
Pathogenic Nocardia cyriacigeorgica and Nocardia nova Evolve
To Resist Trimethoprim-Sulfamethoxazole by both Expected
and Unexpected Pathways

H. Mehta,a J. Weng,a A. Prater,a R. A. L. Elworth,b X. Han,c Y. Shamooa

aDepartment of BioSciences, Rice University, Houston, Texas, USA
bDepartment of Computer Science, Rice University, Houston, Texas, USA
cClinical Microbiology Laboratory, The University of Texas MD Anderson Cancer Center, Houston, Texas, USA

ABSTRACT Nocardia spp. are Gram-positive opportunistic pathogens that affect
largely immunocompromised patients, leading to serious pulmonary or systemic infec-
tions. Combination therapy using the folate biosynthesis pathway inhibitors trim-
ethoprim (TMP) and sulfamethoxazole (SMX) is commonly used as an antimicrobial
therapy. Not surprisingly, as antibiotic therapies for nocardiosis can extend for many
months, resistance to TMP-SMX has emerged. Using experimental evolution, we sur-
veyed the genetic basis of adaptation to TMP-SMX across 8 strains of Nocardia nova
and 2 strains of Nocardia cyriacigeorgica. By employing both continuous experimen-
tal evolution to provide longitudinal information on the order of changes and char-
acterization of resistant endpoint isolates, we observe changes that are consistent
with modifications of two enzymes of the folate biosynthesis pathway: dihydrofolate
reductase (DHFR) and dihydropteroate synthase (DHPS) (FolP), with the mutations
often being clustered near the active site of the enzymes. While changes to DHFR
and DHPS might be expected, we also noted that mutations in a previously unde-
scribed homolog of DHPS (DHPS2 or FolP2) that was annotated as being “nonfunc-
tional” were also sufficient to generate TMP-SMX resistance, which serves as a cau-
tionary tale for the use of automated annotation by investigators and for the future
discovery of drugs against this genus. Additionally, folP2 overlapped glucosyl-3-
phosphoglycerate synthase. Remarkably, an adaptive frameshift mutation within the
overlapping region resulted in a new in-frame fusion to the downstream gene to
produce a potentially new bifunctional enzyme. How a single potentially bifunctional
DHPS2 enzyme might confer resistance is unclear. However, it highlights the unex-
pected ways in which adaptive evolution finds novel solutions for selection.

KEYWORDS Nocardia, experimental evolution, genome-wide analysis, trimethoprim-
sulfamethoxazole resistance

Nocardia species are Gram-positive, aerobic actinomycetes found ubiquitously in
soil and water (1–3). Although they are usually considered opportunistic patho-

gens, affecting immunocompromised individuals, about one-third of nocardiosis pa-
tients are immunocompetent (4, 5). Laboratory identification of nocardiae is challeng-
ing and time-consuming because of their inconsistency in routine microbiological
assays as well as their low growth rates, sometimes requiring up to several weeks on
routine culture media (1, 6, 7). For these reasons, it has been suggested that diagnoses
and the broader role of nocardiosis in human disease have been underestimated (8, 9).
The incidence rate of Nocardia species isolation has increased in recent decades, but
this increase has sometimes been attributed to advances in molecular techniques to
identify and characterize nocardiae (10). Regardless of whether strains of Nocardia are
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emerging or have been historically underestimated, nocardial infections are being
recognized as an emerging public health problem (11, 12).

Treatment of nocardial infections usually involves long-term antimicrobial therapy
that can last up to a year, particularly for immunocompromised patients or patients
with disseminated infection (1, 13). Combination therapy using the folate biosynthesis
pathway inhibitors trimethoprim (TMP) and sulfamethoxazole (SMX) is most commonly
used. TMP-SMX is also given as prophylaxis to immunocompromised patients, espe-
cially HIV patients, to protect against Pneumocystis jirovecii and nocardial infections (1,
14, 15). This long-term exposure to antibiotics raises the concern of bacteria becoming
resistant to these drugs. In a 10-year retrospective evaluation conducted on 765
Nocardia isolates submitted to the Centers for Disease Control and Prevention (CDC)
from 1995 to 2004, 42% were found to be resistant to TMP-SMX (16).

Resistance to TMP and SMX, alone or in combination, has been studied in other
bacterial species, and mutations in two genes involved in the folate biosynthesis
pathway, dihydrofolate reductase (DHFR) (FolA) and dihydropteroate synthase (DHPS)
(FolP), have been associated with resistance (17–23). Additionally, resistant variants of
these two genes have been identified on mobile elements or plasmids that can be
transmitted from species to species (24–29). In a recent study to identify resistance
determinants in Nocardia, targeted amplification of genes known to be involved in
resistance was performed on 76 TMP-SMX-resistant clinical isolates (30). DHFR and
DHPS variants carrying mutations that make them nonsusceptible to TMP-SMX were
identified. While most of these genes were associated with integrons, the authors of
that study suggested that an additional mechanism was needed to explain the strong
TMP resistance seen in several isolates (30).

