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ABSTRACT Staphylococcus aureus is a Gram-positive pathogenic bacterium that col-
onizes an estimated one-third of the human population and can cause a wide spec-
trum of disease, ranging from superficial skin infections to life-threatening sepsis.
The adaptive mechanisms that contribute to the success of this pathogen remain
obscure partially due to a lack of knowledge of its metabolic requirements. Systems
biology approaches can be extremely useful in predicting and interpreting metabolic
phenotypes; however, such approaches rely on a chemically defined minimal me-
dium as a basis to investigate the requirements of the cell. In this study, a chemi-
cally defined minimal medium formulation, termed synthetic minimal medium (SMM),
was investigated and validated to support growth of three S. aureus strains: LAC and
TCH1516 (USA300 lineage), as well as D592 (USA100 lineage). The formulated SMM
was used in an adaptive laboratory evolution experiment to probe the various muta-
tional trajectories of all three strains leading to optimized growth capabilities. The
evolved strains were phenotypically characterized for their growth rate and antimi-
crobial susceptibility. Strains were also resequenced to examine the genetic basis for
observed changes in phenotype and to design follow-up metabolite supplementa-
tion assays. Our results reveal evolutionary trajectories that arose from strain-specific
metabolic requirements. SMM and the evolved strains can also serve as important
tools to study antibiotic resistance phenotypes of S. aureus.

IMPORTANCE As researchers try to understand and combat the development of an-
tibiotic resistance in pathogens, there is a growing need to thoroughly understand
the physiology and metabolism of the microbes. Staphylococcus aureus is a threaten-
ing pathogen with increased antibiotic resistance and well-studied virulence mecha-
nisms. However, the adaptive mechanisms used by this pathogen to survive environ-
mental stresses remain unclear, mostly due to the lack of information about its
metabolic requirements. Defining the minimal metabolic requirements for S. aureus
growth is a first step toward unraveling the mechanisms by which it adapts to met-
abolic stresses. Here, we present the development of a chemically defined minimal
medium supporting growth of three S. aureus strains, and we reveal key genetic mu-
tations contributing to improved growth in minimal medium.
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Staphylococcus aureus is a Gram-positive pathogenic bacterium that has colonized an
estimated one-third of the human population (1). Due to its high virulence potential

and widespread reports of antibiotic resistance, deep-seated S. aureus infections are

Citation Machado H, Weng LL, Dillon N, Seif Y,
Holland M, Pekar JE, Monk JM, Nizet V, Palsson
BO, Feist AM. 2019. Strain-specific metabolic
requirements revealed by a defined minimal
medium for systems analyses of Staphylococcus
aureus. Appl Environ Microbiol 85:e01773-19.
https://doi.org/10.1128/AEM.01773-19.

Editor Charles M. Dozois, INRS—Institut
Armand-Frappier

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

Address correspondence to Adam M. Feist,
afeist@ucsd.edu.

H.M. and L.L.W. contributed equally to this
article.

Received 1 August 2019
Accepted 26 August 2019

Accepted manuscript posted online 30
August 2019
Published

EVOLUTIONARY AND GENOMIC MICROBIOLOGY

crossm

November 2019 Volume 85 Issue 21 e01773-19 aem.asm.org 1Applied and Environmental Microbiology

16 October 2019

https://orcid.org/0000-0003-3847-0422
https://doi.org/10.1128/AEM.01773-19
https://doi.org/10.1128/ASMCopyrightv2
mailto:afeist@ucsd.edu
https://crossmark.crossref.org/dialog/?doi=10.1128/AEM.01773-19&domain=pdf&date_stamp=2019-8-30
https://aem.asm.org


difficult to treat (2) and are associated with a high mortality rate (1). Methicillin-resistant
S. aureus (MRSA) strains are especially concerning due to their prevalence in hospital
settings and the paucity of reliable treatment options (3). The adaptive mechanisms of
MRSA remain obscure, partially due to a lack of knowledge of the bacterium’s funda-
mental metabolic requirements. Systems biology approaches can be used to predict
and interpret metabolic phenotypes through genome-scale modeling and bioinformat-
ics approaches (4, 5). However, a validated chemically defined minimal medium is
critical to further investigate the constraints of the cell. Such constraints and require-
ments can provide information on functional states of the cell and unveil the under-
lying mechanisms for growth and pathogenicity.

Antibiotic susceptibility testing is a cornerstone in determining the proper measures
to treat, control, and prevent S. aureus infections (6). Susceptibility testing in the clinical
laboratory to determine the MIC of an antibiotic is typically performed in rich bacte-
riological media such as Mueller-Hinton broth (MHB). However, several recent reports
have illustrated large medium-dependent alterations in antibiotic activity when testing
is performed in more physiological medium types such as tissue culture media for
mammalian cell culture (7–9). These findings call into question the in vivo relevance of
in vitro susceptibility testing in standard enriched bacteriological media. Medium-
dependent variations in S. aureus antibiotic susceptibility highlight the need for a
defined minimal medium to provide a more consistent nutritional environment (8).
Understanding the relationship between the nutritional environment and antibiotic
susceptibility may guide future approaches to enhance in vitro prediction of clinical
drug activity.

