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ABSTRACT The increasing threat of drug resistance and a stagnated pipeline of novel
therapeutics endanger the eradication of tuberculosis. Beta-lactams constitute promising
additions to the current therapeutic arsenal and two carbapenems are included in group
C of medicines recommended by the WHO for use in longer multidrug-resistant tubercu-
losis regimens. However, the determinants underlining diverse Mycobacterium tuberculosis
phenotypes to beta-lactams remain largely undefined. To decipher these, we present a
proof-of-concept study based on a large-scale beta-lactam susceptibility screening for
172 M. tuberculosis clinical isolates from Portugal, including 72 antimycobacterial drug-
resistant strains. MICs were determined for multiple beta-lactams and strains were
subjected to whole-genome sequencing to identify core-genome single-nucleotide vari-
ant-based profiles. Global and cell wall-targeted approaches were then followed to detect
putative drivers of beta-lactam response. We found that drug-resistant strains were more
susceptible to beta-lactams, but significant differences were not observed between dis-
tinct drug-resistance profiles. Sublineage 4.3.4.2 strains were significantly more suscepti-
ble to beta-lactams, while the contrary was observed for Beijing and 4.1.2.1 sublineages.
While mutations in beta-lactamase or cell wall biosynthesis genes were uncommon, a
rise in beta-lactam MICs was detected in parallel with the accumulation of mutations in
peptidoglycan cross-linking or cell division genes. Finally, we exposed that putative beta-
lactam resistance markers occurred in genes for which relevant roles in cell wall proc-
esses have been ascribed, such as rpfC or pknA. Genetic studies to validate the relevance
of the identified mutations for beta-lactam susceptibility and further improvement of the
phenotype-genotype associations are needed in the future.

IMPORTANCE Associations between differential M. tuberculosis beta-lactam pheno-
types and preexisting antimycobacterial drug resistance, strain sublineage, or specific
mutational patterns were established. Importantly, we reveal that highly drug-resist-
ant isolates of sublineage 4.3.4.2 have an increased susceptibility to beta-lactams
compared with other strains. Thus, directing beta-lactams to treat infections by spe-
cific M. tuberculosis strains and refraining its use from others emerges as a potentially
important strategy to avoid resistance development. Individual mutations in blaC or
genes encoding canonical beta-lactam targets, such as peptidoglycan transpepti-
dases, are infrequent and do not greatly impact the MICs of potent carbapenem
plus clavulanic acid combinations. An improved understanding of the global effect
of cumulative mutations in relevant gene sets for peptidoglycan and cell division
processes on beta-lactam susceptibility is also provided.
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Standard treatment for drug-susceptible tuberculosis (TB) requires the combined use of
isoniazid, rifampicin, ethambutol, and pyrazinamide for several months. Incomplete or

inconsistent treatment may favor the emergence of drug-resistant TB (DR-TB) strains.
Multidrug-resistant TB (MDR-TB) is defined as a Mycobacterium tuberculosis strain resistant
to, at least, isoniazid and rifampicin. A pre-extensively drug-resistant TB strain (pre-XDR-TB)
is considered resistant to rifampicin and any fluoroquinolone, while extensively drug-resist-
ant TB (XDR-TB) is attributed to a pre-XDR-TB isolate additionally resistant to, at least, beda-
quiline or linezolid (https://www.who.int/publications/i/item/9789240037021). DR-TB is
associated with poorer clinical outcomes and requires the use of less efficient and tolera-
ble drugs. Hence, wider therapeutic options are desperately required to effectively treat
DR-TB and beta-lactam antibiotics may offer a safe and prompt alternative (1, 2).

Beta-lactam exclusion from TB therapy is mainly attributed to an effective beta-lacta-
mase, BlaC (3), and nonclassical peptidoglycan (PG) transpeptidases (4). Mycobacterial PG
is mostly 3!3 cross-linked by L,D-transpeptidases, differing from the common 4!3 cross-
links found in other bacteria, which are catalyzed by classical penicillin-binding proteins
(PBPs). However, recent in vitro screenings suggest the susceptibility of clinical isolates of
M. tuberculosis to beta-lactams (3, 5–10). A wide range of MICs is reported, suggesting a
complex beta-lactam susceptibility spectrum, but knowledge of the phylogenetic or
genetic determinants contributing to distinct M. tuberculosis beta-lactam phenotypes is
scarce (7–9). In this context, we conducted a large-scale screening and whole-genome
sequencing (WGS) to provide insight into the associations between antimycobacterial
drug resistance, strain sublineage, or specific mutations with various levels of beta-lactam
susceptibility.