We have used a combination of experimental evolution and deep sequencing to
survey the evolutionary trajectories conferring TMP-SMX resistance as broadly and
comprehensively as possible. By starting with 10 diverse strains of Nocardia and two
distinct experimental-evolution approaches, we identified both expected and unex-
pected pathways to resistance. Figure 1 depicts the folate biosynthesis pathway and
mutations identified in this pathway leading to TMP-SMX resistance in Nocardia.
Among the unexpected findings were a gene previously characterized as nonfunctional
(folP2) that is capable of conferring resistance, new genes that interact with better-
known alleles to increase resistance, and an unexpected gene fusion event that
highlights the multitude of ways in which adaptive evolution can find new solutions to
challenges during natural selection.

RESULTS AND DISCUSSION
Evolution of TMP-SMX resistance identifies changes within the folate synthesis

pathway. To survey the adaptive strategies leading to TMP-SMX resistance, two distinct
experimental-evolution methods providing different selection environments for adap-
tation were used to evolve 10 pathogenic strains of Nocardia. Table S1 in the supple-
mental material provides details of the strains used, and Fig. S1 shows their phyloge-
netic relationship. Nine strains were evolved to TMP-SMX resistance by using a serial
flask transfer approach to survey how the very different starting genomes (Fig. S1)
might alter the accessible evolutionary trajectories leading to resistance. These popu-
lations also provide information on the reproducibility and potential stochasticity of the
identified genetic changes. As a complementary strategy, one strain, Nocardia cyriaci-
georgica MDA3349, was evolved as a continuous culture in a bioreactor to quantita-
tively assess the order and frequency of adaptive alleles as they arise within an evolving
polymorphic population to reconstruct parsimonious evolutionary trajectories leading
to resistance (31, 32).

MICs were determined for all the endpoint isolates obtained from all the adapted
populations. Mutations in genes associated with the folate biosynthesis pathway were
observed in resistant isolates. As shown in Table 1, particular mutations within a specific
gene as well as the epistatic relationships among genes are critical to the level of
resistance conferred. While all the flask transfer endpoint isolates were found to be
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resistant to TMP-SMX, isolates obtained from the bioreactor varied widely from com-
pletely susceptible to completely resistant.

Specific alleles associated with TMP-SMX resistance. (i) Dihydrofolate reduc-
tase (DHFR/FolA). Dihydrofolate reductase catalyzes the reduction of dihydrofolate
(DHF) to tetrahydrofolate in the folate biosynthesis pathway and is inhibited by TMP
(Fig. 1). TMP has a high affinity for DHFR and binds proximally to the substrate binding
site (Fig. 2) (33). Resistance to TMP has often been attributed to mutations in the DHFR
substrate binding pocket and such mutations were identified in TMP-SMX-adapted
Nocardia strains in this work (17, 24, 33, 34).

Adaptive mutations in DHFR were near the substrate binding pocket and the site of
TMP binding (Fig. 2). Studies of other organisms have shown that mutations in DHFR
can confer TMP-SMX resistance by decreasing the affinity of TMP for the enzyme while
maintaining sufficient enzyme activity (18, 23, 35, 36). Our data suggest a similar
biochemical mechanism, as in most cases, homologous positions near the substrate/
inhibitor binding pockets are altered. Figure S2 in the supplemental material shows an
alignment of DHFR protein sequences from Escherichia coli, Mycobacterium tuberculosis,
and the 10 Nocardia strains used in this work. M. tuberculosis DHFR is the closest
homolog (51% identity) for which there is a crystal structure available (PDB accession
number 1DG5). Phe36 in N. cyriacigeorgica strains MDA3349 and MDA3732 corresponds
to residue 31 in M. tuberculosis (37). In M. tuberculosis DHFR, Phe31 is within the drug
binding pocket (Fig. 2) and makes van der Waals contacts with the pyrimidine of TMP.
In E. coli, Phe31 is also involved directly in the interaction with the native substrate (Fig.
2) (38). Based on these structures, we hypothesize that the Phe36Leu mutation in
Nocardia DHFR might alter the affinity for the inhibitor but still permit sufficient binding
to dihydrofolate.