Several efforts have been undertaken to reveal the nutritional requirements for
growth of S. aureus. Prior studies by Gladstone (10) demonstrated the essentiality of
ammonia as the main source of nitrogen and suggested that prior cultivation condi-
tions affect future nutritional requirements among S. aureus strains (10). In addition,
prior work revealed the importance of members of the vitamin B complex (11) and
carbohydrates (12), as well as the essentiality of various amino acids (13, 14), in
promoting S. aureus growth. AAM, a chemically defined formulation originally imple-
mented for the isolation of amino acid auxotrophs (15), was recently analyzed using a
metabolic model (16). As a result, a reduced formulation, AAM–, was created based on
a metabolomic essentiality analysis that removed five amino acids and one vitamin
from the original recipe (16). Although this work laid the foundation for identifying the
metabolic requirements of S. aureus, a further reduced defined medium is critical to
fully understand the metabolic network. Here, a chemically defined minimal medium
formulation, termed synthetic minimal medium (SMM), further adapted from AAM–,
was investigated, modified, and validated to enable growth of three S. aureus strains:
LAC, TCH1516, and D592 (all MRSA). The formulated SMM was utilized in an adaptive
laboratory evolution (ALE) experiment to further probe the optimal capabilities of the
targeted strains in this nutritional environment and uncover mechanisms underlying
the optimized states. The resulting SMM and the evolved strains can serve as important
tools for fully resolving the metabolic network and identifying essential metabolic
functions of pathogenic S. aureus, enabling improved approaches to drug design
against this foremost human pathogen.

RESULTS
Development of a synthetic minimal medium for S. aureus. A previously re-

ported minimal defined medium demonstrated to support growth of S. aureus (AMM–)
was used as the starting point for development of the SMM and subsequently modified
to support reproducible growth (Table 1). Three strains were selected: two USA300
strains (TCH1516 and LAC), as well as a clinical isolate of a USA100 strain isolated from
a male in his 50s who had experienced prolonged and persistent MRSA bacteremia (17).
Initially, AMM– alone was insufficient to support growth of USA300 S. aureus strains
(TCH1516 and LAC) beyond the first flask. Valid growth was defined as the capability of
a medium to support growth for at least three consecutive passages under the same
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condition, with approximately three generations per flask, and reaching an appreciable
final cell density (i.e., the optical density at 600 nm [OD600]) between 0.20 and 0.25 (see
Materials and Methods). The passaging criterion is essential as maladapted strains will
often display positive growth in the first flask due to nutrient carryover from the starter
cultures. Turning to previous work to augment the starting minimal media, studies have
shown arginine and proline are needed for S. aureus protein synthesis and growth in
the presence of glucose, which led us to explore adding L-arginine to AMM– (18).
Supplementation of AAM– with L-arginine, supported the growth of the three strains.
Additional screening of the two USA300 strains (LAC and TCH1516) in AAM– plus
L-arginine (termed AAM��) was performed to validate growth. All independent repli-
cate cultures (n � 5) of both USA300 strains remained viable after three transfers,
confirming the essentiality of L-arginine.

The essentiality of the components of the modified AAM�� formulation was investi-
gated experimentally to determine whether the medium could be further reduced.
Citric acid, L-glutamic acid, L-leucine, L-cysteine, thiamine, nicotinic acid, and calcium
pantothenate were selected for further essentiality analysis. Each component was
removed individually or in combination from the base AAM�� media. Media that
excluded citric acid, L-glutamic acid, and L-leucine, individually or in combination,
demonstrated the capacity to support growth based on the aforementioned selection
criteria for validity. Therefore, citric acid, L-glutamic acid, and L-leucine were determined
to be nonessential and removed. The medium without the nonessential compounds
(termed SMM; Table 1) was further validated and utilized to characterize the growth of
USA300 MRSA strain TCH1516 in triplicate.

TABLE 1 Composition of synthetic minimal medium (SMM) and other minimal media
reported for Staphylococcus

Component

Composition (mg)a

AAM (15) AAM– (16) SMM (this study)

Salts
NaCl (g) 9.5 9.5 9.5
KCl (g) 3 3 3
MgSO4·7H2O (g) 1.3 1.3 1.3
(NH4)2SO4 (g) 4 4 4
CaCl2·2H2O 22 22 22
KH2PO4 140 140 140
FeSO4·7H2O 6 6 6
MnSO4·4H2O 10 10 10
Citric acid 6 6
Tris (g) 12.1 12.1 12.1

Carbon source (g)
Glucose 5 5 5

Amino acids
L-Arginine 125 125
L-Cysteine 80 80 80
L-Leucine 150 150
L-Glutamic acid 250
L-Proline 200 200 200
L-Threonine 150
L-Valine 150
L-Phenylalanine 150

