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represents an enormous challenge to TB control programs [1]. In Morocco, new health cri-
sis is emerging as TB epidemiology is radically changing due to increased population move-
ments and migrations flow, subsequently leading to urgently design strategies to improve
control and spread of DR-TB [2]. From an epidemiological window, a better understanding
of Mycobacterium tuberculosis Complex (MTBC) population structure and the TB trans-
mission dynamics within a community is crucial to avoid DR-TB spread at local and global
scale [3].

Several studies reported correlation between MTB strain types and drug-resistant profiles
and their contribution in understanding the origin and transmission patterns of drug-resistant
strains; by combining two PCR-based methods, namely Spoligotyping (spacer oligonucleotide
typing) which is based on the amplification and detection of the presence or absence of non-
repetitive sequences called “spacers” between direct repeat elements of the MTBC genome
[4,5]; and mycobacterial interspersed repetitive unit-variable number of tandem repeat (MIR-
U-VNTR) typing based on amplification of multiple loci (12, 15, or 24), using primers specific
to each repeat locus, and on the determination of the sizes of the amplicons, which reflects the
number of the targeted MIRU-VNTR copies [6,7].

Previous national studies based on spoligotyping and MIRU-VNTR typing (12 and 24 loci)
were performed on random sets of MTB isolates to assess the genetic diversity of MTBC
strains in different regions of Morocco [8-11]. Nevertheless, none of these investigations have
characterized a significant proportion of MDR and pre-XDR MTB strains with accurate typing
methods. Hence, the present study aims to (1) gain insight into genetic diversity of MDR MTB
strains, (2) explore possible clonal expansion of particular lineages or sub-lineages and (3) find
association between molecular fingerprint/clade and drug resistance profiles to assess to the
population structure of drug resistant MTB strains.

Material and methods
Study population

A total of 70 MDR isolates were prospectively collected during four years’ period (2010 to
2013) in the laboratory of mycobacteria at Pasteur Institute, Casablanca.

Ethical approval. The study protocol was approved by the Ethics Committee of Institut
Pasteur du Maroc (IPM2013-P3); the date of decision is Februry 18th, 2010. A written
informed consent was also obtained from each study subject.

Each of the 70 isolates corresponds to a unique TB patient. Demographic and clinical infor-
mation about patients including gender, age, and antecedent of TB were retrieved from labora-
tory records.

All the 70 M. tuberculosis isolates were already categorized as MDR-TB (defined as com-
bined resistance to rifampin and isoniazid) and a subgroup was retained as pre-XDR
(defined as MDR+ resistance to one of the fluoroquinolone + resistance to one of the three
injectable drugs) based on drug susceptibility testing (DST) to first and second line drugs
and sequencing of genes associated with resistant to rifampicin, isoniazid, fluoroquino-
lones, and injectable drugs [12].

Sample preparation for strain typing

Crude DNA was prepared from scraped colonies in 400ul of distillated water and boiled at
100°C for 10-15 min to inactivate mycobacteria and release DNA. The crude DNA was stored
at -20°C until use [13,14].
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Strain typing methods

The 70 isolates were subjected to conventional 43 spoligotyping and 15-loci MIRU-VNTR typ-
ing. Spoligotyping was performed, according to the manufacturer’s instructions, with the com-
mercially available kit (Isogen Bioscience BV, Maarssen, The Netherlands), M. tuberculosis
H37Rv and M. bovis BCG were used as control strains [5].

The 15-loci MIRU-VNTR typing for the 70 MDR-TB isolates was performed according
to the protocol described by Le Fleche, using primers previously described by Supply et al,
(2006) [6]. For each locus, DNA from M. tuberculosis H37Rv and deionized water were
used as a positive and negative controls, respectively. PCR products were separated by elec-
trophoresis on nusieve 3:1 agarose gel 1%, stained with ethidium bromide; the 50-bp molec-
ular marker (leader IV, Life Biotechnologies) was used to determine the size of each PCR
product.

Data analysis

Spoligotypes in binary format were entered in an excel spreadsheet and compared to existing
patterns in the international genotyping database SITVIT2 proprietary of Pasteur Institute of
Guadeloupe and available online at http://www.pasteur-guadeloupe.fr:8081/SITVIT2/ [15].
Spoligotype patterns were assigned as SIT (spoligotype international type) if they share identi-
cal patterns already reported in SITVIT2 database. Clustered isolates were defined as having
identical patterns generated by a typing method, “orphan” or “unknown” strains designate
pattern not previously reported whereas “unique” spoligotypes corresponds to a SIT reported
once in the study. Major MTB lineages and sublineages were assigned according to signatures
provided in previous databases [16].