Ile94 in M. tuberculosis (aligning with Ile99 in MDA0897 and ATCC 33727) also makes
van der Waals contacts with the pyrimidine of TMP, while its main-chain carbonyl group

FIG 1 Folate biosynthesis pathway and mutations identified in TMP-SMX-adapted Nocardia strains. The
first step in the pathway involves the conversion of GTP by GTP cyclohydrolase I (FolE) to 7,8-
dihydroneopterin triphosphate, which is converted to 6-hydroxymethyl-7,8-dihydropterin pyrophos-
phate (DHPPP) by a series of reactions. Dihydropteroate synthase (DHPS or FolP), which is targeted by
SMX, catalyzes the reaction of para-aminobenzoic acid with DHPPP to produce dihydropteroate. Dihy-
dropteroate is converted to dihydrofolate (DHF), which is then reduced to tetrahydrofolate (THF) by
dihydrofolate reductase (DHFR or FolA). TMP competes with DHF for DHFR binding. THF becomes
methylenated and is used for 1-carbon metabolism. Thymidylate synthase (ThyA) can regenerate DHF
from N5,N10-methylene tetrahydrofolate during deoxy-dTMP synthesis. Enzymes in this pathway encoded
by genes mutated during TMP-SMX adaptation are identified by a red star. Surprisingly, mutations within
a FolP homolog (FolP2), previously characterized and annotated as being “nonfunctional,” are sufficient
to confer TMP-SMX resistance.
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is involved in a potential hydrogen bond with TMP (Fig. 2) (37). Presumably, a change
at position 94 may alter the local structure of the main chain such that the predicted
H-bond cannot occur or the mutation induces changes within the local structure or
dynamics of the structural pocket to disfavor the binding of the inhibitor. Likewise,
mutations Ile99Leu and Ile99Thr in Nocardia could interfere with this interaction,
weakening the binding of TMP to DHFR, making the enzyme TMP resistant.

Ile30 in MDA0666 (Ile30Thr) and Met30 in MDA0897 (Met30Arg) aligned with Leu28
in E. coli and comprises part of the binding pocket for DHF (Fig. 2). A Leu28Arg
mutation in E. coli identified in a laboratory-adapted TMP-resistant strain was found to
reduce TMP susceptibility (17, 39).

Ile155 in MDA3139 and ATCC 10905 corresponded to Leu153 in M. tuberculosis
DHFR. Although this residue is not involved directly in substrate or inhibitor binding, a
change from a nonpolar Leu or Ile residue to a polar Thr residue could also alter the
protein structure to disfavor inhibitor binding or improve substrate binding while
retaining sufficient enzyme activity. Taken together, the observed DHFR mutations in
Nocardia along with what has been learned from other organisms provide a logical
biochemical basis for resistance to TMP.

(ii) Dihydropteroate synthase (DHPS/FolP). Dihydropteroate synthase catalyzes
the condensation of 6-hydroxymethyl-7,8-dihydropterin pyrophosphate (DHPPP) with
para-aminobenzoic acid (PABA) to form 7,8-dihydropteroate, which is subsequently
converted to dihydrofolate in the bacterial folate biosynthesis pathway (Fig. 1) (24, 40,
41). SMX is a sulfonamide that has been shown to compete with PABA for binding to
DHPS (41–43). In this study, mutations in DHPS affecting substrate and inhibitor binding
were identified in TMP-SMX-resistant isolates.

Phe at position 13 in DHPS in Nocardia isolates MDA3349, MDA0666, BAA2227,
MDA3139, and MDA3397 corresponded to Phe26 in isolates MDA0897, MDA5529, ATCC
10905, and ATCC 33727 (see Fig. S3 in the supplemental material). This highly con-
served residue aligns with Phe31 in Neisseria meningitidis, Phe19 in M. tuberculosis, and
Phe28 in E. coli and Yersinia pestis (41, 44–47). Nine of the 10 adapted strains developed
a mutation at this position in DHPS (Table 1). In E. coli, a Phe28Leu mutation increases
the MIC of sulfonamide 60-fold (48). Phe28 in Y. pestis is involved in interactions with
the substrate PABA as well as the inhibitor SMX (Fig. 3), suggesting that substitutions

FIG 2 Positions of adaptive DHFR mutations relative to the substrate and inhibitor binding pockets.
Superimposition of DHF-bound DHFR (yellow sticks) from E. coli (PDB accession number 1RF7) and
TMP-bound DHFR from M. tuberculosis (M. tb) (PDB accession number 1DG5) (orange sticks) shows that
the inhibitor (TMP) binding site overlaps the substrate (DHF) binding pocket. DHFR adaptive mutations
seen in Nocardia isolates and homologous residues in E. coli and M. tuberculosis DHFR proteins are shown
in the inset table. Ile94, Phe31, and Leu/Gln28 in E. coli and M. tuberculosis proteins (corresponding to
Ile99, Phe36, and Ile/Met30 in Nocardia, respectively) are involved directly in interactions with the
substrate and/or inhibitor. The residues observed in the mutant Nocardia DHFR are indicated in red.
Ile155 is located away from the substrate and inhibitor binding site of DHFR and is not shown. The image
was generated by using PyMOL (PyMOL molecular graphics system, version 2.0.1; Schrödinger, LLC).
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at this position can alter sulfonamide susceptibility while also potentially impacting
enzyme function.