RESULTS
Beta-lactam activity and clavulanate contribution. Beta-lactam susceptibility test-

ing exposed a wide dispersion of MICs and indicated that the different antibiotics had dis-
tinct antimicrobial activity over M. tuberculosis strains (Fig. 1). Most of the isolates were
resistant to amoxicillin (161/172) and cefotaxime (156/172), but 44% (76/172) were suscep-
tible to meropenem (Table 1). Supplementation with clavulanate greatly potentiated beta-
lactam efficacy and the percentages of beta-lactam/clavulanate susceptible strains were
especially impressive among drug-resistant strains, reaching 76% (55/72) and 97% (70/72)
for amoxicillin/clavulanate and meropenem/clavulanate, respectively. It was not possible
to determine the proportion of susceptible strains to biapenem or faropenem because no
clinical or pharmacokinetic-pharmacodynamic (PK-PD) breakpoints are defined in the
Clinical and Laboratory Standards Institute (CLSI) or European Committee on Antimicrobial
Susceptibility Testing (EUCAST) guidelines for these antibiotics.

The impact of clavulanate addition to the global geometric mean of a specific anti-
biotic was measured by calculating a beta-lactam:beta-lactam plus clavulanate ratio
(Table 1). In accordance with the respective MIC distributions, this ratio was maximum
for amoxicillin (27.5) and minimum for faropenem (1.67). The ratio was 3.3 for cefotax-
ime and ranged between 5.0 and 7.9 for carbapenems. Biapenem/clavulanate, doripe-
nem/clavulanate, or meropenem/clavulanate were the most efficient combinations, all
yielding mean MIC values between 0.7 and 0.8 mg/L. Despite not having the lowest
values, faropenem MICs were very stable across the strain collection.

Beta-lactam susceptibility and antimycobacterial drug resistance. Drug-resist-
ant strains consistently presented higher beta-lactam susceptibility percentages and
lower mean MICs compared to their susceptible counterparts (Table 1). A Mann-
Whitney U test confirmed statistically significant differences for amoxicillin, amoxicillin/
clavulanate, cefotaxime, cefotaxime/clavulanate, meropenem/clavulanate and ertape-
nem (P , 0.05). To further investigate this relation, a Kruskal-Wallis test was performed
between three resistance levels (monoresistant or polyresistant; MDR; pre-XDR), but no
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FIG 1 MICs of seven beta-lactams, with and without clavulanate, for 172 clinical M. tuberculosis strains. When
present, clavulanate concentration was fixed at 2.5 mg/L. The vertical solid line delimits the MIC values below
or equal to the susceptibility (S) breakpoint, while the dashed line marks the values above the resistance (R)
breakpoint, based on EUCAST guidelines on PK-PD breakpoints (version 12.0), available for specific beta-
lactams. CLSI or EUCAST do not provide these thresholds for biapenem or faropenem.
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significant differences were found. In general, H37Rv is an adequate model for M. tu-
berculosis beta-lactam susceptibility because, for most antibiotics, the clinical global
geometric mean was very close to the median MICs of the reference strain.

Beta-lactam susceptibility and sublineage genotype. Among the clinical isolates
that compose the sample (Fig. 2A; Table S1), 160/172 were members of lineage 4,
which corresponds to Euro-American strains. Sublineages 4.3.4.2 (spoligotypes Latin
American and Mediterranean 1 [LAM1], LAM4, and LAM 11) and 4.3.4.1 (spoligotypes
LAM1 and LAM2) were the most common, with 50 and 30 strains, respectively. The 12
isolates that fell outside lineage 4 belonged to lineage 2 (East-Asian, all Beijing, n = 10),
lineage 3 (East-African Indian, n = 1), and lineage 6 (Mycobacterium africanum West-
African, n = 1). Regarding antimycobacterial drug resistance (Fig. 2B), 93% (13/14) of
the pre-XDR strains were found within the 4.3.4.2 sublineage, while the other drug-re-
sistance profiles were dispersed across sublineages. Differences in susceptibility to
amoxicillin and meropenem, with and without clavulanate, were examined by the
Mann-Whitney U test between each sublineage subset with more than 10 strains and
all other strains (Fig. 2C to F; Table S2). Sublineage 4.3.4.2, comprised of 60% (30/50) of
MDR/pre-XDR strains, presented significantly lower MICs to all treatments (P , 0.001).
In sublineage 4.3.4.1 MICs were only significantly lower for meropenem (P , 0.01). On
the other hand, significantly higher MICs were obtained for Beijing (P , 0.01) and
4.1.2.1 sublineage (P , 0.001) strains.