15-loci MIRU data were also entered in an excel sheet and compared to the international
SITVIT?2 database. MIT (MIRU international type) designates MIRU patterns shared by 2 or
more isolates, whereas “not defined” represents patterns not already reported in the database.

The allelic diversity (h) of individual loci was calculated as th =1 - ¥ xi 2 [n/(n — 1)], where
xi is the frequency of the ith allele at the locus, and n the number of isolates [17,18].

The discriminatory power of a typing scheme was determined by the calculation of the
Hunter and Gaston Discriminatory Index (HGDI) as reported earlier [19].

Molecular clustering of the isolates was determined by constructing a dendogram based on
spoligotyping and MIRU-VNTR data (Fig 1).

Results
1. Sociodemographic and clinical characteristics

A total of 70 MTB patients were included in this study with an age ranged from 18 to 50, the
median age was 33.9 years. According to sex presentation, males were substantially more
affected than females, with a sex ratio of 3.1. All MTB isolates were already phenotypically and
genotypically characterized and retained as MDR-TB, each of the 70 isolates corresponded to a
unique TB patient to allow accurate estimation of clustering rate.

The classifications based on history of previous TB treatment showed that only 2.9% of
patients were new cases whereas 40% failed to treatment, 37.1% relapsed, 7.1% were loss to fol-
low up, and clinical data were missing for 12.9% of the isolates.

All of the 70 isolates showed phenotypic resistance to both two major first line drugs:
Rifampicin and Isoniazid. Along with DST results, genotyping data revealed the occurrence of
mutations within rpoB and katG in all MTB isolates; Ser531Leu and Ser315Thr being the most
predominant ones in rpoB and katG genes, respectively (S1 Table).
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Fig 1. Phylogenetic tree based on spoligotyping and 15-locus MIRU-VNTR data of 70 MDR-MTB isolates from Grand Casablanca, Morocco. A
dendrogram was generated based on the UPGMA algorithm using tools available from the MIRU-VNTRplus identification database. From left to right:

(1) UPGMA dendrogram generated by the 15-locus MIRU-VNTR, (2) spoligotyping patterns, and (3) strain number (boxed).

https://doi.org/10.1371/journal.pone.0253826.9001

Second line drugs susceptibility testing showed that 15.7% were pre-XDR-TB isolates (11/
70) of which 8.6% were resistant to Capreomycin (6/70), 1.4% resistant to Ofloxacin (1/70),
1.4% resistant to Amikacin (1/70) and 4.3% were resistant to Kanamycin (3/70); meanwhile no
XDR-TB isolate was found. Along with DST for second line drugs, mutations in gyrA gene
associated with resistance to FQs were reported in 25.7% of cases (18/70) and mutations in eis
promoter region associated with resistance to injectable drugs were reported in 2.8% of strains

(2/70).
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2. Strain typing results

Spoligotyping of the 70 MDR-TB strains yielded 4 orphans patterns, 5 singletons while 61
strains were grouped in 9 clusters (2 to 25 strains per cluster) (Table 1). The clustering rate was
87.1%. The most prevalent spoligotypes in their respective families were SIT42/LAM9 (35.9%),
SIT53/T1 (7.1%) and SIT47/H (7.1%). The repartition of MTB strains in the different clades
was as follows: LAM (57.4%); T (18.5%); Haarlem (7.1%); S (7.1%); clade(s) not defined in SIT-
VIT2 database (5.6%) and Beijing (4.3%). Of note, strains belonging to CAS and EAI clades
were not found in this setting.

Stratification of assigned spoligotyping families along with resistance profile was established
(Table 2). With the exception of S clade which is made up of exclusively four MDR strains har-
boring mutations in gyrA gene, MDR as well pre-XDR strains belonged to many clades (Bei-
jing, LAM, H and T). Of note, there was no significant association between the genotypes and
age, gender, or specific drug susceptibility patterns.

MIRU-VNTR genotyping data

The MIRU set 15 loci was performed and generated 70 unique profile (S1 Table). All the pre-
established clusters by spoligotyping were completely resolved by 15 loci MIRU-VNTR typing
(Fig 1); clustering rate was equal to zero. An astonishing fact is that all patterns generated by
MIRU were not previously reported in SITVIT2 database (S1 Table).

For allelic diversity of the MIRU loci, the discriminatory power was calculated using HGDI
(Table 3). We note that Mtub04, MIRU40, MIRU10, Mtub21, QUB11b and Mtub30 loci were
highly discriminative (HGDI > 0.60) whereas the remaining loci were less discriminative
(HGDI < 0.60). The discriminatory power of 15-loci MIRU-VNTRs format being 1 vs. 0.84
for spoligotyping.

Table 1. Description of types generated by spoligotyping in this study by SIT and clade.

