore Sigma, Billerica, MA) plates
containing 20 pg/mL neomycin and 3% defibrinated sheep blood and then incubated
overnight at 37°C with 5% CO,. Because S. pneumoniae is naturally resistant to neomycin,
it was added to prevent contamination of other bacterial species. Liquid cultures in semi-
defined media C + Y or Todd-Hewitt Broth and 2% yeast extract were inoculated with the
bacteria grown on the blood agar plate.>0

MIC determination—Bacterial strains were inoculated into C + Y from overnight growth
on agar plates and incubated at 37°C with 5% CO,, until reaching mid-logarithmic phase

at ODgyq ~0.4. Then, the bacterial culture (100 pL) was plated on blood agar plates
supplemented with neomycin before E-test strips were added to the center of the plates.
Plates were incubated overnight at 37°C with 5% CO,. MIC was determined, in terms of
ug/mL, where the symmetrical inhibition ellipse edge intersected the E-test strips on the
plate. MIC determination was performed in triplicate for each strain.

Cell Rep. Author manuscript; available in PMC 2023 January 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Nishimoto et al.

Page 14

Generation and transformation of recombinant pneumococcal strains—T4
(from the Rosch laboratory) was grown in C + Y media to ODgpp ~0.07 to 0.1. 5 pg gDNA
from penicillin-resistant S. pneumoniae or S. viridans strains and competence stimulating
peptide 2 was added to T4 cultures to induce and enhance competence.®! Specifically,

T4 was transformed with gDNA from SV5 to generate T4R1P. T4R1P was transformed
with gDNA from SV3 and SV8 to generate T4R2P.1 and T4R2P.2, respectively. TAR2P.1
was transformed with gDNA from SV11, and T4R2P.2 was transformed with gDNA from
SV4 to generate strains T4AR3P.1 and T4R3P.2, respectively. Transformation with genomic
DNA of the Tn-seq library mutants served as the positive control, as a measure of relative
competence during each experiment. The Tn-seq library mutants represented a group that
had transposon insertions in nonessential genes in S. pneumoniae. The bacteria were
incubated at 37°C with 5% CO, for 3 h, and the transformants were selected on blood
agar plates supplemented with concentrations of penicillin sufficient to prevent growth of
the parent strain (0.02 pg/mL, 0.04 pg/mL, and 0.06 pg/mL for the first-, second-, and
third-round recombinants, respectively), 3% sheep blood, and 20 pg/mL neomycin after
overnight incubation at 37°C and 5% CO,. Transformation efficiency was calculated as the
ratio of the number of transformant colonies (CFUs/mL) selected on penicillin-containing
plates to the total number of bacteria on neomycin-containing plates.

Generation of barcoded isolates—Barcoded strains were generated through insertion
of a 6-nucleotide index sequence unique to that isolate into the neutral CEP locus.52 To
generate the barcoded strains without the addition of an antibiotic resistant cassette, a
modified PhunSweet cassette was inserted into the CEP site before addition of the barcode
(Figure S7).53 To reduce the potential for false positive colonies with kanamycin selection,
the Phunsweet cassette was modified by replacing the kanamycin resistance kan with an
erythromycin resistance erm, generating PhunSweetErm. The PhunSweet cassette (minus
kan) was amplified from TIGR4Acps:PhunSweet gDNA using primers PhunSweet_F and
PhunSweet-kan_R to generate fragment PhunSweet-kan (Table S2).5* The erythromycin
resistance cassette ermmwas amplified from TIGR4AspxB:Erm gDNA using primers Erm_F
and Erm_R to generate fragment Erm. PhunSweet-kan and Erm PCR products were spliced
together using PhunSweet_F and Erm_R primers (PCR3) using SOE PCR.%® To insert
PhunSweetErm into the CEP locus, 1 kb fragments upstream and downstream of the CEP
insertion site were amplified from TIGR4 gDNA using primers CEP_Up_F/CEP_Up_R and
CEP_Down_F/CEP_Down_R, respectively. Of note, in order to generate a tool for other
strain backgrounds, more of the transposase between treR (Sp_1885) and amiF (Sp_1887)
was excluded than in previous publications in order to increase the homology shared in
other strains (D39, BHN97).52:56 These amplicons were spliced with the PhunSweetErm
cassette with primers CEP_Up_F and CEP_Down_R to construct CEPQPhunSweetErm.
For generation of TIGR4 CEPQPhunSweetErm, TIGR4 was grownin10mL C +Y