Vitamins
Nicotinic acid 2 2 2
Thiamine 2 2 2
Calcium pantothenate 2 2 2
Biotin 0.1

pH 7.9 7.4 7.4
aValues are expressed in milligrams (per 1 liter of medium) unless noted otherwise in column 1; all values
are per liter.
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Although strains replicated in SMM, growth events were stochastic, and the growth
rates were low (TCH1516, 0.189 � 0.084 h�1) compared to rich media (1.18 � 0.09 h�1).
Therefore, in an attempt to optimize S. aureus strains (LAC, THC1516, and D592) for
growth in SMM, adaptive laboratory evolution was utilized.

Adaptive laboratory evolution. Adaptive laboratory evolution (ALE) uses inherited

selective advantages in a given growth environment to uncover underlying growth-
promoting molecular mechanisms. Owing to the natural capability of cells to adapt to
a defined growth environment, robust strains can be produced for use in a number of
application areas (19–22). Thus, an automated cell culture platform was used (23) to
evolve S. aureus on SMM to generate strains with advanced growth capabilities (i.e.,
faster growth and increased reproducibility) and to explore growth-promoting muta-
tions that could point to additional nutritional requirements. Briefly, in this approach,
cultures were consecutively passaged in mid-exponential phase for more than 30 days,
an average of 1.3 � 1012 � 1.88 � 1011 cumulative number of cell divisions (see
Materials and Methods for more details).

At the beginning of the ALE experiments, there was a surprisingly high degree of
variability in the ability of identical replicates to grow on SMM for the three different S.
aureus strains tested. Multiple replicates were used for each strain, since the utility of
ALE increases when identically evolved replicates can be compared on a genetic level
to find commonly mutated genes. Specifically, when 10, 10, and 15 replicates were
started on SMM for LAC, TCH1516, and D592, only 7, 8, and 3 of the strains grew
reproducibly after initial passage attempts. This surprising degree of stochasticity was
observed but not further pursued. The replicates that did grow reproducibility were
evolved to select for mutants with increased growth rates.

The ALE experiments resulted in observed fitness increases for evolved S. aureus
strains that grew reproducibly in the SMM culturing conditions. The overall fitness
trajectories for the approximately month-long experiment for three replicates of each
strain are shown in Fig. 1 (see Fig. S1 in the supplemental material for all experiments).
The average initial growth rates for USA300 evolved replicates (i.e., initial 10 flasks) were
0.189 � 0.084 h�1 (TCH1516) and 0.194 � 0.071 (LAC). At the end of the evolutions, the
average growth rates for the evolved populations were 0.449 � 0.079 (TCH1516) and
0.477 � 0.077 (LAC), corresponding to increases of 137 and 145%, respectively. Strain
D592 (USA100) had only three successfully evolved replicates, with inconsistent initial
growth rates that could not be accurately determined (see Materials and Methods), but
as the evolution proceeded, accurate growth rates could be collected and an increase
in growth rate was evident. Overall, there was a significant increase in growth rate for
each of the evolved populations (P � 0.0001, Student t test), and it appears that most
replicates underwent one or two major jumps in fitness. Clones were isolated from each
of the evolved populations from the final flask, i.e., an endpoint clone, for whole-
genome sequencing and further phenotypic testing (see Table S1 in the supplemental
material).

Genetic analysis of the mutations present in the evolved strains. Whole-

genome sequencing of the evolved S. aureus strains revealed a high level of parallel
evolution between identical starting-strain replicates and between the two different
evolved USA300 strains. Overall, sequencing revealed a total of 237 observed mutations
across all strains (see Tables S2 to S5 in the supplemental material). Strain D592
(USA100), with only three replicates, had the lowest number of mutations identified
(n � 19), although strains TCH1516 and LAC (USA300) had 77 and 144 identified
mutations, respectively. One isolated clone, LAC A10, harbored a very high number of
the observed mutations (n � 75), although no obvious hypermutator mutations could
be identified. All other clones had a range of 5 to 14 mutations per strain. The USA300
strains presented a similar overall number of unique mutations across all samples (77
and 69 [LAC A10 excluded]), and a high degree of parallelism could be observed in the
evolutions of these two different strains (Fig. 2A).
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Instances of parallel evolution were explored further to understand the genetic basis
for adaptation on SMM. This analysis was led by looking at key mutations that occurred
in multiple replicates or at genetic regions with two or more unique mutations (23). Of
the 20 key mutated regions identified (Fig. 2A), 5 occurred in both USA300 strains, while
15 were strain specific. The majority of the identified key mutations were related to
transport (norA, ecfT, dtpT, ecfA1, and yhdG2) and regulation (codY, rsbU, marR, rhaS,
slyA, and spoVG). Two key mutations occurred in cofactor biosynthetic pathways (bioD
and bioW), and only one occurred in a gene involved in energy metabolism (gltA2).