Y. pestis DHPS residues corresponding to Val101 and Asp172 of Nocardia are in the
pterin binding pocket of the enzyme interacting with the substrate DHPPP (Fig. 3) (41).
Mutations such as the observed Asp172Glu and Val101Ala mutations that are involved
in substrate binding might imply subtle changes in protein structure that prevent or
reduce inhibitor binding while allowing the protein to function, perhaps with a reduced
enzymatic efficiency. Ser27 in ATCC 33727 is known to be a conserved residue in DHPS,
while Glu164 of DHPS from ATCC 10905 is not (42). Neither Ser27 nor Glu164 was
proximal to the binding pocket, and thus, their role in substrate or inhibitor binding will
need further biochemical and structural analyses.

Mutations identified in a DHPS homolog suggest a second path to TMP-SMX
resistance. All Nocardia strains used in this study have a DHPS homolog that is
identified by automated annotation as “nonfunctional dihydropteroate synthase 2.” A
surprising finding was the occurrence of mutations in the homolog of FolP, which was
characterized as “nonfunctional” in Mycobacterium (49, 50). In this study, however, we
identified multiple mutations in this gene in a variety of strains, including fully resistant
isolates, with no accompanying mutations within genes well established in folate
biosynthesis, such as folA or folP (Table 1). Other actinomycetes, such as Mycobacterium,
Corynebacterium, and Rhodococcus, also have a second copy of a DHPS homolog.

Previous studies sought to identify the role of this additional copy of DHPS in
Mycobacterium. A study of Mycobacterium leprae showed that while folP1 (DHPS gene)
was active in this organism and could complement an E. coli folP knockout strain, the
homolog folP2 could not (49). Studies performed on FolP1 and its homolog Rv1207 in
M. tuberculosis showed that the purified FolP1 protein had the expected levels of DHPS
enzyme activity but that Rv1207 did not, suggesting that the protein is inactive or at
least unable to use DHPPP as a substrate (50). Superimposition of the Rv1207 and FolP1

FIG 3 Positions of DHPS adaptive mutations relative to the substrate and inhibitor binding sites.
Superimposition of Y. pestis DHPS structures bound to the substrate PABA (PDB accession number 3TYZ)
and the inhibitor SMX (PDB accession number 3TZF) shows that Phe28 in Y. pestis (corresponding to
Phe13/Phe26 in Nocardia [see the inset table]) is involved in the binding of both the substrate and
inhibitor. The star in the table indicates that Phe13 and Phe26 align at the same position in the sequence
alignment of different Nocardia DHPS sequences (see Fig. S3 in the supplemental material). Asp172 and
Val101 in Nocardia correspond to Asp185 and Ile117 in Y. pestis DHPS, which interacts with the pterin
substrate DHPPP (PDB accession number 3TZF) (41). Mutations in these residues were also seen in
TMP-SMX-resistant Nocardia isolates (mutant residues shown in red text). The image was generated by
using PyMOL (PyMOL molecular graphics system, version 2.0.1; Schrödinger, LLC).
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structures showed that Leu180 of the canonical DHPS was positioned within the
substrate binding pocket of FolP1 but was replaced by His220 in Rv1207. The substi-
tution of Leu to His in Rv1207 suggested a potential steric clash within the reorganized
substrate binding pocket, leading the authors of that study to suggest that the
substrate could no longer bind within the homolog active site (see Fig. S4 in the
supplemental material) (50). Furthermore, that study showed that the DHPS homolog
of Mycobacterium bovis was not expressed during exponential growth, nutrient starva-
tion, or anaerobiosis, while FolP1 was, and those authors concluded that the homolog
was not a bona fide DHPS (50). Although it was demonstrated that this homolog did
not encode a functional DHPS and was not expressed in M. tuberculosis and M. bovis
(50), in Mycobacterium smegmatis, the deletion of folP2 caused an 8-fold decrease in the
SMX MIC compared to that for the wild-type strain, suggesting a role for this gene in
the action of SMX in some M. smegmatis strains (51). Nocardia strains adapted to
TMP-SMX in this work showed numerous adaptive mutations in folP2 (Table 1), strongly
suggesting that both Nocardia folP and folP2 could be targets for adaptive mutations
leading to decreased sensitivity to SMX.

