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Abstract

Tuberculosis (TB) surveillance is scarce in most African countries, even though it is the continent with the greatest disease 
incidence according to the World Health Organization. Liberia is within the 30 countries with the highest TB burden, probably 
as a consequence of the long civil war and the recent Ebola outbreak, both crippling the health system and depreciating the TB 
prevention and control programmes. Due to difficulties working in the country, there is a lack of resistance surveys and bacillus 
characterization. Here, we use genome sequencing of Mycobacterium tuberculosis clinical isolates to fill this gap. Our results 
highlight that the bacillus population structure is dominated by lineage 4 strains that harbour an outstanding genetic diversity, 
higher than in the rest of Africa as a whole. Coalescent analyses demonstrate that strains currently circulating in Liberia were 
introduced several times beginning in the early year 600 CE until very recently coinciding with migratory movements associ-
ated with the civil war and Ebola epidemics. A higher multidrug- resistant (MDR)- TB frequency (23.5 %) than current estimates 
was obtained together with non- catalogued drug- resistance mutations. Additionally, 39 % of strains were in genomic clusters 
revealing that ongoing transmission is a major contribution to the TB burden in the country. Our report emphasizes the impor-
tance of TB surveillance and control in African countries where bacillus diversity, MDR- TB prevalence and transmission are 
coalescing to jeopardize TB control programmes.

DATA SummARy
1. Raw Mycobacterium tuberculosis read files have been 
deposited in the European Nucleotide Archive under the 
study accession number PRJEB32589, sample details are 
summarized in Table S1 (available with the online version 
of this article).

2. The reference M. tuberculosis complex (MTBC) common 
ancestor genome is available from https:// doi. org/ 10. 5281/ 
zenodo. 3497110.

3. The reference annotation genome of M. tuberculosis 
(strain H37Rv) is available from GenBank, accession number 
AL123456.2.

InTRoDuCTIon
Liberia, on the West African coast, was founded at the begin-
ning of the 19th century (around 1821) as a homeland for 
freed American slaves most of African ancestry. It is one of 
the few sub- Saharan countries devoid of colonial rule and 

http://mgen.microbiologyresearch.org/content/journal/mgen/
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considered the oldest African republic. Its population is 
composed of 95 % indigenous ethnic groups and a sizeable 
population of Lebanese, Indians and West African nationals. 
The country experienced 14 years of civil war that caused 
many deaths, family displacement and serious devastation 
of health facilities [1]. Consequently, poverty and the burden 
of infectious diseases, including tuberculosis (TB), malaria 
and human immunodeficiency virus/AIDS, dramatically 
increased. The Ebola outbreak in 2014 further crippled the 
health- care system, deteriorating the fragile TB prevention 
and control programmes [2, 3]. The entire scenario presum-
ably exacerbated disease spread and emergence of multidrug- 
resistant (MDR)- TB strains.

Liberia is one of the three countries that have never conducted 
a drug- resistance (DR) survey; thus, MDR/extensively drug- 
resistant (XDR)- TB incidence is estimated based on data 
from neighbouring countries. The World Health Organiza-
tion (WHO) also reports that fewer than 50 % of TB- positive 
cases have been tested, including for rifampicin resistance 
[4]. Consequently, the real burden of DR is largely unknown. 
Recently, it has been proved that DR prevalence at the country 
level can be accurately estimated by genomic surveillance [5]. 
Additionally, our increased knowledge of causative genetic 
variants demonstrates that first- line- drug susceptibility 
profiles can be precisely predicted and used at the patient level 
[6]. However, the sensitivity of WGS- DST (whole- genome 
sequencing – drug susceptibility testing) largely depends on 
the available catalogues of high- confidence mutations that 
have been mostly trained with samples from low- burden 
countries. In addition, DR variants may vary by geographical 
region and by the bacilli genetic diversity [7], hampering 
genome- based DST surveillance. Thus, it is unclear whether 
the sensitivity of WGS- DST will be compromised in Liberia 
and whether it can help to estimate the real burden of 
resistance.

We have carried out what is believed to be the first WGS 
study across two national TB referral hospitals in Liberia. To 
understand the origin of genetic diversity in the country, we 
compared the genomic data from 51 Liberian isolates with 
more than 9000 strains from all over the world and specifi-
cally from Africa. In addition, we identified MDR- TB strains 
based on published DR catalogues, as well as novel DR deter-
minants. Overall, our results show a high epidemiological 
clustering rate, as well as a higher than expected MDR- TB 
percentage. This likely reflects the jeopardized public- health 
system after the devastating civil war and Ebola crisis.

mETHoDS
Isolate collection and DST
The study was conducted during 2013–2016 at two referral 
hospitals, TB Annex Hospital (TBAH, Montserrado County, 
Liberia), the Ganta TB and Leprosy Rehabilitation Hospital 
(GTBLRH, Nimba County, Liberia), and other direct 
observation therapy(DOT) centres [1]. Following national 
guidelines, two sputum samples per patient were collected 
for smear microscopy and culture (with Lowënstein–Jensen 

medium). DST was done only for the two samples with new 
uncommon mutations in katG (LR60, LR69; see Results), 
using the proportion method [8] with modifications from 
the National Leprosy/TB Control Program, Ministry of 
Health and Social Welfare, Liberia, considering the following 
drug concentration breakpoints: 0.2 µg isoniazid (INH) ml−1, 
1.0 µg INH ml−1, 40 µg rifampicin ml−1, 5 µg streptomycin ml−1, 
2 µg ethambutol ml−1.

WGS from heat-killed cultures
Culture isolates were inactivated by heating (100 °C, 30 min) at 
the National TB Reference Laboratory (Liberia) and shipped 
to a Biological Safety Level 3 (BSL3) laboratory in Valencia, 
Spain. After a second inactivation step (90 °C, 15 min), 
samples were used to prepare WGS libraries. Sequencing 
librarieswere constructed with a Nextera XT DNA library 
preparation kit (Illumina), following the manufacturer's 
instructions. Sequencing was performed on an Illumina 
MiSeq instrument.