There were no identical mutated genes or regions that appeared in evolutions from
all three strains or any between the two USA300 (LAC and TCH1516) and USA100
(D592) starting strains (Fig. 2A). However, there was a high degree of parallelism across
all three replicates of D592 with mutations affecting the three genes norA, codY, and
gltA2.

Interestingly, the D592 wild-type strain carried an early stop codon in gltA2, resulting
in a truncated open reading frame and a corresponding protein sequence containing
674 amino acids instead of the 1,499 found in the USA300 strains (i.e., the sequence
length was reduced to 45% of its original length). Mutations in gltA2 appeared to lead
to the repair of gltA gene (which was originally annotated as gltA1 and gltA2) (Fig. 2B)
through the loss of a stop codon in all three strains. Single nucleotide polymorphisms
(SNPs) in the first base pair of the stop codon occurred three times and in two versions,
replacing the stop codon with a glutamine (Q) or a lysine (K), leading ultimately to the
repair of glutamate synthase (gltA) by fusion of open reading frames gltA1 and gltA2
(Fig. 2B). In USA300 strains the gltA gene is a single open reading frame similar to the
one in USA100 evolved clones. Nevertheless, the disruption of this gene could be
identified in other S. aureus strains, with at least three different patterns of gene
disruption (Fig. S5). The other key mutations found in the USA100 strain were in codY,
which codes for a global metabolic regulator considered to be a regulatory link

FIG 1 Fitness trajectories of representative replicates for the ALE experiments on SMM. A3, A4, and A7 are three biological
replicates of S. aureus USA300 strain LAC. A14, A19, and A20 are three biological replicates of USA300 strain TCH1516. A25,
A30, and A35 are three biological replicates of USA100 strain D592. All strains demonstrated a growth rate increase over
the course of the experiment. The endpoint clones were used for physiological characterizations, and both clones and
populations were sequenced to understand the genetic basis for increased growth rate. The displayed growth rates were
calculated for flasks that had �3 OD measurements in the exponential growth phase. Some of the cultures, especially
those corresponding to strain D592, did not have accurate growth rate calls for earlier flasks in the evolution.
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between metabolism and virulence, with �200 genes being part of its regulon (24–27),
and in norA, which encodes a multidrug efflux MFS transporter, thus pointing to a
possible change in transport activities. Mutations in norA were deletions of 60, 129, and
1 bp in A25, A30, and A35, respectively, most likely resulting in loss of function. NorA
has been shown to be involved in the transport of a wide range of structurally dissimilar
drugs and possibly in siderophore export, playing a role in iron homeostasis (28).
Therefore, deletion of this gene might abolish the low-level multidrug resistance of
these USA100 strains, while also affecting iron homeostasis. In fact, USA100 strains have
been shown to be more sensitive to norA iron regulation than USA300 (28), possibly
explaining why this gene was mutated in USA100 but not in USA300 strains. Regarding
codY, two of the mutations were amino acid substitutions (A25 and A35), while one was
the deletion of 60 bp, most likely resulting in loss of function (A30) (Table S4). Although
it is difficult to predict the outcome of single amino acid substitutions in CodY activity,
the consequences of its deletion have been previously reported (25, 27). CodY is a
direct repressor of several genes coding for enzymes of amino acid biosynthesis, amino
acid and peptide transporter, and other nutrient transporters (25).

For the USA300 strains, as previously mentioned, the majority of key mutations were
in genetic regions related with transport and regulation. Specifically, genes related to
the transport of cobalt (ecfT and ecfA1) and dipeptides and tripeptides (dtpT) presented
mutations that might change their affinities and/or efficiencies, pointing to a high

FIG 2 Key mutations identified in the adapted strains. (A) Venn diagram of key mutated (i.e., occurring in parallel) genes identified. (B) Two different point
mutations in D592 evolved strains result in the loss of the stop codon in the glutamate synthase gene, leading to possible gene repair. (C) Alignment of the
biotin biosynthetic cluster showing mutations in the large majority of USA300 evolved strains, both TCH1516 and LAC. HP, hypothetical protein; p, denotes
mutations identified only in population samples (i.e., not in the isolated and sequenced clone); M (in green), methionine start codon; * (in red), stop codon.
Dots indicate the conservation of a base pair, while letters represent mutations.
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pressure for efficient transport in this minimal medium. Mutations in ecfT and ecfA1
were present in two replicates each, but only one of each resulted in a nonsynonymous
SNP, leading to an amino acid substitution. Furthermore, the ecfA1 mutations were only
identified at the population level (	50%), but no endpoint sequenced isolates pre-
sented these mutations (Table S5). It is not clear what the result of these mutations
might be, since no cobalt was added to the media; nevertheless, it is possible that the
Ecf proteins are responsible for the transport of other nutrients in the media. Mutations
in genes coding for regulatory proteins were the second most common group, with
marR, rsbU, rhaS, slyA, and spoVG affected. Prediction of the effect of nondeleterious
changes in regulatory genes is more complicated, since these conceivably impact the
entire regulon. Although no key mutations occurred in energy metabolism genes, the
cofactor biosynthetic pathway responsible for biotin biosynthesis was mutated in
several instances. Analysis revealed mutations in the biotin biosynthetic cluster, within
the promoter region upstream of bioD (ATP-dependent dethiobiotin synthetase),
and/or in the end of the bioW gene (6-carboxyhexonate-coenzyme A ligase) (Fig. 2C).
Mutations in the promoter region of the bioD gene, the first gene of the biotin
biosynthetic operon, likely contribute to the enhancement of transcription and/or
translation of the operon, possibly increasing the biotin production levels. Full lists of
key mutations are given in Tables S2 to S4 in the supplemental material, and a full list
of mutations is presented in Table S5.