Spoligotyping pattern (binary format) SIT Lineage/sublineage Total strains in this study (%)
EasnnsssssssssssEEEEREEEennsnEnEs 1 Beijing 2(2.9)
EannsssassssssEEEEEEEEREEEEEEEEEE 269 Beijing-like 1(1.4)
- 53 T1 5(7.1)
- - 102 T 4(5.7)
T inm 1069 T1 3(4.3)
T —— 73 T2-T3 1(1.4)
T — inm 1068 S 5(7.1)
S 47 H1 5(7.1)
T TTT 42 LAM9 25(35.9)
T TTT TTT 1064 LAM9 10 (14.4)
TTETTT TTT 1075 LAM9 1(1.4)
T T T ——TTT 64 LAM6 1(1.4)
TT—TTT TTT 731 LAM9 1(1.4)
- - 93 LAMS5 2(2.9)
T EEEEEEEEEEEEEEEE orphan ND 1(1.4)
BT IT ITT orphan ND 1(1.4)
T ENEEEEEEEEEEEEEE orphan ND 1(1.4)
- EEEEEEESEEEEEEEE orphan ND 1(1.4)

ND: Not defined in SITVIT2 database.

https://doi.org/10.1371/journal.pone.0253826.t001
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Table 2. Distribution of clades according to drug resistance status.

Drug Resistance form Spoligotype-assigned families of M. tuberculosis complex Total
Beijing LAM H S T Undefined Clades/spoligotypes
MDR 1 31 3 0 6 0 41
Pre-XDR 2 9 2 5 7 4 29

https://doi.org/10.1371/journal.pone.0253826.t002

Discussion

To our knowledge, this is the first molecular characterization study to gain insight on MDR
and pre-XDR MTB population structure in Casablanca, recognized as a hot spot area of TB in
Morocco. Indeed, few previous national studies carried out from 1997 to 2013 have addressed
the question of MTBC genetic diversity in Morocco but were performed either on small sam-
ple size, or on biased samples in terms of susceptibility/drug resistant status, or by genotyping
method(s) with moderately discriminatory power which often overestimates the clustering
and recent transmission rates [8—11].

Clinical data showed that this sample collection is dominated by high relapse and failure
rates as only 2.9% of the 70 MDR TB were newly diagnosed cases. Up to 90.4% (66/70) MDR
strains harbored the most common mutations in rpoB (Ser531Leu, His526Tyr and Asp516Tyr)
and katG (Ser315Thr) genes associated with RIF and INH resistance respectively.

Genotypic analysis by spoligotyping revealed a population structure dominated by Euro-
American lineages, namely LAM, Haarlem and T belonging to the “evolutionary
recent”TbD1-/PGG2/3 phylogenetic group. The MTB population structure is highly homoge-
neous and dominated by LAM lineage with three (LAM5, LAM6 and LAM9) out of its twelve
reported sublineages throughout the world, LAM9 with its prototype SIT42 being the most
prevalent. These findings corroborate previous reports confirming that LAM is a hallmark of
MTBC population structure in Morocco [3].

Table 3. Allelic polymorphism of 15 MIRU loci assessed on 70 MDR MTB strains.

MIRU Locus Allele number Allelic diversity*
0 1 2 3 4 5 6 7 8 9 10

Mtub04 22 25 13 10 0,7292
ETRC 2 11 57 0,3159
MIRU04 61 9 0,2273
MIRU40 3 31 10 16 7 2 0,7208
MIRU10 1 19 13 27 3 4 3 0,7466
MIRU16 1 3 63 3 0,1888
Mtub21 8 34 23 1 2 2 0,6505
QUBL11b 27 26 10 7 0,6928
ETRA 48 9 13 0,4857
Mtub30 26 31 13 0,6406
MIRU26 1 45 8 6 7 3 0,5623
MIRU31 3 48 15 4 0,4857
Mtub39 2 26 20 8 1 9 2 2 0,759
QUB26 1 3 25 4 30 3 1 3 0,6894
QUB4156 4 32 34 0,5598

“The allelic diversity of the loci was classified as highly (HGDI > 0.6), moderately (0.3< HGI < 0.6) and poorly discriminative (HGI < 0.3), according to Sola et al.
(2003) [20].

https://doi.org/10.1371/journal.pone.0253826.t003
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Regarding the association of MTBC lineages and MDR/pre-XDR genotypes, a previous pre-
liminary study reported the predominance of a single ubiquitous clade (LAM) within the pre-
XDR MTB, resistant to FQs and harboring mutations in gyrA gene [21] in contrast to the
results from this study demonstrating that there was no association between clades and DR
genotypes as almost strains from different lineages/sublineages were involved in both MDR
and pre-XDR TB except S clade which is more than being rare, was made up exclusively with
MDR strains with unique SIT (1068), this clade deserves more investigations to confirm or
infirm its endemicity and its strong association with MDR genotype [21,22].