Bioinformatics analysis pipeline and identification 
of high-confidence DR mutations
Sequencing reads (300 bp paired- end) were trimmed with 
fastp [9]. kraken software [10] was used to remove non- 
MTBC (non- Mycobacterium tuberculosis complex) reads. 
Mapping and SNP calling were performed as described 
elsewhere [11, 12]. Briefly, MTBC reads were mapped to an 

Impact Statement

Tuberculosis (TB) is still one of the top ten causes of death 
worldwide; despite the fact that Africa is the continent 
with the highest TB burden rate (308 cases per 100 000 
population), scarce TB surveillance is conducted in most 
of its countries. Liberia is within the 30 countries with the 
highest TB burden and only 43 % of new cases are tested 
for drug resistance. The burden of infectious diseases in 
this West African country has increased alarmingly in the 
past 20 years as a consequence of the civil war and the 
Ebola outbreak, both crippling the health- care system 
and deteriorating TB programmes. Here, we describe 
the Mycobacterium tuberculosis population structure in 
Liberia, the genotypic drug- resistance (DR) frequency and 
the transmission rate. We reveal a worrying multidrug- 
resistant- TB burden together with new candidate resist-
ance mutations not reported in available catalogues. We 
further demonstrate that strains currently circulating in 
Liberia were introduced to the country multiple times 
and from worldwide locations, probably promoting the 
outstanding diversity observed. Our results highlight the 
urgency for TB surveillance and control in African coun-
tries, where the sum of living situation, health- system 
condition and the biological particularities of the tubercle 
bacilli are likely favouring DR emergence and dispersion.
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Fig. 1. ML phylogeny displaying the diversity of Liberian strains, transmission clusters (CL) are numbered and indicated as coloured 
strips. Labels in red designate mixed infection isolates. Sublineages (sub- L) according to Coll et al. [18] are labelled and colour 
designated. High confidence (red circles) indicates resistance predicted with our in- house script based on curated catalogues; new high 
confidence (yellow circles) designates new mutations identified by manual inspection of variants and confirmed with phenotypic DST; 
candidates (blue circles) are new variants that are observed in resistance- associated genes, highly homoplastic or in the pncA gene, but 
not included in catalogues nor confirmed by phenotypic DST; half blue and half red circles indicate resistance and candidate mutations 
identified in the same strain. *, MDR strains; **, multidrug resistance identified with the new high- confidence mutations. AMK, Amikacin; 
CPR, capreomycin; EMB, ethambutol; ETH, ethionamide; FQ, fluoroquinolones; INH, isoniazid; KAN, kanamycin; LZD, linezolid; PAS, para- 
aminosalicylic acid; PTO, prothionamide; PZA, pyrazinamide; RMP, rifampicin; SM, streptomycin. Scale bar indicates mean number of 
nucleotide substitutions per site

inferred MTBC common ancestor genome (https:// doi. org/ 
10. 5281/ zenodo. 3497110) using bwa [13]. SNPs were called 
with SAMtools [14] and VarScan2 [15], GATK Haplotype-
Caller [16] was used for InDels calling. SNPs with a minimum 
of 10 reads (10×) in both strands and quality 20 were selected 

and classified based on their frequency in the sample as fixed 
(>90 %) or low frequency (10–89 %). InDels with less than 
10× were discarded. SnpEff was used for SNP annotation 
using the H37Rv annotation reference (AL123456.2). Finally, 
SNPs falling in genes annotated as PE/PPE/PGRS, ‘maturase’, 

https://doi.org/10.5281/zenodo.3497110
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‘phage’, ‘13E12 repeat family protein’; those located in insertion 
sequences; those within InDels or in higher density regions 
(>3 SNPs in 10 bp) were removed due to the uncertainty 
of mappings. Next, variants were compared with recently 
published catalogues with validated association between 
mutations and phenotypic resistance [17] in order to predict 
high- confidence resistance profiles to first- and second- line 
drugs. Lineages were determined comparing called SNPs with 
specific positions established [12, 18]. An in- house R script 
was used to detect mixed infections based on the frequency 
of lineage- and sublineage- specific positions. Briefly, specific 
lineage and sublineage SNP positions [18] were queried. If the 
lineage or sublineage variant frequency was below 90 %, then 
the sample was labelled as likely mixed infection (as described 
by Sobkowiak et al. [19]) (Supplementary File 1).

Multialignment files including the strains in the dataset were 
constructed including all the positions different from the 
MTBC ancestor, discarding invariant and annotated resist-
ance positions. Pairwise distance was calculated with the R 
ape package and nucleotide diversity (π) with pegas. Only 
countries with more than 10 samples were considered when 
analysing diversity for each country, but all (465) samples 
were included in the continent (Africa) comparison. All 
graphics and statistical analysis were performed with R.

Identification of novel candidate DR mutations
All mutations in DR- related genes and their regulatory 
regions but absent in common catalogues were inspected. 
Homoplasy, that is the occurrence of the same mutation 
somewhere else in the phylogeny, is a strong indicator of 
candidate DR mutations in MTBC [20]. In this regard, for 
each variant, homoplasy events were checked against a large 
reference dataset of 6146 genomes [21]. All variants, non- 
synonymous or InDels, present in at least two different line-
ages were selected for manual inspection. A bibliographical 
search was conducted in order to score mutations previously 
reported in the literature. We then assessed all the selected 
candidate mutations in the context of the susceptibility status 
for the rest of the drugs from the sample, since resistances are 
usually acquired sequentially [22].