Mutations in beta-lactamase or cell wall biosynthesis genes. Core-genome sin-
gle nucleotide variants (core-SNVs) in relevant genes for beta-lactam function or cell
wall metabolism were examined to identify possible genomic determinants for beta-
lactam susceptibility heterogeneity. After an extensive literature review, 53 chromo-
somal genes were selected and assorted into five categories: beta-lactamase activity
(n = 3); PG synthesis (PG precursor production in the cytoplasm) (n = 11), PG assembly
(PG cross-linking) (n = 12); PG hydrolysis (n = 13); cell division (n = 14). A total of 80
core-SNVs associated with nonsynonymous mutations were detected in 39/53 genes,
with most of these mutations (56/80) being present in one or two strains (Table S3).

Focusing on mutations present in three or more isolates with a predicted functional
deleterious effect (PROVEAN score ,22.5), it was possible to infer several associations
with lower or higher MICs of amoxicillin and meropenem treatments (Table 2). Compared
with the global mean, strains with the A49G substitution in BlaC (n = 4) had low mean
MICs of amoxicillin and meropenem. The T188A substitution in PonA2 (n = 3) was associ-
ated with the lowest mean MICs for all beta-lactam treatments. Conversely, strains with
substitutions in MurG (R335P, n = 3), MurD (F76L, n = 4), or FtsH (D354G, n = 4) had mean
amoxicillin/clavulanate and meropenem MICs above 5.0 and 16.0 mg/L, respectively.
Higher MICs were also noted for strains with substitutions in Chiz (Y124H, n = 12), FtsK
(M123T, n = 4), PbpB (A217T, n = 3) and PonA1 (P631_E632insPPS, n = 8), even though no
deleterious effects were predicted by PROVEAN for these mutations. Strains with some of
these substitutions presented mean meropenem/clavulanate MICs of 2 mg/L, but the
effect of this combination was mostly unaffected by the considered core-SNVs.

We next sought to verify if the accumulation of nonsynonymous mutations in genes
allocated to the defined categories (apart from beta-lactamase activity) could be corre-
lated with an altered geometric mean of MIC values of amoxicillin or meropenem, with
and without clavulanate. Compared to the global MIC geometric mean, no relevant
tendency was observed for the PG synthesis group, but strains with more than two
mutations in PG assembly genes (n = 4) consistently presented much higher MIC mean
values, surpassing a 2-fold increase for amoxicillin/clavulanate and meropenem (Fig. 3).
Strains with two mutations in PG hydrolase genes (n = 52) had a MIC mean that was
similar to the global values, while strains with only one mutation (n = 65) had generally
higher MICs and strains with more than two mutations (n = 55) had lower MIC mean,
close to half the values obtained for all strains. Considering cell division, strains with
two or more mutations (n = 30) also displayed higher MICs for amoxicillin, amoxicillin/
clavulanate, and meropenem. For meropenem/clavulanate, a 1.5-fold increase of the
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FIG 2 Minimum spanning trees generated for the 172 M. tuberculosis strains. The GrapeTree software (MSTree V2) was applied and strains
sharing 12 or fewer variants collapsed in the same node. Node size and kurtosis are set to 100% while scaling is set to 300%. Branch length
represents allelic differences (AD) between nodes. Nodes are colored according: (a) strain WGS lineage (nodes with more than two strains are
labeled with a red circle); (b) anti-TB drug-resistance profile; (c) amoxicillin MIC; (d) amoxicillin/clavulanate MIC; (e) meropenem MIC;

(Continued on next page)
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MIC value compared to the global mean was only noted for strains with more than
two mutations in cell division genes.