Phenotypic characterization of the ALE-adapted strains. Representative isolates

from the endpoint flasks were selected for further phenotypic characterization (Table
S1). This process included determining the growth rate, the glucose uptake rate (GUR),
the acetate secretion rate (ASR), and the lactate secretion rate (LSR). Three indepen-
dently evolved isolates of S. aureus strains LAC and TCH1516 were grown and charac-
terized alongside the parental strains, except for uptake and secretion rate determina-
tions, where only evolved strains were analyzed. The averaged growth rates were
0.20 � 0.01, 0.28 � 0.04, and 0.28 � 0.03 h�1 for the LAC strains (A3, A4, and A7,
respectively) compared to 0.13 � 0.01 h�1 for the LAC wild type. For the TCH1516
strains, the averaged growth rates were 0.24 � 0.02, 0.29 � 0.01, and 0.28 � 0.01 h�1

(A14, A19, and A20, respectively) compared to 0.14 � 0.02 h�1 for the TCH1516 wild
type (Fig. 3A). These isolated clone growth rate values differ from those from the ALE
experiments since they were cultured in different formats (plates versus culture ves-
sels), most likely due to aeration, but the values correlate well between experiments
(Fig. S2). In addition to an increase in growth rate, a shortening of the lag phase was
also observed for evolved clones (Fig. S3). For the LAC evolved strains, the averaged
GUR, ASR, and LSR were 5.99 � 0.38, 5.42 � 0.25, and 0.53 � 0.23 mmol g (dry weight)
(gDW)�1 h�1, respectively. Similarly, for the TCH1516 evolved strains, the averaged
GUR, ASR and LSR were 4.89 � 0.60, 4.84 � 0.61, and 0.36 � 0.10 mmol gDW�1 h�1,
respectively (Fig. S4).

In an effort to better understand the causality of mutations found during the ALE
experiments on SMM, supplementation experiments were carried out, and physiolog-
ical measurements were taken for unevolved (wild-type) strains. We focused specifically
on mutations related to energy metabolism and cofactor biosynthesis, since this can be
directly correlated to a fitness increase. The mutations related to biotin biosynthesis
and glutamine metabolism were explored by supplementing biotin and L-glutamic acid
to SMM for USA300 and USA100 strains, respectively. Wild-type strains cultured in SMM
supplemented with each metabolite had a higher growth rate (a 30 to 50% increase)
in supplemented media compared to unsupplemented SMM (Fig. 3B). Further valida-
tion of the essentiality of bioD, bioW, and gltA genes mutated in the evolution
experiments was performed using the Nebraska transposon mutant library (29). Strains
with deletions in these genes were not able to grow in SMM, while supplementation
with biotin or glutamate restored growth (Table S6). This finding confirms the impor-
tance of these metabolites for growth of the studied S. aureus strains in SMM and
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supports the likely beneficial role of biotin biosynthesis (bioD and bioW) and glutamate
synthase (gltA2) mutations for growth in SMM.

In order to understand medium-specific antibiotic resistance mechanisms, an
evolved clone from each of the USA300 strains (LAC A7 and TCH1516 A19) was chosen
for MIC testing using four antibiotics in both SMM and RPMI plus 10% Luria-Bertani (LB)
media (RPMI�10%LB) (7). RPMI�10%LB has been proposed to represent a more
relevant physiological medium due to it more closely mimicking the nutritional envi-
ronment of the human host (30). Comparison of this medium to standard MHB testing
medium confirms that a medium-dependent susceptibility exists (7, 8). Therefore, four
antibiotics were selected to test strain sensitivity: ampicillin (AMP), azithromycin (AZM),
linezolid (LNZ), and nafcillin (NAF). Overall, there were no significant differences in
antibiotic susceptibility when we compared wild-type strains to the SMM-adapted
strains in RPMI�10%LB (Fig. 4). This finding implies that the mutations present in
the evolved strains do not impact antibiotic susceptibility in the more physiological
RPMI�10%LB medium conditions. However, when cultivated in SMM, a shift in the
susceptibility to AZM for the evolved strains was seen, with an 	32-fold MIC increase
compared to RPMI�10%LB for both evolved clones (LAC A7 and TCH1516 A19). No
significant change was observed for any other antibiotics. The change in susceptibility
to AZM for both USA300 strains in SMM confirms an SMM effect on antibiotic suscep-
tibility and adds another observed case to medium-specific susceptibility.

