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            Abstract
A more complete understanding of the genetic basis of drug resistance in Mycobacterium tuberculosis is critical for prompt diagnosis and optimal treatment, particularly for toxic second-line drugs such as D-cycloserine. Here we used the whole-genome sequences from 498 strains of M. tuberculosis to identify new resistance-conferring genotypes. By combining association and correlated evolution tests with strategies for amplifying signal from rare variants, we found that loss-of-function mutations in ald (Rv2780), encoding L-alanine dehydrogenase, were associated with unexplained drug resistance. Convergent evolution of this loss of function was observed exclusively among multidrug-resistant strains. Drug susceptibility testing established that ald loss of function conferred resistance to D-cycloserine, and susceptibility to the drug was partially restored by complementation of ald. Clinical strains with mutations in ald and alr exhibited increased resistance to D-cycloserine when cultured in vitro. Incorporation of D-cycloserine resistance in novel molecular diagnostics could allow for targeted use of this toxic drug among patients with susceptible infections.
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                    Figure 1: Significance of associations between genotypic variants and drug resistance phenotypes.[image: ]


Figure 2: Convergent evolution of loss-of-function mutations in ald in MDR and XDR M. tuberculosis.[image: ]


Figure 3: The alanine metabolism pathway in M. tuberculosis.[image: ]


Figure 4: Single-gene knockout of ald confers a growth advantage relative to wild-type M. tuberculosis when the strains are cultured in the presence of d-cycloserine.[image: ]


Figure 5: Clinical strains with mutations in ald (L-alanine dehydrogenase) and alr (alanine racemace) exhibit increased resistance to D-cycloserine.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Significance of associations between genotypic variants and drug resistance phenotypes excluding strains with known resistance-conferring genotypes on a per-drug basis.
Each circle represents a genotypic feature that is plotted at the intersection of the negative log-transformed P values from the Fisherâ€™s exact and correlated evolution tests for each drug. P values were corrected for multiple comparisons using the Benjaminiâ€“Hochberg method. Genotypic variants known to confer resistance are colored according to the drug to which they confer resistance, and genotypes with no known effect on drug resistance are shown in gray. Genotypes scoring well in both tests appear in the upper right quadrants.


Supplementary Figure 2 A single-gene knockout of ald has a shorter time to positivity than wild-type M. tuberculosis when cultured in the presence of d-cycloserine.
Four laboratory strainsâ€”wild-type M. tuberculosis (WT), Î”ald (ald knockout), ald knockout complemented with ald (Î”ald-comp), and BCGâ€”were cultured in varying concentrations of d-cycloserine. The color legend indicates the concentration of d-cycloserine in Î¼g/ml. Strains were set up in triplicate, and the resulting time to positivity in MGIT was recorded as days since inoculation. The mean time to positivity is plotted with error bars to represent s.e.m. P values were calculated using two-way ANOVA.


Supplementary Figure 3 Evolution of ald, alr, ddlA, cycA, and pykA across the M. tuberculosis complex (MTBC).
A maximum-likelihood phylogeny was estimated using strains representing the diversity of the MTBC and specifically the vaccine strain BCG. Acquisition of nonsynonymous and loss-of-function mutations in the genes mentioned above was then reconstructed using parsimony and depicted at the appropriate nodes. Clades other than BCG with uniform genotypes were collapsed for visualization. Loss of function of both ald and pykA occurs in conjunction with the loss of region of difference 9 (RD9); pykA loss of function is reverted in both BCG and M. suricattae (indicated above as gain of function, GOF). A cycA loss-of-function mutation also occurs at the base of the M. microtiâ€“M. pinnipedii clade. Two mutations were identified in nearly all strains except for the reference H37Rv and close relatives (cycA R93L and ddlA T365A), suggesting that they are phylogenetic mutations and not correlative of resistance to any drugs.


Supplementary Figure 4 Restoration of wild-type ald in BCG inhibits growth in the presence of higher concentrations of d-cycloserine.
As BCG, which is innately resistant to d-cycloserine, contains a frameshift mutation in ald, a wild-type copy of M. tuberculosis ald was used for complementation back into BCG (BCG-ald-comp). Both BCG and BCG-ald-comp were subsequently cultured in varying concentrations of d-cycloserine in MGIT, and the time to positivity was normalized to that for the no-drug control for each strain to calculate the growth inhibition index. P values were calculated using two-way ANOVA.


Supplementary Figure 5 Restoration of wild-type ald in BCG confers longer time to positivity in the presence of higher concentrations of d-cycloserine.
As BCG, which is innately resistant to d-cycloserine, contains a frameshift mutation in ald, a wild-type copy of M. tuberculosis ald was used for complementation back into BCG (BCG-ald-comp). Both BCG and BCG-ald-comp were subsequently cultured in varying concentrations of d-cycloserine in MGIT. Strains were assessed in triplicate, and mean time to positivity in MGIT in days is plotted with the s.e.m. The concentration of d-cycloserine is given in Î¼g/ml. P values were calculated using two-way ANOVA.
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