Putative genomic markers of beta-lactam response at the whole-genome level.
The global statistical association analysis revealed one variant pattern (six individual core-
SNVs) significantly associated with higher amoxicillin/clavulanate and meropenem MICs
and four patterns (15 individual core-SNVs) linked to lower MICs of biapenem/clavulanate,
doripenem/clavulanate and meropenem (Table 3). These patterns included mutations in
genes associated with the following functional categories (11): cell wall and cell processes
(eccA2, lpqK, rpfC, rv1987, and cut3); lipid metabolism (mmaA4 and papA1); intermediary
metabolism and respiration (rv0948c and hisI); information pathways (hsdM and pheT); reg-
ulatory proteins (rv0342 and pknA); insertion sequences and phages (rv1128c); conserved
hypotheticals (rv2022c, rv0791c, rv3057c, and rv3365c).

DISCUSSION

The present study consists of one of the most extensive beta-lactam screenings
coupled with WGS data performed so far in M. tuberculosis clinical isolates. Strains were
particularly susceptible to meropenem/clavulanate and, despite the absence of reference
breakpoints for some beta-lactams, similar antibiotic properties together with overlapping
MIC distributions imply newer carbapenems, like biapenem and doripenem, are equally
effective. Conversely, ertapenem, which exhibits a better therapeutical administration pro-
file than other carbapenems, displayed high MICs, an atypical feature that possibly results
from thermal instability (10). Although carbapenems provide the most efficient transpepti-
dase blocking, results sustain that faropenem is less prone to beta-lactamase degradation
(12). Additionally, the improved bioavailability of this penem as an orally active prodrug
constitutes a major advantage for therapeutical adhesion compared to the intravenous
administration of carbapenems (13). Overall, our results corroborate that clavulanate is
essential for the full effect of amoxicillin, while carbapenems, as slow BlaC substrates (3),
are more suited to exert their action alone. Nevertheless, the effects of all carbapenems
were still potentiated and stabilized by clavulanate in our study.

Our study outputs were constrained by the high proportion of LAM strains which com-
prise the vast majority circulating in Portugal and one of the predominant sublineages in
Europe (14, 15). Although this analysis could have been powered with a larger sample size
and more isolates from several distinct lineages, we have performed a proof-of-concept
study with a representative collection of Portuguese M. tuberculosis clinical strains that
reinforce previous studies reporting worldwide M. tuberculosis clinical isolates' susceptibil-
ity to beta-lactams (3, 8, 9). The increased proportion of drug-resistant strains within subli-
neage 4.3.4.2 reflects the significance of two LAM strain-types as the main promoters of
MDR/XDR-TB cases in Portugal (16). Importantly, the screened antimycobacterial drug-re-
sistant M. tuberculosis strains in our study were significantly more susceptible to several
beta-lactams. A similar overrepresentation of amoxicillin/clavulanate susceptibility for
South African LAM4 strains, especially XDR isolates, was previously reported (8), but unlike
Cohen et al. (8), we did not identify significant beta-lactam susceptibility differences
between pre-XDR strains and other resistance profiles. Nonetheless, our concordant results
with sublineage 4.3.4.2 in the European setting strengthen the notion that specific LAM
strains are associated with increased susceptibility to beta-lactams, and it is reasonable to
hypothesize that the observed paradoxical beta-lactam susceptibility of drug-resistant iso-
lates possibly stems from fitness cost mutations. Contrarily, Beijing and sublineage 4.1.2.1
strains showed higher resistance to beta-lactams. Moreover, sublineage representation of
mutations in cell wall biosynthesis genes associated with globally higher beta-lactam MICs

FIG 2 Legend (Continued)
(f) meropenem/clavulanate MIC. Numbers between parentheses show the number of strains for a specific characteristic/condition. (c to f)
Nodes are colored in shades of green or red according to the lower or higher MIC values of the correspondent strains. Strains with MICs
immediately below and above the global geometric mean are in white. The dashed green or red circles define sublineages with significantly
lower or higher MICs, respectively, compared with all other strains. Values next to the circles correspond to the respective comparison
P value, obtained by the Mann-Whitney U test.
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unveiled their concentration in Beijing, 4.1.2.1, and 4.4.1.1 isolates. Recently, lineage 2 was
shown to have a significantly higher probability of acquiring resistance than lineage 4 (17).
In Beijing strains, this tendency has been attributed to mutations in putative mutator
genes (18), which may eventually contribute to the consistently higher beta-lactam MICs
obtained for these isolates. Our findings regarding differential sublineage susceptibility to
beta-lactams are particularly interesting given the fact that 4.1.2/Haarlem and 4.3/LAM are
the most widespread sublineages (15). Thus, determining if the inclusion of beta-lactams
in eventual therapeutic schemes against DR-TB may result in better clinical outcomes con-
cerning certain sublineages over other genotypes should be further investigated.