until ODgp~0.08. 1 mL of culture was incubated with 3 pL of 1 mg/mL CSP2 and the
CEPQPhunSweetErm amplicon for three hours at 37°C, 5% CO,.5! Transformants were
selected on plates containing 1 pg/mL erythromycin. Correct insertion of the PhunSweetErm
was confirmed through lack of growth on counter-selection plates (15 mM chlorinated-
phenylalanine, 10% sucrose). Next, to generate the barcoded isolates, 1 kb fragments
upstream and downstream of the CEP insertion site were amplified from TIGR4 gDNA
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using primers CEP_Up_F/CEP_Index#_R and CEP_Index# F/CEP_Down_R, respectively,
with paired index numbers. These primers were designed such that the unique 6 nucleotide
index in each primer pair sat between the binding sequence and the overhang sequence such
that a double stranded index would be inserted at the CEP site upon SOE PCR, generating
CEPQIndex#. Barcoded isolates were obtained through transformation of TIGR4 as above
using the CEPQIndex# amplicon as donor DNA and selection on plates containing 15 mM
chlorinated-phenylalanine and 10% sucrose. Transformants were confirmed through lack of
growth on counter-selection plates (1 pg/mL erythromycin). Correct index sequence was
confirmed through Sanger sequencing of the CEP site. All PCR products were amplified
using exTaq polymerase (TAKARA) following the recommended guidelines. gDNA was
extracted using the aqueous/organic extraction protocol, as described previously.53

In vitro experimental evolution—T4 was used as parental strain in antibiotic-evolution
experiments. For strains TAEP1, T4EP2, T4EP3, and T4EP4, the T4 parent strain used to
generate each of these populations were from the van Opijnen laboratory. T4 was streaked
on blood agar plates and a different individual colony was selected each time to start

four, independent cultures of S. pneumoniae. Cultures were continuously passaged in liquid
media containing gradually increasing subinhibitory concentrations of penicillin. Briefly,
every day populations were inoculated in fresh media at an initial optical density at 600
(ODgqp) of 0.1 and incubated at 37°C in 5% CO». After approximately three doubling times,
planktonic cells were collected by centrifugation and used as inoculum for next passages.
Starting at 0.50xMIC, every five passages the penicillin concentration was increased up

to an additional 0.5xMIC and held steady for an additional five passaged before the next
increment (MIC based on wild-type T4). Four additional replicate populations were serially
passaged in media without antibiotic as controls to identify background mutations unrelated
to antibiotic stress. Whole-genome sequencing was performed for each population after 32
passages (approximately 115 generations). To ensure completely independent populations
and to eliminate the possibility of cross-contamination between cultures, four additional
strains of barcoded T4 (from the Rosch laboratory) possessing unique identifier sequences
inserted within the CEP locus were passaged in the same manner. All populations were
serially passaged with and without penicillin to identify background mutations.

In vivo virulence determination—All mouse experiments were performed with
approval of and in accordance with guidelines of the St. Jude Institutional Animal Care
and Use Committee. To examine the bacteria’s virulence, the WT T4 and the derivative,
transformant mutants were grown in C + Y to logarithmic phase ODgyq ~0.8 and frozen
as glycerol stocks at —80°C. Prior to infection, the glycerol stocks were thawed, washed,
resuspended in 1x PBS, and enumerated to confirm the correct CFUs infection dose.
Seven-week-old female BALB/c mice from Jackson Laboratory were anesthetized with
2.5% isoflurane and infected with the WT and the mutants via low-volume intranasal
instillation of 30 L containing 107 CFUs. After the infection, mice were monitored for
survival and disease progression, including lethargy, conjunctivitis, meningitis, pneumonia,
and bacteremia. At 24-h post-infection, blood samples were collected via tail-bleeding (5
UL of collected blood was diluted into 1x PBS containing heparin), and lungs and nasal
passage samples were collected via dissection. Mice surviving through the study period
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and moribund mice that were too sick to continue in the study were euthanized using 3
L/min CO,, followed by cervical dislocation. Bacterial burden was enumerated by serially
diluting into 1x PBS and plating onto blood agar, and bacterial titers were compared using
the nonparametric Mann-Whitney U test. Mouse survival curves were analyzed using the
Mantel-Cox log rank test.