The DHPS2 point mutations in TMP-SMX-adapted Nocardia strains included Arg262
and Arg82 (MDA3349), Thr116 (ATCC 10905), and Ile112 and Lys212 (BAA2227) (Table
1 and Fig. 4). Sequence alignment showed that Arg262 in MDA3349 DHPS2 corre-
sponded to Arg253 in M. tuberculosis DHPS and Arg287 in Rv1207 and was absolutely
conserved among DHPS sequences (46). The guanidinium group of Arg253 in M.
tuberculosis forms interactions with one face of the pterin ring of the substrate, and this

FIG 4 Alignment of MDA3349 DHPS (FolP) and DHPS2 (FolP2). Blue and orange residues correspond to absolutely
conserved and highly conserved residues, respectively (46). The two proteins share 36% sequence identity.
Residues highlighted in yellow were found to be mutated in laboratory-adapted Nocardia strains (for mutations in
strains other than MDA3349, the mutated residues of the other strains are shown using the numbering of MD3349).
“*” represents conserved residues. “:” represents amino acids with strongly similar properties. “.” represents amino
acids with weakly similar properties.
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residue is predicted to be involved in catalysis (46). Arg82 in MDA3349 FolP2 corre-
sponded to Arg82 and Arg77 in Bacillus anthracis and Y. pestis DHPSs, respectively. This
residue is involved in forming stabilizing interactions with Asp31, which is a part of the
active site (41). Thr116 in ATCC 10905 FolP2 and Lys212 in BAA2227 FolP2 corre-
sponded to highly conserved residues of FolP (Fig. 4). The role of the nonconserved
residue corresponding to Ile112 in BAA2227 FolP2 was not known. A deletion of 12
nucleotides in a bioreactor-adapted isolate of MDA3349 led to the removal of 4 amino
acids, amino acids 51 to 54, from FolP2 (highlighted in Fig. 4). These residues are not
conserved among DHPS proteins and are not known to be involved in substrate or
inhibitor binding. Contrary to what was observed for M. tuberculosis Rv1207 (50),
mutations in FolP2 residues of TMP-SMX-adapted Nocardia strains that correspond to
conserved as well as functionally important FolP residues suggest that this protein may
be functional.

Alternatively, it may be possible that FolP2 effectively reduces the concentration of
SMX in the cytoplasm by binding the inhibitor with a higher affinity than DHPS, thereby
allowing folate biosynthesis, or that the adaptive mutations that we observed allow
FolP2 to have the enzymatic activity of a DHPS or perhaps modify SMX. Notably, in
some endpoint isolates of MDA3349 (isolates 2-3, 1-48, 1-14, and 2-42) and BAA2227
(isolates 1-1 and 1-3) shown in Table 1, the only mutations in the folate biosynthesis
pathway are seen in FolP2, and based on their MICs, they have reached clinical levels
of resistance. This provides further evidence for the importance of FolP2 in TMP-SMX
resistance. Careful biochemical studies will be required to resolve the relationship of
FolP and FolP2. What is clear is that mutations in a gene previously annotated as being
nonfunctional can provide resistance to TMP-SMX.

A frameshift mutation that results in a combined single open reading frame for
folP2 and the glucosyl-3-phosphoglycerate synthase gene (gpgS) appears impor-
tant for TMP-SMX resistance. An interesting finding was the common occurrence of
frameshift mutations in folP2 during adaptation. folP2 overlapped the open reading
frame of the downstream glucosyl-3-phosphoglycerate synthase gene (gpgS) by 4
nucleotides (Fig. 5). An insertion of a single cytosine near the 3= end of folP2 caused a
frameshift, bringing gpgS in frame with it and creating one long open reading frame
potentially encoding a single fusion protein (Fig. 5). Since the mutations were located
in runs of homopolynucleotides and detected by short-read whole-genome sequenc-
ing, we confirmed the mutations by Sanger sequencing. This mutation was observed in
numerous endpoint isolates with high levels of resistance across different Nocardia
strains (Table 1). The consequences of the gene fusion and its expression are currently
being investigated.

Mutations in other genes may provide alternate pathways to TMP-SMX resis-
tance. (i) GTP cyclohydrolase I (FolE). FolE catalyzes the first committed step in the
folate biosynthesis pathway, converting GTP to dihydroneopterin triphosphate (52, 53).

FIG 5 A frameshift mutation in folP2 leads to a gene fusion. The adjacent and overlapping genes folP2
and gpgS are brought in frame by the insertion of a single cytosine (C6¡7) near the 3= end of folP2 in
TMP-SMX-adapted Nocardia strains.
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In some actinomycetes, such as Nocardia and Mycobacterium, folE is arranged in
tandem with the cell division protein-encoding gene ftsH (Fig. 6). Downstream of folE
is the gene encoding DHPS. In this work, several mutations in the putative promoter
regions of ftsH and folE as well as within the folE gene were identified (Fig. 6 and Table
1). A synonymous mutation in ftsH was independently seen in two distinct TMP-SMX-
adapted strains (Asp770Asp) (Table 1), MDA3349 and MDA3732. Although the mutation
was located within ftsH, we speculate that its effect could be exerted on the down-
stream gene folE, since the mutation, 150 nucleotides upstream of the start codon of
folE, may be within its promoter region. Increased copy numbers and the overexpres-
sion of folE, by itself or in combination with point mutations in folA or folP, have been
reported to provide resistance to antifolates in Plasmodium falciparum and Streptococ-
cus agalactiae by increasing the flux through the folate biosynthetic pathway (53, 54).
A copy number variation was not identified for this region in the present study, but
mutations in the promoter region as well as within the folE gene could indicate changes
in the expression levels of genes in the operon or altered enzymatic activity that could
potentially alter flux through the folate biosynthesis pathway, reducing the suscepti-
bility of the organism to inhibitors of the pathway.

