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When using genome sequencing for molecular epidemiology, short sequence reads are aligned to an arbitrary reference strain to
detect single nucleotide polymorphisms. We investigated whether reference genome selection influences epidemiological infer-
ences of Mycobacterium tuberculosis transmission by aligning sequence reads from 162 closely related lineage 4 (Euro-Ameri-
can) isolates to 7 different genomes. Phylogenetic trees were consistent with use of all but the most divergent genomes, suggest-
ing that reference choice can be based on considerations other than M. tuberculosis lineage.

Whole-genome sequencing (WGS), which demonstrates
higher resolution than classic molecular typing methods

(see, e.g., references 1–5), has become the gold standard for
molecular epidemiology of Mycobacterium tuberculosis. Epide-
miological inferences depend on the detection of single nucle-
otide polymorphisms (SNPs) that distinguish isolates. Identi-
fication of SNPs using short-read data typically involves
alignment (mapping) of reads to a single reference genome
(e.g., M. tuberculosis H37Rv). As the difference between the ge-
nome of the reference strain and the clinical isolates increases
(e.g., due to insertions/deletions/SNPs), fewer sequence reads are
successfully mapped against the reference genome. As these data
are essentially lost, the results are potentially biased, and true dif-
ferences may go undetected. One solution in studies of other bac-
terial pathogens has been de novo assembly of a closely related
isolate; this is then used in lieu of existing, more genetically distant
reference genomes (6). However, this approach requires addi-
tional resources in terms of cost, technical expertise, and time;
if short-read data are used for de novo assembly, a much greater
sequencing depth is required (�100�) to ensure sufficient
overlap of reads to facilitate accurate assembly(7), while alter-
native sequencing platforms are necessary to generate longer
reads.

We asked whether the use of different reference genomes in-
fluences phylogenetic trees and epidemiological inferences of M.

tuberculosis transmission, utilizing an existing data set of 163 lineage
4 (Euro-American) isolates from northern Quebec. DNA extraction
and MiSeq-based WGS were performed as previously described (Na-
tional Center for Biotechnology Information’s Sequence Read Ar-
chive project under accession no. SRP039605, BioProject no.
PRJNA240330) (8). Mixed infection with Mycobacterium avium was
identified in 1 isolate using the Basic Local Alignment Search Tool
(9); while this had no influence on previous phylogenies, it was ex-
cluded from the current analysis to avoid bias in coverage calculations
(see below). Read quality was assessed with FastQC (http://www
.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were
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TABLE 1 Alignment and genome coverage across various reference genomes within the genus Mycobacteria

Reference genome species
Reference
genome name Accession no. Reference

Reference
genome
length
(bp)

% of reads
successfully aligned
to referencea

(median [IQR])

Genome coverage (median [IQR])b at:

�1� depth �10� depth �20� depth

Mycobacterium tuberculosis
Lineage 4 H37Rv NC_000962.3 21 4,411,532 98.0 (97.9–98.1) 98.9 (98.8–98.9) 98.1 (98.0–98.3) 97.2 (96.8–97.5)
Lineage 4 CDC1551 NC_002755.2 22 4,403,837 98.2 (98.1–98.3) 99.3 (99.2–99.3) 98.5 (98.4–98.7) 97.6 (97.2–97.9)
Lineage 2 CCDC5079 CP001641 23 4,398,812 97.8 (97.7–97.9) 98.8 (98.7–98.8) 98.1 (97.9–98.2) 97.1 (96.8–97.4)