Lung harvest and histology—From each infected mouse, the left lung was collected
for enumeration of bacterial burden, and the right lung was sent to the Veterinary Pathology
Core at St. Jude Children’s Research Hospital for evaluation of inflammation severity.
Briefly, right lobes were perfused and fixed with 10% formalin. Sections were stained with
hematoxylin-eosin for evaluation under light microscopy. A scoring system was developed
to quantify and compare the histopathology of lungs infected by the recombinants with that
of their respective WT parental strains. Criteria for the scoring system included vascular
injury, leukocytes in lungs, collapsed alveoli, and pulmonary edema. The scoring system
was graded on severity and extent of injuries, ranging from 0 = within normal limits,

1 = minimal (rare or inconspicuous lesions), 2 = mild (multifocal or small, focal, or

widely separated, but conspicuous lesions), 3 = moderate (multifocal, prominent lesions),

4 = marked (extensive to coalescing lesions or areas of inflammation with some loss of
structure), or 5 = severe (diffuse lesion with effacement of normal structure). Cytokines
were also collected and analyzed for inflammatory signals, including GM-CSF, IL-1p,
IL-6, IL-10, IL-12 (p40), and TNF-a, by using the Milliplex MAP Kit (EMD Millipore
Catalog# MCYTOMAG-70K, Burlington, MA). Briefly, serum or homogenized lung tissue
supernatant was diluted and assayed against a standard curve using magnetic beads coated
with cytokine-specific antibodies. Streptavidin-phycoerythrin was incubated with samples
for detection and median fluorescence intensity (MFI) was read via Luminex 200. The MFI
output was normalized based on dilution and standard curve and converted to cytokine
concentration in each sample.

In vivo nasal colonization determination—To enumerate bacterial burden in the
nasopharynx of the infected mice at 24 h post-challenge, the nasal passage composed of
nasal cavity, nasopharynx, paranasal sinus was isolated, mashed on a cell strainer, and
washed with 750 pL 1x PBS. The mixture was then serially diluted and spotted on blood
agar plates prior to incubation at 37°C supplemented with 5% CO, overnight.

In vivo passaging—Seven-week-old BALB/c mice were intranasally infected with

100 pL of 108 CFU of TIGRA4. Eight hours post-infection, infected mice were injected
intraperitoneally with 100 pL of penicillin, beginning at 10 mg/kg. Mice were euthanized
24 h post-infection and mouse lungs were excised for processing. Briefly, mouse lungs were
homogenized and resuspended in 1 mL of PBS and the resulting suspension was centrifuged
for 5 min at 300x g to separate lung tissue and pneumococci. The supernatant was serially
diluted and plated onto 3% blood agar plates containing 20 ug/mL neomycin for colony
counting. The remaining supernatant was spread across five additional blood agar plates
containing neomycin to allow for pneumococcal outgrowth. Agar plates were incubated at
37°C overnight and pneumococci was harvested from outgrowth plates into approximately
15 mL of C + Y media. The resulting culture was aliquoted into 1 mL frozen stocks to
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be used in the following passage, while the remainder was centrifuged at 6000xg for 5
min to pellet cells for genomic DNA processing. Penicillin doses were increased every 3
“generations” or passages up to a maximum concentration of 40 mg/kg.

BOCILLIN FL—penicillin-binding protein affinity assay—From overnight cultures on
blood agar plates, the bacterial strains were inoculated into C + Y and grown to ODgyq
~0.4. Then 1 mL of each bacterial culture was pelleted, washed with 100 uL 1x PBS,

and resuspended in 100 uL 1x PBS containing 0.5 ug BOCILLIN FL penicillin. After a
30-min incubation at 37°C, the bacteria were pelleted at 6,500 xg for 10 min and washed
with 100 pL 1x PBS to remove unbound BOCILLIN FL penicillin. Each bacterial pellet
was resuspended in 100 L 1x PBS, Triton X-100 (0.1%), and 1x complete miniprotease
inhibitor tablet before lysis at 37°C for 30 min and freezing overnight at —20°C. BCA assay
was performed to determine the concentration of proteins in each pellet. The pellets were
boiled for 3 min at 100°C and then 10 g protein per sample was resuspended with 1x LDS
sample buffer without reducing agent and loaded onto an SDS-PAGE gel (4%-12%). PBP
bands were visualized using ChemiDoc with Pro-Q Emerald 488 settings and quantified
using Image Lab software.