(ii) Thymidylate synthase (ThyA). In one endpoint isolate, 1-5, from MDA0897, a
point mutation was observed 16 bp upstream of thyA, which is in an operon with folA
(Table 1). This was accompanied by a Met30Arg mutation in FolA (FolAMet30Arg). As
shown in Fig. 1, ThyA catalyzes the conversion of dUMP to dTMP using N5,N10-
methylene tetrahydrofolate as the methyl group donor that is converted to dihydro-
folate (55, 56). A mutation in the thyA promoter could modulate the expression of ThyA,
altering flux through the folate biosynthetic pathway that may result from changes in
FolA activity as a consequence of FolAMet30Arg.

(iii) Glucosyl-3-phosphoglycerate synthase (GpgS). GpgS is involved in the
transfer of glucose to 3-phosphoglycerate in M. tuberculosis, forming glucosyl-3-
phosphoglycerate, an intermediate in the synthesis of the cytoplasmic methylated
polysaccharide methylglucose lipopolysaccharide (MGLP), although its physiological
role remains unclear (57, 58). Interestingly, resistant isolates of MDA3397 and MDA5529
had point mutations in gpgS resulting in amino acid substitutions Arg243Cys and
Gly210Glu that correspond to Arg256 and Gly228, respectively, in M. tuberculosis GpgS.
Both of these residues were absolutely conserved among GpgS proteins, and an M.
tuberculosis Arg256Ala mutant protein created by site-directed mutagenesis had dras-
tically reduced Km values for both of its substrates (57, 58). GpgS does not seem to have
a direct role in folate biosynthesis, but its proximity to folP2 on the chromosome (Fig.
5) makes it a putative player in TMP-SMX resistance.

Another frameshift involving gpgS and folP2 was the deletion of a cytosine (C6¡5 in
Table 1) seen in MDA5529 (isolates 1-4 and 1-5) and MDA3349 (isolate 2-3), which also
caused an extension of the folP2 reading frame but not in frame with gpgS. A third
frameshift mutation involving a single nucleotide insertion at position 227 in the folP2
gene in ATCC 33727 isolates 1-2 and 1-4 introduced a premature stop codon in the
gene, effectively removing the C-terminal 187 amino acids. In addition to potential
coding changes, it is also possible that mutations in this region may alter an as-yet-
unknown regulatory element.

In addition to the identification of genes known to confer TMP-SMX resistance, such
as folA and folP, this comprehensive survey has allowed the identification of mutations

FIG 6 Arrangement of ftsH and folE in Nocardia. GTP cyclohydrolase I, dihydropteroate synthase (DHPS), dihydroneopterin aldolase (DHNA), and hydroxym-
ethyldihydropterin pyrophosphokinase (HPPK) are all involved in the folate biosynthesis pathway. Mutations identified in this region in the TMP-SMX-adapted
Nocardia strains (listed in Table 1) are depicted with red starts (mutations within the DHPS gene, which have been discussed in Fig. 3, are shown here to
demonstrate the extent of adaptive mutations in this region, making it a mutational hot spot).
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in other members of the folate biosynthesis pathway as well as in a second copy of folP.
As shown in Table 1, the particular mutations and their potential to have strong
synergistic interactions are apparent. In MDA5529 2-5, DHPSF26S and GpgSG210E pro-
duce very high MICs, while in ATCC 33727 2-4, DHFRI99T, DHPSS27P, and an intergenic
mutation upstream of GTP cyclohydrolase produce comparably high MICs. Not to be
forgotten is that all the strains have unique mutations outside the folate pathway that
could also be relevant to fitness (see Data Sets S1 and S2 in the supplemental material).
Since the changes to genes outside the folate pathway were not consistent across
multiple strains, it is difficult to assign a clear role. For example, some changes could be
related more to adaptation to the resource conditions, such as a several changes
observed in siderophores as well as in various transcriptional regulators that control
functions such as cell division and metabolism (Table 1). Undoubtedly the genomic
context matters as well (for instance, mutations affecting DHPS Phe13/26 were seen
only in N. nova strains, while mutations affecting DHFR Phe36 and FtsH Asp770Asp
were seen only in N. cyriacigeorgica strains), although the importance of the centrally
essential genes identified in Table 1 extends across all the strains.