Phylogenetics, dating and geographical analysis
Phylogenies were reconstructed from fasta files with 
RAxML v8.2.11 [23] using the GTRCATI model and fast 
bootstrap. Tree visualization and editing were conducted in 
itol (https:// itol. embl. de/). Dating analyses were performed 
by lineage including a representative dataset from available 
worldwide strains, i.e. 1184 L1 isolates, 2835 L2 and 5320 L4 
[5, 11, 12, 18, 24–28]. Firstly, a neighbour- joining phylogeny 
was reconstructed with Mega7 [29], then data size was reduced 
with Treemmer [30] and finally maximum- likelihood (ML) 
phylogenies were reconstructed and used to estimate the 
time and geographical origin of each Liberian clade. Dating 
was performed with beast2 v2.5.1 [31], in all cases we used 
a log- normal distribution of the clock, coalescent constant 
population and a published substitution rate of 4.6×10−8 (0.20 
SNPs per genome per year) as priors [32]. Markov Chain 

Monte- Carlo (MCMC) runs of 10M (L2) and 25M (L1 and 
L4) were replicated three times. Ancestral geographical origin 
was estimated using rasp [33] with the parameters previously 
proposed [26].

RESuLTS
Liberian TB burden is mainly caused by recent 
transmission
A ML phylogeny was reconstructed including 51 samples 
(6994 concatenated SNPs, Fig. 1). L4 was the most frequent 
lineage, followed by L1 and L2. All L1 strains belonged to L1.1 
and Beijing L2 were classified as L2.2.3 or Asia Ancestral L3 
group [34, 35]. Four L4 sublineages were identified, being the 
most common 4.1.1 (lineage X) and 4.3.4 (Latin American- 
Mediterranean -LAM- with RD174, Fig.  1). Additionally, 
three samples were determined as mixed infection, all of them 
involving one M. tuberculosis strain and one Mycobacterium 
africanum lineage (L5 or L6).

TB transmission was evaluated by performing clustering 
analysis from pairwise distance and also considering cluster 
monophyly. Three different thresholds of median distance 
were considered in order to establish the timeframe of the 
transmission [36]: 15, 12 and 5 SNPs (see Methods for 
details). The clustering rates were 39 % for the two higher 
cut- offs, including 20 strains grouped in 8 clusters; a value 
of 35 % was obtained for the 5 SNPs level for which CL_7 
was excluded with a distance of 6 SNPs. Interestingly, cluster 
size didn’t change for the different cut- offs evaluated (Fig. 1, 
Table S2), indicating transmission occurred at a similar time 
span for all members within the cluster. Thus, our data show 
that most transmission events were within a timeframe of 
10 years [36], suggesting that ongoing transmission, rather 
than reactivation from older infection, is disproportionately 
contributing to the Liberia TB burden.

Resistance profile predictions from WGS suggest a 
high burden of mDR-TB
Inspecting available catalogues of high- confidence resistance 
mutations, we predicted 33 fully susceptible strains, 5 poly- 
resistant, 2 rifampicin monoresistant, 1 INH monoresistant 
and 10 MDR cases (Fig. 1, Table S1). We also identified 15 
novel mutations not described before, but falling in well- 
documented DR genes. We consider those mutations as 
candidate resistance mutations. As expected for DR muta-
tions in M. tuberculosis, many of them are homoplastic [20]. 
Novel mutations in pncA are now considered by the WHO 
as very likely pyrazinamide- resistance variants. Thus, the 
data suggest that the novel candidate mutations are indeed 
DR- associated variants, although no DST was available to 
confirm our prediction.

Among the candidate variants, most confer resistance not 
only to pyrazinamide and streptomycin, but also to etham-
butol or ethionamide (Table 1); notably, they occurred in 
the three different lineages retrieved in Liberia. In the case 
of rifampicin, both resistance mutations in rpoB (S441Q, 

https://itol.embl.de/
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Table 1. List of newly identified mutations

Gene Genomic position Nucleotide change Mutation Isolate name Occurrence* Homoplasy† Variant frequency 
(%)

Drug

embB
Rv3795

4 249 583 G/A D1024N LR56 17 3+ 100 EMB

LR81 97.44

ethA
Rv3854c

4 327 378 G/T Y32STOP LR02 1 2 100 ETH

gid
Rv3919c

4 407 816 GC/G 1 bp del LR07 10 3+ 100 SM

LR11 100

LR13 100

LR14 100

4 407 982 A/G L74S LR41 4 3+ 100

4 408 148 C/G A19P LR05 1 2 99.04

LR37 100

LR78 100

katG
Rv1908c

2 155 418 G/A P232S LR41 3 3 29.31 INH

2 154 624 GC/G 1 bp del‡ LR69 – – 100

2 155 687 T/G D142A‡ LR60 – – 100

pncA
Rv2043c

2 288 782 T/C R154G LR73 2 2 38.52 PZA

2 289 115 G/A H43Y LR47 – – 100

2 289 199 C/A E15STOP LR17 – – 100

LR21 – – 100

2 289 202 A/C C14G LR69 3 2+ 95.24

2 289 210 T/C N11S LR36 – – 100

rpoB
Rv0667

761 127 T/C S441Q LR69 1 2 100 RMP

761 128 C/A LR69 100

762 285 C/T R827C LR09 1 2 8.75

*Occurrence indicates the number of isolates from the reference dataset where the mutation appeared.
†Homoplasy indicates the number of lineages where the mutation is observed and + means that it also appeared in different sublineages.
‡High- confidence mutations confirmed by DST phenotypic analysis.
EMB, Ethambutol; ETH, ethionamide; INH, isoniazid; PZA, pyrazinamide; RMP, rifampicin; SM, streptomycin.

R827C) were identified in isolates with an additional high- 
confidence rpoB mutation. For INH, we identified two non- 
synonymous variants and a 1 bp deletion in katG. Mutation 
P232S co- occurred with another high- confidence mutation 
in katG. On the contrary, the D142A variant [37] and the 1 bp 
deletion were of special interest as the carrier strains (LR60, 
LR69) also harbour high- confidence rifampicin- resistance 
mutations. As those mutations are not included in available 
catalogues, a phenotypic DST analysis was performed in 
both isolates confirming resistance to INH. Including these 
new high- confidence variants, our prediction of MDR cases 
increased to 23.5 % (12 isolates, Fig. 1).