Adhesion and invasion assays—A modified version of the adhesion and invasion
protocol developed by Orihuela and colleagues was followed.5 Briefly, A549 pulmonary
epithelial cells were cultivated in 24-well tissue culture plates until having 90%-95%
confluent monolayers with approximately 4 x 10° cells/mL. After being activated at 37°C
with TNF-a (10 ng/mL) in F12K media supplemented with 10% fetal bovine serum and
20 pg/mL gentamicin, cells were washed twice with 1x PBS and then infected with 1 mL
of ~107 bacteria at mid-logarithmic phase ODgyq ~0.4, which yields the MOI of ~25:1.
Once bacteria and cells were incubated for 30 min at 37°C, the supernatant was serially
diluted and plated onto blood agar to determine the number of nonadherent bacteria. Cells
with adhered bacteria were washed twice with 1x PBS and detached with 100 uL 0.1%
Trypsin-EDTA in 1x PBS for 5 min at 37°C. Cells were resuspended in 900 pL 1x PBS.
To determine the number of adherent bacteria, the cell suspension was serially diluted and
plated onto blood agar. Ratios of adherent bacteria to total bacteria were calculated for each
strain. Total bacteria number was calculated by adding adherent bacteria and nonadherent
bacteria. Each bacterial strain was represented in three biological replicates in independent
experiments.

For the invasion assay, A549 cells were seeded, activated, and infected, as in the adhesion
assay, except for the following differences. After bacterial infection, cells were incubated
at 37°C with 5% CO, for 2 h and washed twice with 1x PBS. To eliminate extra-cellular
bacteria, cells were incubated with 1 mL infection media, which contained F12K media,
1:100 Pen/Strep solution, and 200 pL gentamicin), for 1 h at 37°C and 5% CO, before
washing 3 times with 1x PBS. Then 100 uL 0.1% Trypsin-EDTA in 1x PBS was added to
each well to detach the cells, and the suspension was incubated for 5 min at 37°C. Cells
were lysed by incubating with 200 L 0.025% ice-cold Triton X-100 in water for 8 min
at 37°C. Finally, to determine the number of intracellular bacteria, cells were resuspended
by pipetting, and 200 pL of the suspension was spread onto blood agar plates. Ratios of
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intracellular bacteria to total number of bacteria were compared with those of TIGR4. The
total number of bacteria was equal to the sum of intracellular bacteria and extra-cellular
bacteria, which were determined by plating the supernatant after a 3-h incubation post-
infection with bacteria. Each bacterial strain was assayed in three biological replicates
conducted in independent experiments.

Macrophage phagocytosis assay—J774A.1 murine macrophages were subcultured
in DMEM (Dulbecco’s Modified Eagle Medium) supplemented with fetal bovine serum
(10% vol/vol), 50 mg/mL streptomycin, and 50 units/mL penicillin. Once reaching 70%—
80% confluent monolayers in 24-well plates, the cells were washed 3 times with 1x PBS
and resuspended in DMEM containing 3% BSA without antibiotics. Cells were activated
with fresh murine serum prior to infection with 100 pL bacteria at ODgyq ~0.1, which
corresponds to an MOI of 50 bacteria to 1 macrophage). Cells were incubated with bacteria
at 37°C for 30 min or 1 h and then washed followed by incubation for 1 min with DMEM
containing 100 pg/mL gentamicin. The washing and incubation process was repeated three
times. Finally, the macrophages were lysed using 0.025% Triton X-100, serially diluted, and
plated onto blood agar plates to enumerate viable engulfed, intracellular bacteria.

Time-kill assay—The WT and derivative, transformant, mutant strains were grown in
ThyB medium to early-logarithmic phase ODgyo ~0.2. The bacteria were exposed to

10x MIC of either penicillin or cefepime. Bacterial CFUs were titrated and plated onto
neomycin-containing blood agar plates prior to antibiotic exposure and then titrated every
half-hour for 2 h post-exposure.