Experimental evolution of MDA3349 within a bioreactor reveals weaker selec-
tion and a potential role for biofilms and community structure in TMP-SMX
resistance. N. cyriacigeorgica MDA3349 was adapted to TMP-SMX in a bioreactor,
which has been successfully used in studies of many other organisms adapting to a
variety of drugs (31, 32, 59, 60). The continuous culture maintained in the vessel favors
the formation of biofilms. All the Nocardia strains used in this work had a propensity to
grow as aggregates in rich medium. In addition to the clumpy-growth phenotype, we
observed that MDA3349 formed very thick biofilms on the glass and metal surfaces of
the bioreactor, showing evidence of local spatial ecologies within the vessel, consistent
with a polymorphic population (see Fig. S5 in the supplemental material).

An interesting observation was the morphological diversity of the bioreactor-
adapted cells, which was in stark contrast to the fairly uniform morphologies of the flask
transfer-adapted endpoint isolates (Fig. 7). While it is not unusual for bioreactor systems
to show polymorphism, the extent of polymorphism was dramatic and is consistent
with weaker selection than would be expected (61). The extent of polymorphism in this
case was surprising, since the addition of an antibiotic usually provides stronger

FIG 7 Morphologies of ancestor and TMP-SMX-adapted endpoint isolates. The strain adapted in the
bioreactor, MDA3349, demonstrated dramatic morphological diversity upon adaptation to TMP-SMX,
while flask transfer-adapted strains MDA0897 and MDA3732 looked uniform after adaptation. In contrast
to the endpoint isolates from serial-transfer experiments, bioreactor isolates were frequently sensitive to
TMP-SMX, suggesting an ability to persist within the well-established biofilms of the bioreactor.
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purifying selection, as was seen in our work with enterococci (32, 59). The presence of
so many observable phenotypes was further borne out by the results of deep sequenc-
ing of the total DNA from the daily populations as well as the individual genomes of the
32 selected endpoint isolates. TMP-SMX MICs for the endpoint isolates were found to
range from susceptible (�2-38 mg/liter) to resistant (�4-76 mg/liter) (Table 1). Ten
isolates had MICs consistent with the sensitive ancestor despite the high concentration
of the drug, suggesting that biofilms or aggregation may afford some protection from
the bulk environment where the final drug concentration of the last 8 to 10 days was
more than three times the MIC of the sensitive strains present at the end of the
experiment. Colonies isolated from the biofilms collected at the end of adaptation
showed similarly diverse morphologies. A relationship between colony morphology
and MIC could not be established, and there was also no clear correlation between
mutations in specific genes and their presence within the biofilm. The phenotypic
diversity observed in the bioreactor suggests that Nocardia strains favor the formation
of diverse communities within biofilms.

Reconstruction of representative timelines of genetic adaptation of Nocardia
to SMP-TMX. By consolidating whole-genome sequencing data of endpoint isolates
and metagenomic populations, a timeline was constructed to identify successful evo-
lutionary trajectories affecting the folate biosynthesis pathway (Fig. 8). From the order
of mutations in bioreactor runs 1 and 2, it was evident that the first adaptive mutations
appeared in both runs as soon as the drug concentration exceeded the MIC (1-19
mg/liter). Initially, the frameshift in folP2 that resulted in a fused open reading frame
with gpgS was observed. Also evident in both runs was the synonymous mutation in
ftsH, which affected the putative promoter region of the operon encoding DHPS. In
both runs, this mutation appeared when the MICs for the populations were at 5 to 95
mg/liter TMP-SMX and was evidence for parallel evolution occurring in the two runs,
making these genes likely drivers toward resistance. In addition, it was also observed
that in run 2, three different lineages acquired the same synonymous mutation in ftsH.
Surprisingly, mutations in DHFR and DHPS, which were so common in the serial-transfer
experiments, did not reach frequencies higher than the 5% cutoff but could be
observed in the endpoint isolates of the bioreactor populations. A consistent increase
or decrease in the abundance of mutant alleles associated with adaptation was not
observed in this case. This is highly unusual and has not been observed in our previous
studies with other organisms (32, 60). The frameshift in folP2 was seen at a frequency
of 34.5% at the end of run 1 and at a frequency of 17.2% at the end of run 2, while the
synonymous mutation in ftsH was seen at frequencies of 8.3% and 7.2% in runs 1 and
2, respectively. A mutation in DHFR appeared on the very last day of adaptation in run
1 and was detected at only a 12.9% abundance in the final population. This further
supported the notion that a large portion of the population in the bioreactor was not
adapting to the selective pressure imposed by the drug. Besides the mutations shown
in Fig. 8, both the populations had many other mutations that appeared sporadically
over time (see Data Sets S1 and S2 in the supplemental material). A possible explana-
tion for this could be the large amount of biofilm formed in the vessel (Fig. S5). Previous
studies have shown that diversity in a population is strongly dependent on spatial
structure, and simulated biofilm populations exhibit about 10-fold greater diversity
than planktonic populations (62, 63). While diversity in the outermost, newly formed
layers of the biofilm may be replication dependent, older cells persisting in the
nutrient-starved, inner layers of the biofilm have a greater opportunity to accumulate
nonreplicative mutations (62). Despite the observed diversity, resistant isolates from
the bioreactor as well as the flask transfer experiments showed similar mutations in the
folate biosynthesis pathway genes, further supporting the idea that these genes are the
ones that are involved in resistance.