In fact, it has been reported that the association of certain strain families with pre-XDR/
XDR-TB is probably due to their enhanced intrinsic capacity to acquire DR to FQs and/or
injectable drugs, or to their relatively more effective transmission as MDR-TB [23].

Although Spoligotyping has enhanced our understanding of global strain distribution and
has allowed assignment of SIT's to track M'TB strains worldwide, it is unlikely an unreliable
tool to study TB transmission dynamics as it overestimates, very often, links between MTB
patients; clustering rates being 87.1% from this study. Also, Spoligotyping is prone to homo-
plasy (identical spoligotypes in phylogenetically unrelated strains) [24].

Numerous studies reported that MIRU-VNTR is more suitable for epidemiological surveil-
lance as it allows a deeper discrimination between MTB isolates. Our results revealed a high
level a biodiversity within MTB isolates seen by MIRU-VNTR typing. In contrast to spoligo-
typing which clustered the majority of the strains, MIRU split all the clusters; also an astonish-
ing fact is that all patterns generated by MIRU were not previously reported as a MIT. Also,
the discriminatory power of spoligotyping used alone (HGDI 0.87) significantly increased
when spoligotyping was combined with 15-loci MIRUs (HGDI 1), thus our data argue the use
of 15-loci MIRUs for epidemiological studies, this scheme may be improved by excluding one
or more MIRU loci with a poor discriminatory power and including MIRU23 for example, the
latter has been shown to exhibit high allelic diversity among MTB isolates from Morocco [8-
11]. Hopefully, future analyses with an optimized set of MIRU will probably add value to cur-
rent typing scheme in our setting for epidemiological purposes whereas 24-locus MIR-
U-VNTR would serve for phylogenetic studies.

Numerous reports have documented the association of Beijing strains with MDR-TB profile
[25,26]. In Morocco, and despite their presence, they are not exclusively associated with
MDR-TB; their low prevalence in Morocco remains too speculative.

In addition, no association between particular clade/MDR Pre-XDR genotype was detected.
In contrast to data reported by Chaoui et al. (2018) suggestive of possible emergence of geno-
type/lineage clone; our data failed to find any association between specific clade and genetic
mutations conferring resistance to FQs or injectable drugs [3].

The present study constitutes the first attempt to address MDR MTB diversity in Morocco.
Based on these preliminary findings, conclusions made about the transmission dynamics of
TB within MDR MTB isolates would be wrong because of the heterogeneity of isolates in
terms of panel size, drug resistance status, origin of isolates (only one hot spot area); new vs
pretreated cases and lack of information about epidemiologic links between patients. There-
fore, this study is not conclusive about the association between genotypes/lineages observed
Vs. occurrence of drug-resistance and type of disease (new cases vs relapse, failure, chronic
tuberculosis, etc. . .) and highlights the need for further studies on large number of resistant
isolates (MDR/Pre-XDR and XDR), representative of all hot spot areas of TB in Morocco, to
provide a more accurate picture of the epidemiology of drug-resistant MTB strains in Morocco
and to determine the rate of recent transmission among the population.

These findings highlight the relevance of proper infection control, as well as effective treat-
ment, to further contain highly developed DR-TB. Moreover, further studies are urgently
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needed to prospectively identify the transmission route through contact tracing and real-time
DNA fingerprinting, to estimate the evolution of MTB population over the time; to detect
important demographic events in MTBC history such as, for instance, episodes of expansion
of the Beijing lineage widely associated to massive spread of MDR-TB strains [27].

Beyond classical spoligotyping and MIRU-VNTR typing techniques, the application of
modern genotyping methods such as whole Genome Sequencing has shown a big potential in
the analysis and identification of outbreak-related transmission chains, and ultimately would
be the accurate tool to design and compare research studies for public health worldwide [28-
30]. For instance, molecular typing is performed mostly in developed countries, rarely in areas
of TB endemicity where routine molecular epidemiological surveillance is crucial to reduce TB
transmission within a community.

Conclusion

In summary, the present study offers the first insight about the genetic diversity of MDR- and
Pre-XDR MTB strains from a high incidence area of TB in Morocco, the study confirms that
TB is almost exclusively transmitted by modern and evolutionary lineages with extreme level
of biodiversity seen by MIRU. Of course, additional studies on larger panel of isolates from the
whole country would be of great value to establish the genetic landscape and to interrupt chain
of transmission. Hopefully, an accurate and a simpler model to survey tuberculosis transmis-
sion in Morocco particularly MDR and XDR TB would be a great value.
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