FIG 3 (A) Growth rates of wild-type and evolved USA300 strains. (B) Growth rates of wild-type strains in
SMM supplemented with glutamic acid (SMM � Glu; 250 mg/liter) or biotin (SMM � biotin; 0.1 mg/liter).
The growth rate of the D592 wild-type strain was not included since no clear exponential growth was
observed (Fig. S3).
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DISCUSSION

In this study, a chemically defined minimal medium (SMM) was explored, redefined,
and verified for the cultivation of the multidrug-resistant USA300 S. aureus strains LAC,
TCH1516, and USA100 strain D592. Although low growth rates and stochasticity in
growth were observed for all strains in SMM, after an approximate month-long ALE
experiment, the resulting evolved strains presented improved growth rates (Fig. 3A)
and adaptabilities in SMM, such as a shorter lag phase (Fig. S3). Next-generation
sequencing was used to reveal the genotypic changes occurring during the adap-
tation process and key mutations were identified, highlighted, and compared across
strains.

Starting with 10 and 15 replicates for USA300 strains and USA100 strain, respec-
tively, 8 TCH1516 strains (USA300), 7 LAC strains (USA300), and 3 D592 strains (USA100)
were able to grow consistently throughout the cultivation period. This surprisingly
stochastic growth of S. aureus, with inconsistent results observed among all strains
examined, hints at a complex process inherent to S. aureus in adaptation to a new
environment, requiring S. aureus to mutate early or undergo major regulatory rear-
rangements in order to proliferate in the growth experiments. Further, the finding that
more replicates of the USA300 strains were able to grow compared to the USA100
strains and the overlap of mutations observed (Fig. 2A) suggests that there exists a
lineage-specific (i.e., USA300 versus USA100) behavior which can provide insights on
this stochasticity.

The mutational analysis provides mechanisms required for enhanced growth of
these strains in a minimal nutritional environment, since the same gene mutating more
than once across independent ALE replicates indicates a high probability of the
mutation providing an adaptive benefit (31). The only genetic mutation directly related
to metabolism identified in the USA100 evolved strains was a glutamate synthase
pseudogene repair (Fig. 2B), which is required for growth in SMM (Table S6), since
glutamic acid was removed from this formulation. Even though glutamic acid supple-

FIG 4 Adapted strains maintain relevant antibiotic sensitivities in synthetic minimal media. Strains LAC, A7 (adapted from LAC),
TCH1516, and A19 (adapted from TCH1516) were analyzed for their sensitivities to antibiotics, as measured by the determi-
nation of the MIC of drug required to inhibit �90% of the growth from the untreated controls (MIC90), in CA-MHB,
RPMI�10%LB, and SMM. All experiments were performed in triplicate. Error bars are present but only visible in panel A. (A)
AMP; (B) AZM; (C) LIN; (D) NAF.
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mentation of SMM enhanced growth of the USA100 wild type, it did not fully restore
the growth phenotype of evolved strains, which may be due to the impact of incor-
porating glutamic acid in the media versus efficient production intracellularly. This
explains the low number of replicates that were successful in growing in SMM during
adaptive laboratory evolution (3 of 15), since a very specific mutation was needed for
successful growth of this strain in SMM. In the USA300 strains, this gene is fully
functional, but we identified disruption of the same gene in several other S. aureus
strains (Fig. S5). Although pseudogene repair driven by selection pressure in bacteria
has been reported previously (32), this study reports such pseudogene repair specifi-
cally in the genus Staphylococcus. The ability of S. aureus to repair open reading frames
upon necessity might explain the versatility of strains in this species, such as the
previously observed reversion of auxotrophies (33).

For USA300 strains, some of the mutations observed were focused on the biotin
biosynthetic cluster (Fig. 2C), both upstream of bioD and within the terminal region of
the bioW gene. These mutations might be enhancing the transcription and/or transla-
tion of the operon, since upon supplementation of SMM with biotin the wild-type
strains presented an improved growth rate (Fig. 3B). These mutations happened
multiple times not only across replicates of the same strain but also across strains of the
same lineage, with both LAC and TCH1516 acquiring the same point mutations in
several instances (Fig. 2C). Biotin is a critical nutrient, since it is involved in a number
of metabolic bioprocesses such as carboxylation and, more importantly, it is highly
demanded by the bacteria during infection (34, 35). Interestingly, these metabolic
requirements seem to be strain specific, and SMM formulation might have to be
adjusted to support growth of different S. aureus strains. For example, in the case of the
USA300 strains in this study this would be the addition of biotin to SMM, while for strain
D592 (USA100) it would be glutamic acid supplementation.