The use of two different approaches to adapt Nocardia to TMP-SMX provides us with
some insight into the way in which this organism grows and forms communities. One
of the essential technical differences between these experiments is that within flask
transfer experiments, the populations favored are the planktonic and nonadhering/
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aggregating lineages, since these populations are more likely to be transferred into a
new flask with fresh media. In the bioreactor, the selection is inverted, and biofilm-
forming lineages are favored. Although the endpoint isolates obtained by the two
approaches showed consistency in the types of adaptive mutations acquired, the final
evolved populations differed in composition. In many ways, the bioreactor may repre-
sent an environment that is more relevant to the clinical setting, wherein adherence to
host tissues or medical implants can provide an advantage for the organism. The
formation of such strong community structures may mean that treatment of nocardi-
osis may prove especially challenging, as drug exposure, even at high levels, may be
unable to resolve a well-entrenched community of Nocardia.

MATERIALS AND METHODS
Strains and growth conditions. Three strains of Nocardia nova were obtained from the ATCC, and

seven strains, five of N. nova and two of N. cyriacigeorgica, were isolates from cancer patients at the MD

FIG 8 Evolutionary trajectories and linkages of mutations in selected endpoint isolates (labeled in gray boxes) involved in TMP-SMX
resistance. The x axis shows the time (in days) that it took for the mutation to arise in the bioreactor population during run 1 (a) and run
2 (b). The location of the mutation indicates the day on which it was first seen in the population at a �5% frequency, and the thicknesses
of the arrows represent the abundance of the mutation in the population on the day on which it arose. Dashed arrows are for mutations
that were not seen in any population sample at a �5% frequency but that were observed in endpoint isolates. It should be noted that
this is not a comprehensive summary of all mutations occurring in the populations. This figure shows only trajectories of endpoint isolates
with mutations in genes implicated in resistance to TMP-SMX. See Data Sets S1 and S2 in the supplemental material for genotypes of the
daily polymorphic bioreactor samples and endpoint isolates.
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Anderson Cancer Center, Houston, TX (see Table S1 in the supplemental material) (2). Strains were
streaked out onto blood agar plates from frozen stocks (20% [vol/vol] glycerol stock) and incubated at
37°C until growth was observed (typically 2 to 7 days). Liquid cultures were started by picking 1 colony
from the blood agar plate and resuspending it in Luria-Bertani (LB) broth (catalog number B214906;
Becton Dickinson, NJ, USA), followed by shaking at 225 rpm at 37°C for �2 to 7 days. MIC tests showed
that all strains were susceptible to TMP-SMX (Table 1). The phylogenetic relationship between these
strains is shown in Text S1 and Fig. S1 in the supplemental material.

Experimental evolution by serial flask transfer. Nine Nocardia strains were adapted to TMP-SMX
by serial flask transfer (Table S1), as described in Text S2 in the supplemental material.

Bioreactor experimental evolution. The bioreactor was set up as described previously, with some
modifications (see Text S2 in the supplemental material) (31).

Phenotypic characterization of endpoint isolates. Endpoint isolates were characterized based on
their appearance on blood agar plates and growth in LB broth. MIC tests were done to characterize
endpoint isolates based on their susceptibility to TMP-SMX (see Text S2 in the supplemental material).

Genomic DNA isolation, whole-genome sequencing, and analysis. Genomic DNA was isolated
from cell pellets for all the bioreactor samples as well as the endpoint isolates from flask transfer- and
bioreactor-evolved populations, followed by whole-genome sequencing, genome assembly, and muta-
tion identification, as described in Text S2 in the supplemental material.

Accession number(s). Whole-genome sequencing data generated in this work have been deposited
in the Sequence Read Archive (SRA) database under BioProject accession number PRJNA432572. The de
novo-assembled genome sequences (Whole Genome Shotgun project) for 9 ancestor strains have been
deposited in the DDBJ/ENA/GenBank database under accession numbers PSYZ00000000, PSZA00000000,
PSZB00000000, PSZC00000000, PSZD00000000, PSZE00000000, PSZF00000000, PYHS00000000, and
PYHT00000000. The complete genome of MDA3349 is available under GenBank accession numbers
CP026745 to CP026746.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AAC
.00364-18.
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