Mycobacterium africanum GN041182 FR878060.1 24 4,389,314 97.5 (97.4–97.5) 98.9 (98.8–98.9) 98.1 (98.0–98.3) 97.2 (96.8–97.4)
Mycobacterium bovis AF2122/97 NC_002945.3 25 4,345,492 97.6 (97.5–97.7) 99.3 (99.2–99.3) 98.5 (98.4–98.7) 97.6 (97.2–97.9)
Mycobacterium canettii CIPT 140010059 NC_015848.1 26 4,482,059 96.5 (96.3–96.6) 95.1 (95.0–95.1) 94.3 (94.2–94.4) 93.4 (93.0–93.8)
Mycobacterium kansasiic ATCC 12478 NC_022663.1 27 6,432,277 52.7 (51.6–53.4) 34.5 (34.2–35.5) 28.4 (27.8–29.1) 25.5 (24.6–26.4)
a Calculated using SAMtools (flagstat) as (total mapped � secondary alignments � duplicate reads)/(total reads surviving trimming � duplicate reads).
b QualiMap includes secondary alignments marked by BWA-MEM (range, 1% to 3% of total mapped), double counted in coverage calculations. Duplicates excluded.
c pMK plasmid sequence not used for alignment.
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FIG 1 Impact of reference genome choice on phylogeny. Maximum likelihood trees with 1,000 bootstrap replicates. Branches of �80% bootstrap threshold are
collapsed (branch lengths are therefore not to scale). For clarity, bootstrap P values are indicated up to the most proximal node defining each cluster. Isolates were
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trimmed using Trimmomatic, v.0.32 (10), with a minimum
length of 70 base pairs (bp), then aligned using the Burrows-
Wheeler aligner (BWA) maximal exact matches (MEM) algo-
rithm (11) to 7 different reference genomes (Table 1 [21–27]; for
divergence in average nucleotide identity, see Table S1 in the sup-
plemental material). PCR and optical duplicates were marked us-
ing Picard tools, v.1.118 (available at http://broadinstitute.github
.io/picard/), and reads were locally realigned around insertions/
deletions (indels). Reads aligning to �1 locus in the reference
or with a mapping quality of �30 were excluded. The propor-
tion of reads that aligned to each reference was calculated using
SAMtools, v.1.2 (12). Genome coverage and average depth of
coverage were calculated excluding duplicates in QualiMap, v.2
(13) and the Integrative Genomics Viewer (14) (see Tables S2
and S3 in the supplemental material).

The highest proportion of reads were mapped to the CDC1551
(lineage 4) reference, followed by H37Rv (Table 1). As both are
lineage 4, this is unsurprising. The median proportions of the
CDC1551 and H37Rv references that had at least 1 read aligned
(genome coverage) were also the highest across all analyses. As the
reference strain became more genetically divergent from the se-
quenced isolates (lineage 2 M. tuberculosis, Mycobacterium africa-
num, Mycobacterium bovis, and Mycobacterium canettii), the per-
centage of total reads aligned and genome coverage declined
slightly. When aligning against Mycobacterium kansasii, these val-
ues decreased by 45.5% and 64.8%, respectively, compared to
those for CDC1551.

SNPs and indels were then identified (called) for each reference
analysis using the Genome Analysis Toolkit (GATK), v.3.3 (15).
SNPs were filtered for quality based on GATK recommendations,
including assessment of strand bias. In addition, we required a
Phred score of �50 (where Phred � �10 · log Perror, correspond-
ing to a 1/100,000 probability of error) for each SNP locus, a
minimum depth of coverage (i.e., the number of reads that are
aligned to that locus) of 8 bp, and individual Phred-scaled geno-
type quality of �15 to confidently call an SNP. SNPs within 12 bp
of one another or indels and heterozygous calls were excluded.
Concatenated SNPs from each alignment were then used to gen-

erate phylogenetic trees using the maximum-likelihood method
(16) with 1,000 bootstrap replicates (17). The model of nucleotide
substitution was chosen based on the Bayesian information crite-
rion. Because repetitive PE_PGRS genes, PPE genes, and mobile
elements were not consistently annotated across all reference ge-
nomes, SNPs in these regions were included; however, any bias
due to these SNPs should be nondifferential across references.
Trees from each analysis were compared qualitatively and were
largely consistent with a previously reported deletion-based phy-
logeny (8). As illustrated in Fig. 1 and Fig. S1 in the supplemental
material, small changes in clustering became evident at the level of
M. canettii, while resolution was almost entirely lost with M. kan-
sasii.