Finally, we explored compensatory mutations and found 
rpoC V483A [20] compensating for rpoB S450L in two 
strains belonging to the same transmission cluster (LR17, 

LR21). Likewise, we found two independent mutations at 
the oxyR–ahpC intergenic region (positions −39 and −9) 
associated with the new katG deletion (LR60) and D142A 
(LR69), respectively. There is strong evidence that the ahpC 
mutations area associated with rare katG mutations as is the 
case for the two novel katG mutations found in the Liberian 
dataset [38, 39].

Dating and geographical analysis suggest common 
links of L1 and L2 strains to South-East Asia
Origins and dating of Liberian L1 and L2 strains were estimated 
using a global phylogeny representing lineage diversity (Fig. S1) 
and recognizing the limited sampling in our dataset. According 
to beast dating analyses, we identified three clades that were 
either older (before the 19th century), contemporaneous 
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Fig. 2. Liberian clades from global lineage 1 phylogeny (see Fig. S1) including Beast dating results. tMRCA median values and 95 % 
HPD (highest posterior density) intervals are indicated in years CE. Pie charts represent rasp results indicating the geographical origin 
of ancestors as shown in the key. Isolate names include run accession number, first author name from the reference publication and 
patient country of origin. GAs, Guerra- Asunção.

(around the 19th century) or much more recent than Liberia 
foundation (1821). The oldest L1 clade was L1_1 (subclades 
L1_1a and L1_1b) with an estimated age around 1100 CE 
(Fig. 2). Surprisingly, the most probable origin was placed in 
Vietnam (92.4 %). L1_2, also with two subclades, displayed a 
most recent common ancestor (MRCA) dating back to the late 
19th century, compatible with its introduction during founda-
tion. The youngest L1_3 clade has a MRCA in the 21st century, 
consistent with these strains belonging to the same transmission 
cluster. According to the phylogeographical analysis, L1_3 is 
included in a larger African cluster, but diverged from the closest 
reference strains around 1655 CE (Fig. 2).

Contrary to L1, L2 revealed more recent origins. A global 
phylogeny showed that Liberian strains were grouped in two 
different subclades (L2_a, L2_b) with a time to the most recent 
common ancestor (tMRCA) in the middle- late 20th century. 
Phylogeographical analysis placed the MRCA of both subclades 

in Africa but an older Vietnamese origin was evidenced, yet 
posterior to Liberia foundation, (Figs 3 and S2).

Liberia shows the highest diversity indexes in 
Africa for L4
Liberian strains clustered together with other worldwide 
samples except for L4_k, which formed a distinct clade 
(Fig. 4). Dating performed on L4 revealed three general situa-
tions resembling L1, but on a larger scale. Most of the Liberian 
clades were older or close to the time of country foundation 
(clades a, b, d, f, g, i and l, (Figs 4 and S3). The tMRCA of the 
oldest clade L4_a was estimated between 648 and 769 years 
CE. The estimated tMRCA range of all the other clades can 
be grouped between 1500 and 1800 years CE approximately. 
All ancient clades had a most probable origin in Europe or 
Europe/America as described for the lineage. The excep-
tion is L4_d in which Africa appeared as the most plausible 
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Fig. 3. Liberian clade from global lineage 2 phylogeny (see Fig. S2) including beast dating results. tMRCA median values and 95 % HPD 
intervals are indicated in years CE. Pie charts represent rasp results indicating the geographical origin of ancestors as shown in the key. 
Isolate names include run accession number, first author name from the reference publication and patient country of origin

geographical origin, suggesting that the ancestor of that clade 
was circulating in Africa before the foundation of Liberia.

By contrast, L4_h and L4_j appeared as recent Liberian clades. 
The tMRCA was estimated between years 1948 and 2012 CE 
for L4_h; with the most probable geographical origin placed in 
Africa. The ancestor for L4_j was dated between 1879 and 1924 

CE with the origin located in Europe/Africa. The remaining 
four clades (L4_c, L4_e, L4_k, L4_m) displayed a wide dating 
range and, thus, were difficult to assign to a specific period. 
For these clades, Europe is also the most probable place of 
origin except for L4_k, with African origin, corresponding to 
the endemic sublineage Cameroon L4.6.2 [12].
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Fig. 4. Global lineage 4 phylogeny including a total of 525 worldwide strains representing all sublineages (4.1 to 4.6 and 4.10). Multiple 
sequence alignment with 66 630 SNPs was used to reconstruct the ML phylogeny. Liberian clades are highlighted. beast dating results: 
tMRCA median values intervals are indicated in years CE. Pie charts represent rasp results indicating the geographical origin of 
ancestors as shown in the key. Grey shading designates nodes considered for dating, red lines denote Liberian samples. The mean 
substitution rate recovered from beast analysis was 0.21 SNPs per genome per year (0.17–0.27, 95 % HPD). Fig. S3 contains detailed 
rasp and beast results. Scale bar indicates mean number of nucleotide substitutions per site.

The distribution of the strains in so many clades and various 
dating results, suggests that Liberia has an unusual diversity 
for L4. We then compared pairwise genetic distance and 
nucleotide diversity among Liberian samples to L4 diversity 
observed in other African countries (Table S3) and in the 
continent as a whole. Liberia displayed the highest diversity 
estimated for both parameters (Fig. 5). In this regard, differ-
ences were significant when compared both to the pool of all 
African countries and also to the individual level (Table 2) 
except Ethiopia, for which great genetic L4- MTBC diversity 
has already been reported [40]. Since very few samples from 
other lineages were obtained in Liberia, we only evaluated L4 
diversity but L1 also appeared dispersed in different clades 

and mixed with non- Liberian strains, suggesting that its 
diversity could also be elevated.