Strains with the A49G substitution in BlaC had considerably lower MICs compared
with the global mean. The S111R substitution in BlaC, which was not identified in our
strains, was previously associated with increased beta-lactam susceptibility (7), but Li
et al. (7) reported that none of the eight polymorphisms found in blaC, including the
one resulting in S111R, could be linked to beta-lactam resistance (9). This same study
also refers that either they did not identify any mutations in the genes encoding beta-
lactam targets or that the detected variants did not correlate with significant

FIG 3 Heatmaps depicting the geometric mean MICs of selected beta-lactam treatments for strains accumulating one, two, or more
than two nonsynonymous mutations in genes involved in PG synthesis, PG assembly, PG hydrolysis, or cell division. Heatmaps are
colored using a double gradient, with the baseline value in white and adjusted to correspond to the global geometric mean MIC of
each treatment (filled star symbol; 48.3 mg/L for amoxicillin; 1.8 mg/L for amoxicillin/clavulanate; 4.0 mg/L for meropenem; 0.8 mg/L
for meropenem/clavulanate). For each treatment, cells are colored in shades of green or red according to lower or higher geometric
mean MICs of the correspondent strains (value in mg/L for each cell, rounded to one decimal place), compared to the global
geometric mean. For each group of genes, the total of strains per cumulative number of mutations is as follows: (i) PG synthesis: one
mutation (n = 16); two mutations (n = 57); more than two mutations (n = 99); (ii) PG assembly: one mutation (n = 138); two
mutations (n = 30); more than two mutations (n = 4); (iii) PG hydrolysis: one mutation (n = 65); two mutations (n = 52); more than
two mutations (n = 55); (iv) cell division: one mutation (n = 142); two mutations (n = 23); more than two mutations (n = 7).
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phenotypic differences. We analyzed a much broader set of relevant genes and found
several nonsynonymous mutations, of which the T188A substitution in the transglyco-
sylase penicillin-insensitive domain of PonA2 emerges as a potentially relevant indica-
tor of enhanced beta-lactam susceptibility. Despite possible functional redundancy,
genes encoding L,D-transpeptidases were highly conserved. Importantly, we found
that cumulative nonsynonymous mutations in PG assembly genes resulted in superior
beta-lactam MICs, which may derive from an overall PG transpeptidase content with
reduced beta-lactam affinity in these strains. Accumulation of mutations in cell division
genes was also associated with higher beta-lactam MICs. Cephalexin, a beta-lactam
that inhibits FtsI (a cell-division specific PBP in Escherichia coli), was shown to require
the proper assembly of the divisome to ensure rapid lysis at the division site (19). Recently,
the molecular structures of M. tuberculosis PBP3 (also known as FtsI or PbpB) in a complex
with several beta-lactams, including amoxicillin and meropenem, were solved and
revealed the inactivation of this enzyme by these antibiotics through the formation of sta-
ble acyl-enzyme complexes (20). Therefore, multiple mutations in cell division genes that
compromise the process or timing of the divisome assembly or the interaction between
its components, may negatively impact homolog lysis mechanisms induced by FtsI-specific
beta-lactams in M. tuberculosis, contributing to the observed high MICs. On the contrary,
strains with more than two mutations in PG hydrolases were related to lower beta-lactam
MICs, possibly due to detrimental amino acid substitutions that affect the function of these
enzymes. This is consistent with previous studies that show that mutants lacking PG hy-
drolases, such as resuscitation-promoting factors (Rpfs) or Rpf-interacting protein A (RipA),
have increased outer membrane permeability and beta-lactam susceptibility (21, 22).