Genomic DNA extraction—Genomic DNA was extracted from the WT and the
derivative, transformant strains via the aqueous/organic extraction method using phenol
chloroform. Briefly, the bacteria were grown in C + Y to late logarithmic phase at ODgyg
~0.6 and then pelleted by centrifugation at 6000 x g for 10 min, followed by lysis in 1

mL 1x PBS containing 50 pL 10% deoxycholate, 50 pL 10% SDS, and 10 pL Proteinase

K (10 mg/mL). The suspension was incubated until clear (~5 min) at 37°C, mixed with

500 uL phenol:chloroform:isoamyl alcohol, transferred to phase-lock tubes, and centrifuged
at maximum speed for 5 min to separate the aqueous and organic phases. Then 500 pL
chloroform:isoamyl alcohol was added to and mixed with the aqueous phase and centrifuged
(13,000 xgfor 5 min). To precipitate the gDNA, the aqueous phase was transferred to an
Eppendorf tube containing 100% ethanol. Precipitated DNA was washed with chilled 70%
ethanol, pelleted, dried, and resuspended in nuclease-free water.

Whole-genome sequencing and analysis—Extracted gDNA samples from the
recombinants were sequenced in the Hartwell Center at St. Jude. Sequence libraries

were barcoded using the Nextera kit, and run on the lllumina HiSeq2000 platform

as previously described.8 The resulting paired-end reads were cleaned by Trim

Galore version 0.6.4 (https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/).
The polymorphism mode of breseq pipeline version 0.35.5%8 with bowtie2 version 2.3.5%°
was used to map the trimmed reads and identify genomic variants resulting from
recombination events in the S. pneumoniae TIGR4 reference genome (NC_003028.3).
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Variants that were at a frequency of 5% or more were included. All samples had an average
mapped read depth of at least 100x.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical tests were performed using Graphpad Prism 9 software. Results were
considered to have reached statistical significance with p values of 0.05 or less. Significance
is indicated on respective figures as p < 0.05, p < 0.01, p < 0.001, and p < 0.0001. Statistical
significance of titered bacterial counts in the blood, lungs and nasal passages of mice (n

= 5) was performed using Mann-Whitney U test. Determination of significance between
derivative strains and the parent pneumococcal strain was also performed using Mann-
Whitney U test in invasion, adhesion, macrophage phagocytosis and cytokine profiling
experiments. A log rank (Mantel-Cox) test was used in determining significance differences
in survival curves between infecting strains.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Horizontal gene transfer preserves virulence during B-lactam resistance
acquisition

De novo resistance mutations in PBPs come at a high fitness cost
Antibiotic tolerance can also be gained via interspecies recombination

Genetic recombination drives initial resistance gain with little fitness trade-
offs
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Figure 1. De novo mutations in response to penicillin result in attenuation of virulence
(A) Penicillin resistance was generated via de novo mutation in T4-derived pneumococcal

cells by continuous passaging of planktonic cells in liquid culture containing gradually

increasing subinhibitory concentrations of penicillin.

(B) Penicillin MICs of WT pneumococcal strain T4 and its derivative experimentally
evolved pneumococcal populations. Data are represented as mean MIC = SD (n = 3).

(C) Blood titers at 24 h post-infection with WT T4 or a derivative strain.

(D) Mouse survival followed 10 days after intranasal challenge with experimentally evolved
versus WT pneumococci. Seven-week-old BALB/c mice were intranasally infected with 10°
CFUs of T4 or an experimentally evolved derivative population (n = 10 mice/groups). p
values of 0.05 or less as determined by Mann-Whitney U test were considered significant.

Cell Rep. Author manuscript; available in PMC 2023 January 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Nishimoto et al.

Page 25

B * *
p<0.001, compared to T4 I
mEs
1.024 p<0.01, compared to T4
0.512— *
% —
g 0.256
® 0.128-
& 0.064 * i
= T
*
= 0.032+
4 ——— ———= 0.016
< = 0.008 -
15t recombinant selection 2" recombinant selection 31 recombinant selection ' ' T .
0.02 mL Penicillin 0.04 mL Penicillin 0.06 mL Penicillin IN IN
g/ ne/ ne/ LI . T T
PUIIR LR R L PN N
PUIRPUIIPU I «&é
Strain
24H post-infection blood titers in T4-derived strains D Survival after intranasal challenge
100 e
. *p<0.001, compared to T4 —~ 100 i T4
10 S —h
< i T4RIP
o, 10 o . s 1 T4R2P.1
5w b : g g - TAR3P.1
2 3 * @ 50 ;
S e . é . = L T4R2P2
es o - y - * 8 Lﬁ» T4R3P 2
10° . oo eee  wmmmme 5 H
o  ER——— i - T4trDAW7
102 T T T T T T T T c
T4 TAR1P  T4R2P.1 T4R3P.1 T4R2P.2 T4R3P.2 T4trDAW7 DAW7 0 é "‘ é ; 1'0 DAWL
Strain Days
*p<0.05, compared to T4 *¥*p<0.001, compared to T4

Figure 2. Fitness consequences of interspecies recombination conferring p-lactam resistance
(A) Penicillin resistance was developed via serial transformation of T4 cells with 5 ug

gDNA from either penicillin-resistant VGS strains or the pneumococcal strain DAW?Y.
Colonies were screened on penicillin-containing blood agar plates and used for subsequent
re-transformation with gDNA.