DISCuSSIon
Liberia is within the 30 countries with the highest TB burden, 
with a rate of 308 cases per 100 000 population [4] and a 
devastated health system. Despite this, no surveillance on 
DR is available for this country and estimates are based on 
extrapolations from neighbouring countries. Additionally, 
the diversity of the TB bacillus is unknown and transmission 
assessment is scarce. We have conducted what is believed 
to be the first report using WGS with the aim of providing 
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Fig. 5. Lineage 4 genetic diversity for African countries and the whole continent. (a) Box plot of pairwise distances, asterisks indicate 
significant differences from Liberia (Wilcoxon rank- sum test; Table 2). (b) Nucleotide diversity per site (π), error bars indicate sd.
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Table 2. Summary of genetic diversity measurements for different regions

Region No. of samples Nucleotide diversity (π) π sd Mean pairwise distance P value*

Liberia 51 12.58×10−5 6.13×10−5 584.12

Africa 465 7.58×10−5 3.59×10−5 509.55 P <0.0001

Democratic Republic of 
the Congo

33 4.46×10−5 2.18×10−5 209.06 P <0.0001

Ethiopia 19 11.9×10−5 6.00×10−5 563.01 P=0.0596

Malawi 84 10.26×10−5 4.90×10−5 545.19 P <0.0001

Republic of the Congo 12 7.66×10−5 3.91×10−5 355.62 P <0.0001

Sierra Leone 14 6.71×10−5 3.43×10−5 308.48 P <0.0001

South Africa 45 11.48×10−5 5.54×10−5 536.58 P <0.0001

Swaziland 16 6.18×10−5 3.12×10−5 286.01 P <0.0001

Uganda 172 3.75×10−5 1.79×10−5 246.96 P <0.0001

*P value corresponds to Wilcoxon rank- sum test for comparisons with Liberia.

valuable insights on these three fronts even with a limited 
sampling.

Lineage assignment from WGS revealed a prevalence of L4, as 
was reported for the whole of Africa [41]. Surprisingly, all L2 
strains belong to the L2.2.3 sublineage mentioned as generally 
uncommon in Africa [42] but frequently observed in a recent 
study [34]. Unexpectedly, M. africanum was only found in 
mixed infections, despite its high frequency in neighbouring 
countries [43]. This result suggests that these lineages are 
underdetected in culture media, as has been reported else-
where [44].

Because of the wide dating range and different origins esti-
mated, Liberia strains were introduced not only with the 
slaves who founded the country, but also from different waves 
of migrants after and before the country's foundation, and 
this trend still continues. For each lineage, different situations 
were observed. Results suggest that L1.1.2 and L1.1.3 appeared 
in Liberia after the arrival of the freed slaves (Fig. 2, L1_2, 
L1_3). In agreement, rasp results suggest that the ancestors 
of both Liberian sublineages were circulating in Africa before 
the country’s foundation, reinforcing the scenario of a recent 
introduction from the vicinity. In contrast, L1.1.1 (Fig. 2, 
L1_1) strains were older than the others and without evidence 
of African predecessors. L1.1.1 strains have a strong link with 
Vietnam, remarkably related to a distinct L1 clade endemic 
to this country [25]. Surprisingly, L2 strains also show a 
recent ancestry link with Vietnam. Results are in agreement 
with previous reports [34], which proposed that one of the 
latest Beijing introductions to Africa occurred in the 20th 
century, coming from East Asia. Although, a potential link 
between Asia and South Africa was suggested [45], this is 
unlikely the origin of Liberian strains as they have no clear 
link with the southern country; thus, our results point to addi-
tional introductions from Asia. In this regard, the presence 
of Chinese and probably Taiwanese people associated with 
mineral resource exploitation in Liberia is well known. Also, 

a high proportion of recent Indian and Lebanese immigrants 
to Liberia have been documented.

In the case of L4, it is noticeable that with only one African 
exception (L4_d), all older clades are deeply linked to Europe 
and to a lesser degree to America. This is in agreement with 
reports of the origin of the lineage [11, 18, 46]. By contrast, 
younger Liberian L4 clades were closely related to Africa, 
suggesting that introduction to Liberia was directly from the 
continent and posterior to the foundation of the country. It is 
remarkable that L4 pairwise distances among Liberian strains 
were statistically higher than for the whole continent, even 
when Africa was postulated as the MTBC place of origin and, 
thus, concentrating the highest genetic diversity [11, 32, 47]. 
We concluded that the enlarged variability estimated in 
Liberia results from the combination of the ancient African 
diversity [40, 41, 48] and the multiple recent importations, 
most of them within a timeframe of 20 years.

According to the WHO, only 43 % of new TB cases in Liberia 
are tested for rifampicin resistance. Thus, estimates of the 
MDR- TB burden in Liberia are based on extrapolations 
from neighbouring countries with similar epidemiological 
profiles. Our prediction based on WGS- DST projected a 
worrying high percentage of MDR (23.5 %, 12/51 cases) in 
the modest dataset analysed. Additionally, our comprehen-
sive sequence inquiry allowed us to identify two additional 
variants in katG not included in widely used WGS resist-
ance catalogues. Both mutations conferred INH resistance 
confirmed by phenotypic DST, reclassifying carrier strains 
as MDR. We also found a large diversity of new candidate 
DR mutations in agreement with the enlarged diversity 
observed. Cumulatively, the current DR scenario most likely 
has been precipitated by the fractured public- health system 
in Liberia after years of civil war. A situation that is further 
exacerbated by the Ebola crisis, which undermined previous 
attempts at improving patient care in the country [2]. Thus, 
many patients were left untreated or were not able to adhere 
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to treatment; therefore, likely generating a highly diverse 
DR mutational spectrum. Altogether, these findings suggest 
that in high burden countries, with underperforming TB 
control programmes, unknown DR mutations could be more 
common and hampering WGS- based diagnostics [7].