Association tests between phenotypes and core-SNVs were performed to provide a
wider outline of putative genomic markers. The identified mutations were distributed
across the various sublineages and it is noteworthy that the highest number of core-
SNVs with significant associations with higher or lower beta-lactam MICs was still
found for the cell wall and cell processes functional category. We observed that the
E215G substitution in EccA2, an ESX-2 type VII secretion system component, was asso-
ciated with higher MICs of amoxicillin/clavulanate and meropenem. This resonates
with the recent finding that the V762G substitution in EccC5, a protein involved in
another ESX secretion system, grants ofloxacin resistance to M. tuberculosis (23).
Conversely, strains with the E67K variant in LpqK, a conserved lipoprotein with similar-
ity to PBPs, had lower beta-lactam MICs. Substitutions in RpfC (H16R) and PknA
(N165S) were also associated with increased susceptibility. Depletion of PknA, an
essential regulatory kinase of M. tuberculosis peptidoglycan processes, was found to
potentiate the activity of beta-lactams (24).

Susceptibility genomic markers were only previously described for amoxicillin/clavula-
nate (8). We identified variants that differ from this previous study and that are associated
with either increased resistance to amoxicillin/clavulanate and meropenem or increased
susceptibility to biapenem/clavulanate, doripenem/clavulanate, and meropenem. None of
the amoxicillin/clavulanate susceptibility-associated variants identified by Cohen et al.
were found in canonical targets, such as L,D-transpeptidases, or PBPs, and evidence of
altered beta-lactamase activity was not observed (8). Our findings indicate that mutations
in cell wall biosynthesis genes are infrequent and that heightened beta-lactam susceptibil-
ity may rely on more intricate genetic patterns, but further studies are needed to support
this assumption. Even though strains with more than two mutations in PG assembly or cell
division genes exhibited considerably higher beta-lactam MICs, these only accounted for
2% (4/172) and 4% (7/172) of the global sample, respectively. Therefore, strains with these
potentially challenging mutational profiles should be studied, but they are unlikely to
jeopardize the global benefit that certain beta-lactams can add to TB therapeutics.

Our analysis expands the pool of available putative markers, but studies on the role
of the individual or conjugated mutations in beta-lactam phenotype causality are war-
ranted. As mentioned previously, our study would have benefited from the inclusion of
strains from lineages that are less frequent in Europe. Additionally, inherent constraints
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due to strong clonal population stratification complicate phenotype-genotype correla-
tions in M. tuberculosis. In the next step, we will perform genome-wide association
studies, which consider these limitations, to better clarify the genomic determinants of
the diverse phenotypic responses to specific beta-lactams. This will allow further
insights into this class application potential and restrictions and is aligned with the
considerations of the WHO that more research is needed on the role of carbapenems
in MDR-TB regimens (25).

MATERIALS ANDMETHODS
M. tuberculosis isolates and drug susceptibility testing (DST). A set of 172M. tuberculosis clinical iso-

lates curated by the Portuguese National Institute of Health and the reference strain H37Rv were selected for
this study (Table S1). DST for 10 antimycobacterial drugs (isoniazid, rifampicin, ethambutol, pyrazinamide,
streptomycin, levofloxacin, moxifloxacin, amikacin, kanamycin, ethionamide) was performed following stand-
ardized guidelines (26). The sample consisted of 100 pan-susceptible and 72 antimycobacterial drug-resistant
isolates, including monoresistant (resistance to one antimycobacterial drug, n = 9), polyresistant (resistance to
two antimycobacterial drugs, but not isoniazid and rifampicin simultaneously, n = 5), MDR (n = 44) and pre-
XDR (n = 14) strains. Resistance to bedaquiline and linezolid is unknown as DST of these antibiotics was not a
standard routine practice at the time most of the strains were screened. Strains were grown in Middlebrook
7H9 broth (BD Difco) supplemented with 10% oleic acid-albumin-dextrose-catalase (BD Difco), 0.2% glycerol
(Sigma-Aldrich) and 0.05% tyloxapol (Sigma-Aldrich). A broth microdilution assay adaptation was used to
determine MICs to amoxicillin, biapenem, cefotaxime, doripenem, ertapenem, faropenem, and meropenem
(Sigma-Aldrich), alone or combined with 2.5 mg/L clavulanates (Sigma-Aldrich) (8). After 10 to 12 days of incu-
bation, the lowest concentration leading to no visible growth was recorded as the MIC. Determinations were
performed one to three times on each isolate. When available, drug-susceptibility breakpoints used were based
on EUCAST guidelines on PK-PD breakpoints (version 12.0) (https://www.eucast.org/clinical_breakpoints/)
because beta-lactam critical concentration values forM. tuberculosis were not defined.