Most of the other mutated genes are involved in energy transport, nutrient acqui-
sition, and regulation (Fig. 2A), with some being related to bacterial pathogenesis. For
example, the phosphatase-encoding gene rsbU is known for its role in the activation of
SigB, an important transcription factor (36, 37). The SigB transcription factor is related
to the expression of high-level methicillin resistance and regulated in response to
growth phase and environmental stress (38, 39). Moreover, spoVG, a SigB-controlled
protein, is a critical factor that impacts cell wall synthesis, and it is likewise involved in
antibiotic resistance and virulence (40, 41).

Even though some of these mutations occurred in genes involved in antibiotic
resistance, no significant antibiotic susceptibility differences were observed between
wild type and evolved strains, but the same was not true for the different media tested.
MIC testing of the evolved USA300 strains provided an interesting differential medium-
specific behavior (Fig. 4). The lower susceptibilities of the evolved strains to azithro-
mycin in SMM suggests that cellular responses activated during cultivation in SMM
impaired the efficacy of the antibiotic or that SMM components interact with the
antibiotic, making it less available and therefore less effective. It has been shown that
ribosome-targeting antibiotics which bind reversibly to the 50S ribosomal subunit, such
as azithromycin, are less effective at low growth rates (42, 43), which is the case of
growth in SMM. On the other hand, other medium-specific antibiotic susceptibilities
have been reported (7, 17), and the development of SMM comes as an opportunity to
look at more specific relationships between medium additives and bacteria to further
elucidate the mechanisms behind such phenomena.

In summary, a chemically defined minimal medium has been designed and vali-
dated. ALE was used to produce robust and faster-growing S. aureus strains for
phenotypic profiling and MIC testing and to understand the mechanisms at work to
enable optimal growth. Further investigation of the strains and specific results pre-
sented here are warranted, but the strains and medium compositions provide valuable
tools for the study of this important pathogen.
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MATERIALS AND METHODS
Preparation of SMM. The components of SMM were prepared in bulk as stock solutions and were

split into three categories, i.e., base, salts, and supplements. These were dissolved in Milli-Q water to the
final concentrations listed in Table 1. The salt mixture includes FeSO4·7H2O and MnSO4·H2O, CaCl2·2H2O
and KH2PO4, and was sterilized by vacuum filtration. The base contains KCl, NaCl, MgSO4·7H2O,
(NH4)2SO4, and Tris and was autoclaved after adjusting its pH to 7.4 with 4 M HCl. The remaining
components are the supplements and were prepared and vacuum filtered individually except for
L-arginine and L-proline, which were autoclaved separately. All the sterilized solutions were mixed and
vacuum filtered again to form SMM.

Cell culture and ALE. The parental S. aureus strains (TCH1516, LAC, and D592) were grown on LB
agar plates and individual colonies were isolated and inoculated into RPMI�10%LB. The precultures were
cultivated overnight, and 1 ml of each overnight culture was transferred into flasks containing 15 ml of
SMM at 37°C. These 15-ml cultures were constantly stirred at high speed (1,000 rpm) for sufficient
aeration and serially transferred once the Optical Density reached between 0.20 and 0.25 (Tecan Sunrise
plate reader, equivalent to an OD600 between 0.67 and 0.83 with 1-cm light path length) when the
cultures were proliferating exponentially. Each passage was given a flask number, representing the
passage number. Replicates that did not grow after passaging, reaching ODs of 	0.20, were not passed
further. The average duration of the ALE experiments was approximately 34 days, and frozen stocks of
the endpoint populations were created from the last available flask. One clone was isolated from each
of the evolved populations from the final flask, i.e., an endpoint clone, for whole-genome sequencing and
further phenotypic testing (Table S1). The population in the final flask was also sequenced to ensure the
endpoint clone was representative of the population.

Physiological characterizations. The parental strains and endpoint strains, LAC (A3, A4, and A7),
TCH1516 (A14, A19, and A20), and D592 (A25, A30, and A35) were first plated on LB agar plates.
Individual colonies were selected and cultured overnight in LB medium in triplicate for physiological
characterizations. The overnight cultures washed in the respective media to be used (SMM or any of the
supplemented versions), diluted to an OD600 of 0.05, and the optical densities were monitored over time
using BioScreen C (Labsystems, Finland). The growth rates (h�1) were calculated using two time points
within the exponential growth phase, using the following formula:

� �
ln(OD2) � ln(OD1)

(t2 � t1)

At a few sampling points, small portions of the growing cultures were collected and filtered for
determinations of metabolites, including glucose, acetate, and lactate, and their production/secretion
rates were evaluated using high-performance liquid chromatography (HPLC). The filtrates were injected
through HPLC column (Aminex HPX-87H column 125-0140) and analyzed for the concentrations of the
metabolites mentioned above by comparison to the concentrations of the standards. The production
rates and the secretion rates were then computed by linear regression and converted into yield (mmol
gDW�1 h�1).