Transmission was also high and associated with DR. We 
observed a 39 % clustering rate in a small dataset of 51 samples, 
with three out of eight clusters involving MDR strains. Cluster 
analysis revealed recent transmission events including all 
identified lineages. Phenomena extrinsic to the pathogen, like 
host malnutrition and deficiency in the health system, can 
be powerful drivers of TB transmission [49], supporting the 
virulence and capacity to persist of the pathogen [50]. In the 
specific case of Liberia, the civil war and the Ebola outbreak 
generated a scenario of large population movements (within 
and outside the country) and devastated the public- health 
environment [1, 2].

In conclusion, our results highlight a great MDR- TB burden, a 
substantial ongoing transmission and an outstanding genetic 
diversity circulating in Liberia. Most of these phenomena 
probably have been fuelled by the dwindling public- health 
infrastructure during the Ebola crisis and the associated 
people movement to/from neighbouring countries. Phyloge-
netic dating also suggests a continuous influx of new genetic 
diversity in the region before and after the foundation of the 
country. However, we don’t have available detailed epide-
miological information about the patients and there is only 
a limited number of genomes from neighbouring countries. 
We believe that if these data were available, they would have 
helped to a great extent to provide further insights into the 
roles of recent conflict and the Ebola crisis. Finally, this report 
emphasizes the urgency for TB surveillance and control in 
African countries, where the interaction among human living 
conditions, health systems and the biological particularities 
of the tubercle bacilli are likely favouring DR emergence, 
involving novel mutations, and dispersion.

Funding information
This work was supported by the European Research Council 
(638553- TB- ACCELERATE) and the Ministerio de Economía y Competi-
tividad (SAF2013-43521- R and SAF2016-77346- R to I.C.). Funding 
support from the John D. and Catherine T. MacArthur Foundation, 
USA, under the Higher Education Initiative in Africa (grant no. 97944-
0-800/406/99) for the establishment of the Center for Control and 
Prevention of Zoonoses, University of Ibadan, Nigeria, is appreciated.

Acknowledgements
We thank Dr Catherine Cooper, former Program Manager National TB 
Control Program; Assistant Minister for Curative Services, Deputy Chief 
Medical Officer, Ministry of Health Liberia; Mrs Deddeh Barr- Kessely, 
former Program Manager, National TB Control Program, Ministry of 
Health; Dr Roxanne Boker, Program Manager National TB Control 
Program, Ministry of Health; Mrs Sophie Parwon, Program Coordi-
nator, Global Fund PCU Ministry of Health; Mr Nelson Berrian, Labo-
ratory Coordinator, Tuberculosis Reference Laboratory; Mr Michael 
Amara Sr, Laboratory Technician, Tuberculosis Reference Labora-
tory; Mr Fahn Tarweh, Deputy Director Quality Management and Lab 
Operations, National Public Health Reference Laboratory; Mrs Omeme 
Willie Wesley, Laboratory Technologist, Tuberculosis Reference Labora-
tory; Mr Sonpon Sieh Sr, former Program Manager, National AIDS/STI 
Control Program, Ministry of Health; Ms Candace B. Eastman, former 

Director, National Diagnostic Unit, Ministry of Health; Dr Fartorma 
Borley, Chairman, and members of the National Research Ethics 
Review Board of Liberia; Cllr Tolbert Nyenswah, former Deputy Minister 
Ministry of Health; Director General National Public Health Institute of 
Liberia; Dr Mosoka Fallah, Deputy Director General Technical Services, 
National Public Health Institute of Liberia.

Conflicts of interest
The authors declare that there are no conflicts of interest.

Ethical statement
The study was approved by the UI/UCH Ethics Committee of the 
University of Ibadan (UI/EC/14/0198 number) and Liberian Insti-
tute for Medical Research (EC/LIB/914/923), and informed consents 
were obtained from all participants. All patient personal information 
was anonymized and no data allowing individual identification were 
retained. All research was performed in accordance with relevant 
guidelines and regulations.

Data bibliography
1. DNA sequences generated as part of this study have been depos-
ited at the European Nucleotide Archive under study accession number 
PRJEB32589 (Table S1) (2019)

2. Camus J.C., Pryor M.J., Medigue C, Cole S.T. The reference genome 
of Mycobacterium tuberculosis (strain H37Rv) was obtained from 
GenBank, accession number AL123456.2 (https://www. ncbi. nlm. nih. 
gov/ nuccore/ AL123456. 2/) (2002)

References
 1.  Dogba JB, Cadmus SIB, Olugasa BO. Mapping of Mycobacterium 

tuberculosis cases in post- conflict Liberia, 2008-2012: a descrip-
tive and categorical analysis of age, gender and seasonal pattern. 
Afr J Med Med Sci 2014;43:117–124.

 2.  Wagenaar BH, Augusto O, Beste J, Toomay SJ, Wickett E et al. The 
2014–2015 Ebola virus disease outbreak and primary healthcare 
delivery in Liberia: time- series analyses for 2010–2016. PLoS Med 
2018;15:e1002508.

 3.  Desta KT, Masango TE, Nkosi ZZ. Performance of the National 
Tuberculosis Control Program in the post conflict Liberia. PLoS One 
2018;13:e0199474.

 4. WHO. Global Tuberculosis Report 2018. Geneva: World Health 
Organization; 2019.

 5.  Zignol M, Cabibbe AM, Dean AS, Glaziou P, Alikhanova N et  al. 
Genetic sequencing for surveillance of drug resistance in tuber-
culosis in highly endemic countries: a multi- country population- 
based surveillance study. Lancet Infect Dis 2018;18:675–683.