Whole-genome sequencing. Genomic DNA was extracted as previously described (27). Quantification
and quality of the purified DNA were assessed by Qubit Fluorometer (Invitrogen) with the dsDNA HS assay
kit (Invitrogen) and agarose gel electrophoresis, respectively. High-quality DNA samples were subjected to
dual-indexed NexteraXT Illumina library preparation. Libraries were subsequently subjected to cluster gener-
ation and paired-end sequencing (2 � 150bp or 2x250bp) on an Illumina MiSeq or NextSeq550 equipment
(Illumina Inc.).

Core-SNV-based analysis. Genetic relatedness among isolates was evaluated by a reference-based
mapping strategy using Snippy v.4.5.1 software (https://github.com/tseemann/snippy). After species
confirmation and contamination screening using Kraken v.2.0.7 (28), quality improved reads by
Trimmomatic v0.38 were individually mapped against M. tuberculosis H37Rv reference genome
(GenBank accession number AL123456.3) (29). SNV calling was performed on variant sites as previously
described (30), with slight changes: minimum mapping quality of 30, and minimum base quality of 20.
Core-SNVs were extracted using Snippy’s core module, by masking known M. tuberculosis genomic
regions with high GC-content, repetitive elements, and resistance-associated positions to avoid bias in
the phylogeny (30). Only genomes with $95% of aligned bases with the reference were considered for
phylogenetic analysis. Minimum spanning trees (MST) were generated with the MSTreeV2 algorithm in
GrapeTree (31), based on a total of 9021 core-SNVs and annotated with supplied metadata. Node col-
lapse was set to a maximum of 12 allelic differences (AD), previously reported as a conservative thresh-
old for epidemiological surveillance of M. tuberculosis transmission chains (32).

In silico lineage determination, spoligotyping, and resistance prediction. Raw reads of each iso-
late were subjected to TB-profiler for in silico prediction of resistance, lineage, and spoligotype (33).

Genotype-phenotype association tests. For each treatment, the 172 strains were divided into three
groups according to their MICs and the antibiotic global geometric mean: an intermediary group, spanning
strains with a MIC value immediately below and above the geometric mean; low and high MIC groups,
respectively, containing all strains with MICs below or above the intermediary group limits. The analyses
focused on a set of 140 strains, after randomly selecting two strains from the eight phylogenetic tree nodes
(#12 AD) with more than two members and excluding the remainder to limit phylogenetic dependency.
Within the original 9021 core-SNVs, variants with less than 10% (n = 14) of strains differing from all others
were removed, ensuring an adequate quantity of strains with either wild type (WT) or mutant alleles. This fil-
ter reduced available core-SNVs to 325, organized in 44 different core-SNVs patterns across the 140 strains.

The association between log2 transformed MICs values and core-SNVs patterns were evaluated for
all beta-lactams by a Mann-Whitney U test. Statistical dependence between pairs of core-SNVs with the
same allelic distributions across the 140 selected strains was expected due to the genomic proximity of
M. tuberculosis isolates. Therefore, core-SNVs with equal allelic configurations were considered a unique
variant pattern, which corresponded to an independent statistical hypothesis and yielded the same P
value for all variants within that core-SNV pattern. To further mitigate phylogenetic dependence, signifi-
cant core-SNV patterns (P , 0.05) were subjected to a second Mann-Whitney U test with selected iso-
lates from the previously defined low and high beta-lactam MIC groups (trees in Supplementary
Appendix show the selected strains for the second test for each antibiotic). For each condition, one
strain from the low and high MIC groups was initially selected from the central node of the tree and out-
ward from nodes with at least 200 AD from the central node and between each other. When either a
low or a high MIC strain was not present in each node, the closest available strain in neighboring nodes
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was selected. Similar to the first test, a 10% cutoff was set for WT and mutant groups. After exclusion of
synonymous mutations, core-SNVs with a P , 0.05 in both Mann-Whitney U tests were considered puta-
tive genomic markers of low or high beta-lactam resistance phenotype.

Statistical analysis and data visualization. Statistical analyses were conducted with SPSS software.
PROVEAN software was used to predict the functional effect of a given sequence variation on protein
function (34). Heatmaps depicting the MIC geometric mean of strains with a defined number of nonsy-
nonymous mutations in relevant gene groups were generated using GraphPad Prism version 9.0.

Data availability. Sequence files have been deposited in the European Nucleotide Archive.
Accession numbers are available in Table S1.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 2.4 MB.
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