(B) Penicillin MICs of WT pneumococcal strain T4 and its derivative recombinant
pneumococcal populations. Data are represented as mean MIC + SD.

(C) Blood titers at 24 h post-infection.

(D) Mouse survival after intranasal challenge with recombinant versus WT. Seven-week-old
BALB/c mice were intranasally infected with 108 CFUs of T4 or recombinant strains and
followed for 10 days (n = 10 mice/group). p values of 0.05 or less as determined by
Mann-Whitney U test were considered significant.
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Figure 3. Recombinant pneumococcal isolates show large regional genomic changes
Maps of genomic changes present in the T4 parental strain (A) and the recombinant series

T4R1P, T4AR2P.1, and T4R3P.1 (B). The T4 and recombinant series T4R1P, T4R2P.2, and
T4AR3P.2 were compared with the reference strain TIGR4 (NCBI: NC_003028.3). Strains are
denoted by the colored rings. SNPs are illustrated by dark lines, with frequency denoted by
length of the line across the width of the ring (i.e., SNPs present in 100% of the sequenced
population are depicted as lines spanning the width of each respective ring). Position along
the pneumococcal genome is circumscribed on the outer edge of each figure.
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Figure 4. Interspecies recombination can promote antibiotic tolerance
Half-hour bacterial titers were taken after exposure to 10x MIC of penicillin for T4-derived

in vitro-evolved strains (A and B), T4-derived first-round recombinant strains (C), T4-
derived second-round recombinant strains (D), and T4-derived third-round recombinant

strains (E). Bacterial growth is represented as a percentage of the bacterial CFU/mL taken
at time = 0, prior to the addition of antibiotic. The prototypical multidrug-tolerant S.
pneumoniae strain known as Tupelo was included as a reference for tolerance phenotype.

Data are represented as mean CFU counts = SD (n = 3).
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Figure 5. VGS donor strains were predominantly penicillin tolerant
Bacterial titers were measured 30 min after exposure to 10x MIC of penicillin for the WT

T4 strain and VGS strains SV2 (A), SV3 (B), SV4 (C), SV5 (D), SV8 (E), and SV11 (F).
Bacterial growth is represented as a percentage of the bacterial CFU/mL taken at time =

0, prior to the addition of an antibiotic. The prototypical multidrug-tolerant S. pneumoniae
strain known as Tupelo was included as a reference for tolerance phenotype. Data are
represented as mean CFU counts + SD (n = 3).
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Figure 6. De novo PBP mutations occur infrequently and do not persist in vivo under penicillin
selective pressure

Data points represent the total CFU recovered from the lungs of infected mice for three
separate lineages of passaged pneumococcal strains. The corresponding penicillin dose given
to each mouse is labeled above the data points and incrementally increased with successive
generations. Whole-genome sequencing confirmed the presence of PBP mutations. Colored
points represent pneumococcal populations containing one or more mutations in PBP genes.
SNPs and SNP frequencies for the respective PBP genes are listed in the legend.
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KEY RESOURCES TABLE

Page 32

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

Streptococcus pneumoniag: serotype 4 Laboratory strain, gifted by N/A
strain: TIGR4 Dr. Elaine Tuomanen