 6.  Allix- Béguec C, Arandjelovic I, Bi L, Beckert P, Bonnet M et  al. 
Prediction of susceptibility to first- line tuberculosis drugs by DNA 
sequencing. N Engl J Med 2018;379:1403–1415.

 7.  Manson AL, Abeel T, Galagan JE, Sundaramurthi JC, Salazar A 
et al. Mycobacterium tuberculosis whole genome sequences from 
Southern India suggest novel resistance mechanisms and 
the need for region- specific diagnostics. Clin Infect Dis 
2017;64:1494–1501.

 8.  Canetti G, Froman S, Grosset J, Hauduroy P, Langerova M et al. 
Mycobacteria: laboratory methods for testing drug sensitivity and 
resistance. Bull World Health Organ 1963;29:565–578.

 9.  Chen S, Zhou Y, Chen Y, Gu J. fastp: an ultra- fast all- in- one FASTQ 
preprocessor. Bioinformatics 2018;34:i884–i890.

 10.  Wood DE, Salzberg SL. Kraken: ultrafast metagenomic sequence 
classification using exact alignments. Genome Biol 2014;15:R46.

 11.  Comas I, Coscolla M, Luo T, Borrell S, Holt KE et al. Out- of- Africa 
migration and neolithic coexpansion of Mycobacterium tuberculosis 
with modern humans. Nat Genet 2013;45:1176–1182.

 12.  Stucki D, Brites D, Jeljeli L, Coscolla M, Liu Q et al. Mycobacterium 
tuberculosis lineage 4 comprises globally distributed and geograph-
ically restricted sublineages. Nat Genet 2016;48:1535–1543.

 13.  Li H, Durbin R. Fast and accurate short read alignment with 
Burrows- Wheeler transform. Bioinformatics 2009;25:1754–1760.

https://www.ncbi.nlm.nih.gov/nuccore/AL123456.2/
https://www.ncbi.nlm.nih.gov/nuccore/AL123456.2/


13

López et al., Microbial Genomics 2020;6

 14.  Li H. A statistical framework for SNP calling, mutation discovery, 
association mapping and population genetical parameter estima-
tion from sequencing data. Bioinformatics 2011;27:2987–2993.

 15.  Koboldt DC, Zhang Q, Larson DE, Shen D, McLellan MD et  al. 
VarScan 2: somatic mutation and copy number alteration discovery 
in cancer by exome sequencing. Genome Res 2012;22:568–576.

 16.  McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K et  al. 
The genome analysis toolkit: a MapReduce framework for 
analyzing next- generation DNA sequencing data. Genome Res 
2010;20:1297–1303.

 17.  Ngo T- M, Teo Y- Y. Genomic prediction of tuberculosis drug- 
resistance: benchmarking existing databases and prediction algo-
rithms. BMC Bioinformatics 2019;20:68.

 18.  Coll F, McNerney R, Guerra- Assunção JA, Glynn JR, Perdigão J 
et al. A robust SNP barcode for typing Mycobacterium tuberculosis 
complex strains. Nat Commun 2014;5:4812.

 19.  Sobkowiak B, Glynn JR, Houben RMGJ, Mallard K, Phelan JE et al. 
Identifying mixed Mycobacterium tuberculosis infections from 
whole genome sequence data. BMC Genomics 2018;19:613.

 20.  Comas I, Borrell S, Roetzer A, Rose G, Malla B et al. Whole- genome 
sequencing of rifampicin- resistant Mycobacterium tuberculosis 
strains identifies compensatory mutations in RNA polymerase 
genes. Nat Genet 2012;44:106–110.

 21.  Chiner- Oms Á, Sánchez- Busó L, Corander J, Gagneux S, Harris SR 
et al. Genomic determinants of speciation and spread of the Myco-
bacterium tuberculosis complex. Sci Adv 2019;5:eaaw3307.

 22.  Hazbón MH, Brimacombe M, Bobadilla del Valle M, Cavatore M, 
Guerrero MI et al. Population genetics study of isoniazid resistance 
mutations and evolution of multidrug- resistant Mycobacterium 
tuberculosis. Antimicrob Agents Chemother 2006;50:2640–2649.

 23.  Stamatakis A. RAxML version 8: a tool for phylogenetic anal-
ysis and post- analysis of large phylogenies. Bioinformatics 
2014;30:1312–1313.

 24.  Guerra- Assunção JA, Crampin AC, Houben RMGJ, Mzembe T, 
Mallard K et al. Large- scale whole genome sequencing of M. tuber-
culosis provides insights into transmission in a high prevalence 
area. Elife 2015;4:e05166.

 25.  Holt KE, McAdam P, Thai PVK, Thuong NTT, Ha DTM et al. Frequent 
transmission of the Mycobacterium tuberculosis Beijing lineage 
and positive selection for the EsxW Beijing variant in Vietnam. Nat 
Genet 2018;50:849–856.

 26.  Liu Q, Ma A, Wei L, Pang Y, Wu B et al. China's tuberculosis epidemic 
stems from historical expansion of four strains of Mycobacterium 
tuberculosis. Nat Ecol Evol 2018;2:1982–1992.

 27.  Merker M, Blin C, Mona S, Duforet- Frebourg N, Lecher S et  al. 
Evolutionary history and global spread of the Mycobacterium tuber-
culosis Beijing lineage. Nat Genet 2015;47:242–249.

 28.  Zhang H, Li D, Zhao L, Fleming J, Lin N et al. Genome sequencing 
of 161 Mycobacterium tuberculosis isolates from China identifies 
genes and intergenic regions associated with drug resistance. Nat 
Genet 2013;45:1255–1260.

 29.  Kumar S, Stecher G, Tamura K. MEGA7: molecular evolutionary 
genetics analysis version 7.0 for bigger datasets. Mol Biol Evol 
2016;33:1870–1874.