To examine whether reference choices influenced our inter-
pretation of direct patient-to-patient transmission, we restricted
our analysis to 49 isolates from a well-defined epidemiological
outbreak in a single Quebec community. All cases were diagnosed
within a 1-year period, and previous work suggested a threshold
for recent direct transmission of 0 to 1 SNP (5). Matrices of pair-
wise SNPs between isolates were generated. Using classifications
with CDC1551 as the gold standard, because its genetic similarity
to our isolates was the closest, we calculated the sensitivity and
specificity for classifying each pair as probable recent transmission
or not. As shown in Table 2, the sensitivity and specificity for
detecting recent transmission was 100% across all reference ge-
nomes, except M. kansasii. In the latter, nearly all of the SNPs that
formerly ruled out transmission between some pairs were missed
because of low mapping to the reference, yielding an unacceptably
high number of false positives.

Overall, we have shown that that the choice of reference ge-
nome, within the M. tuberculosis complex, has negligible influence
on phylogeny and epidemiological studies of M. tuberculosis trans-
mission. Our ability to demonstrate the robustness of these anal-
yses using a data set with very limited strain diversity (153/163
isolates were separated by a maximum distance of 72 SNPs, and
clusters were distinguished by as few as 2 SNPs) (5, 8) indicates
that our findings are generalizable to settings with greater genetic
diversity and robust to differences in M. tuberculosis lineage.

colored for their respective clusters, identified according to CDC1551 (and H37Rv) (8). Isolates were then kept the same color across all panels to facilitate quick
comparison between the new reference analysis and CDC1551 (see Table S4 in the supplemental material for cluster names). (A) Reference M. tuberculosis lineage
4 CDC1551, using the Tamura 3 parameter model of nucleotide substitution with 1,522 SNP loci (19). (B) Reference M. canettii, using the general time-reversible
(GTR) model of nucleotide substitution with 17,406 SNP loci (20). Using M. canettii as a reference, a single isolate changed clusters (arrow). (C) Reference M.
kansasii, using the GTR model of nucleotide substitution with 34,127 SNP loci.

TABLE 2 Comparing pairwise single nucleotide polymorphisms and probable recent transmission by reference genome, using CDC1551 as gold
standard

Reference genome species Reference genome name

Median pairwise SNP
compared to reference
(IQR)a

Median pairwise SNP
between isolates
(IQR)b

Sensitivity for recent
transmission
(95% CI)c

Specificity for recent
transmission
(95% CI)

Mycobacterium tuberculosis
Lineage 4 H37Rv 781 (780–781) 3 (2–6) 100 (98.7–100) 100 (99.6–100)
Lineage 4 CDC1551 619 (618–619) 3 (2–6)
Lineage 2 CCDC5079 1,247 (1,246–1,247) 3 (2–6) 100 (98.7–100) 100 (99.6–100)

Mycobacterium africanum GN041182 1,908 (1,907–1,908) 3 (2–6) 100 (98.7–100) 100 (99.6–100)
Mycobacterium bovis AF2122/97 2,000 (1,999–2,000) 3 (2–6) 100 (98.7–100) 100 (99.6–100)
Mycobacterium canettii CIPT 140010059 16,637 (16,636–16,637) 3 (2–6) 100 (98.7–100) 100 (99.6–100)
Mycobacterium kansasii ATCC 12478 34,081 (34,081–34,081) 0 (0–0) 100 (98.7–100) 0.1 (0.0–0.06)
a 49 pairwise comparisons with reference genome. IQR, interquartile range.
b 1,176 pairwise comparisons.
c 95% CI, 95% confidence interval.
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Therefore, epidemiological studies of tuberculosis can base refer-
ence choices on aspects such as quality of annotation rather than
matching strain lineage.

Our findings also indicate that there is a threshold of genome
coverage beyond which transmission can no longer be accurately
discriminated. This can have implications particularly for non-
clonal pathogens, which have greater genetic diversity than M.
tuberculosis. One approach with such organisms restricts short-
read alignment to the core genome region (e.g., in Escherichia coli,
this represents only 40% of all possible genes [18]), while another
approach restricts it to variation within preselected genes (e.g.,
housekeeping genes, used for multilocus sequence typing). These
subsets are then used to build phylogenetic trees and delineate
clusters of transmission. When limited to only a subset of the
genome, epidemiologically relevant genetic diversity can be over-
looked, as demonstrated when aligning to M. kansasii. A more
optimal approach might involve aligning to both core and acces-
sory genes and �1 reference from the same species, to capture a
more complete portrait of bacterial diversity. To facilitate this,
efforts must be made to further sequence, close, and annotate such
genomes.
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