Streptococcus pneumoniag. serotype 4 Laboratory strain, gifted by N/A
strain: TIGR4 Dr. Timothy van Opijnen
Streptococcus pneumoniag: serotype 23 strain: DAW7 Clinical isolate, this paper N/A
Group viridans streptococcus: SV2 Clinical isolate, this paper N/A
Group viridans streptococcus: SV3 Clinical isolate, this paper N/A
Group viridans streptococcus: SV4 Clinical isolate, this paper N/A
Group viridans streptococcus: SV5 Clinical isolate, this paper N/A
Group viridans streptococcus: SV8 Clinical isolate, this paper N/A
Group viridans streptococcus: SV11 Clinical isolate, this paper N/A
Streptococcus pneumoniae. serotype 4 strain: TAR1IP.1  This paper N/A
Streptococcus pneumoniae: serotype 4 strain: TAR2P.1 ~ This paper N/A
Streptococcus pneumoniae: serotype 4 strain: TAR2P.2  This paper N/A
Streptococcus pneumoniae. serotype 4 strain: TAR3P.1  This paper N/A
Streptococcus pneumoniae: serotype 4 strain: TAR3P.2  This paper N/A
Streptococcus pneumoniae: serotype 4 strain: T4EP1 This paper N/A
Streptococcus pneumoniae. serotype 4 strain: T4EP2 This paper N/A
Streptococcus pneumoniag: serotype 4 strain: T4EP3 This paper N/A
Streptococcus pneumoniag: serotype 4 strain: TAEP4 This paper N/A
Streptococcus pneumoniae. serotype 4 strain: T4EP5 This paper N/A
Streptococcus pneumoniag: serotype 4 strain: T4EP6 This paper N/A
Streptococcus pneumoniag: serotype 4 strain: T4EP7 This paper N/A
Streptococcus pneumoniae. serotype 4 strain: TAEP8 This paper N/A
Streptococcus pneumoniag: serotype 4 strain: N132P This paper N/A
Streptococcus pneumoniag: serotype 4 strain: N232P This paper N/A
Streptococcus pneumoniae. serotype 4 strain: N332P This paper N/A
Streptococcus pneumoniag: serotype 4 strain: N432P This paper N/A
Streptococcus pneumoniag: serotype 4 strain: This paper N/A
T4trDAW7

Chemicals, peptides, and recombinant proteins

BOCILLIN™ FL Penicillin, Sodium Salt Invitrogen Cat# B13233
Pfizerpen® penicillin G potassium Pfizer, requested from St. CAS: 113-98-4

Neomycin
Defibrinated Sheep’s Blood
Triton X-100

Complete, EDTA-free protease inhibitor cocktail

tablets
NuPAGE™ LDS Sample Buffer (4X)

Jude Pharmacy
Sigma
Lampire
Sigma

Roche

ThermoFisher Scientific

Cat# N6386; CAS: 1405-10-3
Cat# 103-100-3

Cat# X100; CAS: 9036-19-5
Cat# 11-836-170

Cat# NPO007
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REAGENT or RESOURCE SOURCE IDENTIFIER
TNF-a ThermoFisher Scientific Cat# 554618
F12K ThermoFisher Scientific Cat# 21127022
Fetal Bovine Serum Atlanta Biologicals Cat# S11150
Gentamicin sulfate Sigma Cat# G1914
Trypsin-EDTA ThermoFisher Scientific Cat# 15400054
Penicillin-Streptomycin (10,000 U/mL) ThermoFisher Scientific Cat# 15140122

DMEM ATCC Cat# 30-2002

BSA Sigma Cat# A9418

Proteinase K Sigma Cat# P4850
Phenol:Chloroform:isoamy! alcohol Sigma Cat# 77617
Chloroform:isoamy! alcohol Sigma Cat# C0549

Penicillin E-test strips Liofilchem Cat# 921030
p-chloro-phenylalanine Cayman Cat# 26168

ExTaq HS Polymerase Takara Cat# RR006B
erythromycin Sigma Cat# E5389

Critical commercial assays

Milliplex® MAP Kit EMD Millipore Cat# MCYTOMAG-70K
Nextera XT DNA Library Prep Kit Illumina Cat# FC-131-1096
Deposited data

Pneumococcal genome sequence data This paper SRA: PRINA737504, BioSample: SAMN29540204
Experimental models: Cell lines

Human: A549 lung epithelial cells ATCC CCL-185

Mouse: J774A.1 macrophages ATCC TIB-67

Experimental models: Organisms/strains

Mouse: BALB/c

The Jackson Laboratory

RRID: IMSR_JAX:000651

Oligonucleotides

Primers for barcoded pneumococcal strains, see Table
S2

This paper

N/A

Software and algorithms

Trim Galore version 0.6.4

breseq version 0.35.5

bowtie2 version 2.3.5

Babraham Bioinformatics

Deatherage et al.*8

Langmead et al.*°

https://www.bioinformatics.babraham.ac.uk/
projects/trim_galore/

https://github.com/barricklab/breseq/releases

https://github.com/BenLangmead/bowtie2/releases
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