 30.  Menardo F, Loiseau C, Brites D, Coscolla M, Gygli SM et  al. 
Treemmer: a tool to reduce large phylogenetic datasets with 
minimal loss of diversity. BMC Bioinformatics 2018;19:164.

 31.  Bouckaert R, Heled J, Kühnert D, Vaughan T, Wu C- H et al. Beast 
2: a software platform for Bayesian evolutionary analysis. PLoS 
Comput Biol 2014;10:e1003537.

 32.  Bos KI, Harkins KM, Herbig A, Coscolla M, Weber N et  al. Pre- 
Columbian mycobacterial genomes reveal seals as a source of 
new world human tuberculosis. Nature 2014;514:494–497.

 33.  Yu Y, Harris AJ, Blair C, He X. Rasp (reconstruct ancestral state 
in phylogenies): a tool for historical biogeography. Mol Phylogenet 
Evol 2015;87:46–49.

 34.  Rutaihwa LK, Menardo F, Stucki D, Gygli SM, Ley SD et al. Multiple 
introductions of Mycobacterium tuberculosis lineage 2–Beijing into 
Africa over centuries. Front Ecol Evol 2019;7:112.

 35.  Shitikov E, Kolchenko S, Mokrousov I, Bespyatykh J, 
Ischenko D et al. Evolutionary pathway analysis and unified clas-
sification of East Asian lineage of Mycobacterium tuberculosis. Sci 
Rep 2017;7:9227.

 36.  Meehan CJ, Moris P, Kohl TA, Pečerska J, Akter S et al. The rela-
tionship between transmission time and clustering methods 
in Mycobacterium tuberculosis epidemiology. EBioMedicine 
2018;37:410–416.

 37.  Bertrand T, Eady NAJ, Jones JN, Jesmin S, Nagy JM et al. Crystal 
structure of Mycobacterium tuberculosis catalase- peroxidase. J Biol 
Chem 2004;279:38991–38999.

 38. Cancino- Muñoz I, Moreno- Molina M, Furió V, Goig GA, Torres- 
Puente M et  al. Cryptic resistance mutations associated with 
misdiagnoses of multidrug- resistant tuberculosis. J Infect Dis 
2019;220:316–320.

 39.  Seifert M, Catanzaro D, Catanzaro A, Rodwell TC. Genetic muta-
tions associated with isoniazid resistance in Mycobacterium tuber-
culosis: a systematic review. PLoS One 2015;10:e0119628.

 40.  Comas I, Hailu E, Kiros T, Bekele S, Mekonnen W et al. Population 
genomics of Mycobacterium tuberculosis in Ethiopia contradicts 
the virgin soil hypothesis for human tuberculosis in sub- Saharan 
Africa. Curr Biol 2015;25:3260–3266.

 41.  Mbugi EV, Katale BZ, Streicher EM, Keyyu JD, Kendall SL et  al. 
Mapping of Mycobacterium tuberculosis complex genetic diver-
sity profiles in Tanzania and other African countries. PLoS One 
2016;11:e0154571.

 42.  Luo T, Comas I, Luo D, Lu B, Wu J et al. Southern East Asian origin 
and coexpansion of Mycobacterium tuberculosis Beijing family with 
Han Chinese. Proc Natl Acad Sci USA 2015;112:8136–8141.

 43.  de Jong BC, Antonio M, Gagneux S. Mycobacterium africanum – 
review of an important cause of human tuberculosis in West Africa. 
PLoS Negl Trop Dis 2010;4:e744.

 44.  Sanoussi C N'Dira, Affolabi D, Rigouts L, Anagonou S, de 
Jong B. Genotypic characterization directly applied to sputum 
improves the detection of Mycobacterium africanum West African 
1, under- represented in positive cultures. PLoS Negl Trop Dis 
2017;11:e0005900.

 45.  Mokrousov I, Ly HM, Otten T, Lan NN, Vyshnevskyi B et al. Origin 
and primary dispersal of the Mycobacterium tuberculosis Beijing 
genotype: clues from human phylogeography. Genome Res 
2005;15:1357–1364.

 46.  Gagneux S, DeRiemer K, Van T, Kato- Maeda M, de Jong BC et al. 
Variable host- pathogen compatibility in Mycobacterium tubercu-
losis. Proc Natl Acad Sci USA 2006;103:2869–2873.

 47.  Wirth T, Hildebrand F, Allix- Béguec C, Wölbeling F, Kubica T et al. 
Origin, spread and demography of the Mycobacterium tuberculosis 
complex. PLoS Pathog 2008;4:e1000160.

 48.  Chihota VN, Niehaus A, Streicher EM, Wang X, Sampson SL et al. 
Geospatial distribution of Mycobacterium tuberculosis genotypes in 
Africa. PLoS One 2018;13:e0200632.

 49.  Ndungu PW, Revathi G, Kariuki S, Ng’ang’a Z. Risk factors in the 
transmission of tuberculosis in Nairobi: a descriptive epidemio-
logical study. Adv Microbiol 2013;03:160–165.

 50.  Alyamani EJ, Marcus SA, Ramirez- Busby SM, Hansen C, Rashid J 
et al. Genomic analysis of the emergence of drug- resistant strains 
of Mycobacterium tuberculosis in the Middle East. Sci Rep 
2019;9:4474.


	Tuberculosis in Liberia: high multidrug-resistance burden, transmission and diversity modelled by multiple importation events
	Abstract
	Data Summary
	Introduction
	Methods
	Isolate collection and DST
	WGS from heat-killed cultures
	Bioinformatics analysis pipeline and identification of high-confidence DR mutations
	Identification of novel candidate DR mutations
	Phylogenetics, dating and geographical analysis

	Results
	Liberian TB burden is mainly caused by recent transmission
	Resistance profile predictions from WGS suggest a high burden of MDR-TB
	Dating and geographical analysis suggest common links of L1 and L2 strains to South-East Asia
	Liberia shows the highest diversity indexes in Africa for L4

	Discussion
	References