Transposon mutants from the Nebraska transposon library were streaked onto LB agar plates
supplemented with erythromycin (5 �g/ml). Cultures for growth in SMM were prepared as described
above for the ALE strains. Strains were considered able to grow if OD600 values of �0.3 were registered.

Susceptibility testing. Azithromycin (Fresenius Kabi) and Linezolid (Pfizer) were purchased from a
clinical pharmacy. Ampicillin and nafcillin was purchased from Sigma-Aldrich. All drugs were resus-
pended in 1� Dulbecco modified phosphate-buffered saline (DPBS; Corning). The bacterial strains used
in antibiotic susceptibility testing were first streaked onto Luria agar plates from stocks stored at – 80°C
(in 20% glycerol– 80% MHB) and grown at 37°C overnight. Isolated colonies were picked from the plate
and inoculated into 5 ml of either CA-MHB (MHB [Difco] amended with 20 mg/liter Ca2� and 10 mg/liter
Mg2�) or RPMI� (phenol-free RPMI [Gibco 1640] amended with 10% LB [Criterion]) medium in a 14-ml
Falcon polypropylene round-bottom snap-cap tube (Corning, catalog no. 352059) and grown with
shaking at 100 rpm at 37°C overnight. The following day, the overnight cultures were subcultured 1:50
in the desired medium in 14-ml snap cap tubes and grown with shaking at 100 rpm at 37°C until they
reached the mid-logarithmic phase (OD600 of 	0.4). Unless otherwise noted, the experiments were
conducted in Costar flat-bottom 96-well plates (Corning, catalog no. 3370) with a final volume of
200 �l/well. For the MIC experiments, the bacteria were cultured in the same medium throughout
(CA-MHB or RPMI�) prior to the addition of antibiotics. The mid-logarithmic-phase cultures were diluted
to approximately 5 � 105 CFU (OD600 of 	0.002), and 180 �l was added to each experimental well of the
96-well flat-bottom plate (Costar, catalog no. 3370). Either 20 �l of 1� DPBS or 20 �l of the desired 10�
drug stock was added to each culture-containing well. The plates were then incubated with shaking at
100 rpm at 37°C overnight. Bacterial growth, as determined by measuring the OD600 of each well, was
determined by utilizing an Enspire Alpha multimode plate reader (Perkin-Elmer). To determine the MIC90,
defined as the amount of drug required to inhibit �90% of the growth of the untreated controls, the
density of each drug-treated well was compared to the untreated control.

Next-generation DNA sequencing and mutational analysis. Genomic DNA was isolated using the
Zymo Quick-DNA fungal/bacterial miniprep kit. DNA was quantified and quality controlled using a Qubit
dsDNA high-sensitivity assay. Paired-end sequencing libraries were prepared by using a KAPA HyperPlus
kit and sequenced using Illumina NextSeq 500. The sequencing reads are available at the NCBI SRA
database (www.ncbi.nlm.nih.gov/sra) under BioProject number PRJNA513389. Reads were quality con-
trolled, and mutations were identified by a bioinformatics pipeline (44). Reads generated from the
USA300 TCH1516 were aligned to a reference TCH1516 genome (NCBI accession no. NC_010079), while
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the other two strains (USA300 LAC and USA100 D592) were aligned to genomes generated de novo (see
below). These genomes are available under NCBI accession numbers CP035369 and CP035370 (LAC) and
CP035791 and CP035792 (D592). The output mutations across all three strains were first filtered by a
mutation frequency threshold set at 40%, followed by manual inspections and filtrations of the
mismapped results. All samples were confirmed for an averaged mapped coverage of at least 31�.

De novo hybrid assembly using ONT MinIon. The Oxford Nanopore Technologies (ONT) MinIon
was used to obtain long sequencing reads and combined with the Illumina reads described above to
assemble high-quality, closed reference genomes for mutational analysis. The long reads were obtained
from genomic DNA that was isolated using a Zymo Quick-DNA fungal/bacterial kit (catalog no. D6007)
and then sheared to an 	8 kb average size using a Covaris g-Tube (catalog no. 520079). Libraries were
prepared according to standard library preparation using ONT’s ligation sequencing kit 1D and then
sequenced using the ONT MinION sequencer. The genomes were assembled using Unicycler (45) v0.4.2
and annotated with PROKKA (46) v1.1.2. Both the LAC and the D592 sequences were resolved to a single
genomic and plasmid sequence with N50 scores of 2,875,046 and 2,820,177, respectively.

Accession number(s). Newly determined sequence data were deposited in the NCBI database under
accession numbers SRX5223031 to SRX5223065.

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

.01773-19.
SUPPLEMENTAL FILE 1, PDF file, 1.1 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.03 MB.
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