
                                                                                                         Asian J.  Adv. Basic Sci.: 2015, 3(2), 117-141 
                                                                           ISSN (Print): 2454 – 7492 

                                                                              ISSN (Online): 2347 – 4114 
                                                        www.ajabs.org 

 
117 

 

INTRODUCTION: To date, the tuberculosis disease, 
caused by Mycobacterium tuberculosis (Mtb), remains 
a major global health problem. According to the 2012 
and 2013 WHO Global Tuberculosis report, majority 
of the estimated TB cases occurred in Asia (59%) and 
Africa (29%). Of the 22 high burden countries, South 
Africa is the 3rd country with the largest number of 
reported incident cases (0.4 million-0.6 million). The 
chronic nature of this disease has also been influenced 
by selective pressures, namely, the host immune re-
sponse, changes in human demography, HIV co-
infection and the usage of anti-TB drugs (Malik and 
Godfrey-Fausset, 2005; Gagneux et. al., 2006; Nicol 
and Wilkinson, 2008; Kato-Maeda et. al., 2001; Co-
mas and Gagneux, 2011; Brites and Gagneux, 2012; 
WHO, 2012 and 2013). 

The Mtb genome harbors the ESX gene family, com-
prising of five gene clusters (esx-1 to esx-5), that are 
part of the Type VII protein secretion system (T7SS) 
in Mtb. This family of genes (esxA to esxW) encodes 
23 proteins of approximately 100 amino acids (aa). 
Twenty-two of these genes occur in couples, with only 
one gene (esxQ) occuring in isolation. esxA and esxB 
encodes two proteins ESAT-6, and CFP-10, that were 

the first ESX family members to be identified. Five of 
the gene couples occur in larger homologous gene 
clusters or regions named ESX-1 (Rv3866-Rv3883c), 
ESX-2 (Rv3884c-Rv3895c), ESX-3 (Rv0282-
Rv0292), ESX-4 (Rv3444c-Rv3450c) and ESX-5 
(Rv1782-1798). Due to the high sequence identity 
between members, the ESX family can be classified 
into subfamilies. The TB10.4 subfamily includes esxH 
(from the ESX-3 cluster), while the Mtb9.9 and 
QILSS subfamilies contain 5 members together with 
esxM and esxN (from the ESX-5 cluster) (Tekaia et. 
al., 1999; Louise et. al., 2001; Skjøt et. al., 2002).  

ESX-1 is crucial for the survival and spread of the 
bacteria in vivo (Chapman et al., 2002; Novikov et. 
al., 2011; Manzanillo et. al., 2012; Watson, Man-
zanillo and Cox, 2012). As a consequence of being 
located directly adjacent to each other, esxA and esxB 
are co-transcribed and secreted from the cell as a het-
erodimer despite the absence of known secretion sig-
nals (Sørensen et. al., 1995; van Pinxteren et. al., 
2000; Pym et. al., 2003, Champion et. al., 2012). A 
genomic deletion resulted in loss of the ESX-1 system 
from M. bovis BCG (Harboe et. al., 1996; Behr et. al., 
1999; Gordon et. al., 1999; Colangeli et. al., 2000; 
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Wards et. al., 2000). However, the secretion of the 
ESAT-6 and CFP-10 antigens in the context of a re-
combinant BCG vaccine in the background of a re-
constituted RD1 has been shown to restore attenuation 
and have a beneficial effect on protection against chal-
lenge with Mtb (Pym et. al., 2003). As of 2012, a 
novel proteomics approach to evaluate and monitor 
the ESX-1 protein secretion system was successfully 
developed by Champion and colleagues (Champion 
et. al., 2012). They were able to directly detect on 
agar, ESX-1 protein secretion and the presence and 
absence of ESAT-6 and CFP-10 from the surface of 
wild-type and mutant M. marinum colonies using 
whole colony matrix-assisted laser desorp-
tion/ionisation-time of flight (MALDI-TOF) mass 
spectrometry. This was the first report of a proteomics 
confirmation demonstrating that these two genes are 
an essential requirement for an intact ESX-1 system in 
pathogenic bacteria. 

Subsequent in silico investigations and genetic screens 
have indicated that the genes surrounding the esxAB 
operon are vital in the secretion of ESAT-6 and CFP-
10 (Gey van Pittius et. al., 2001; Pallen et. al., 2002; 
Hsu et. al., 2003; Sassetti et. al., 2003a; Sassetti et. 
al., 2003b; Stanely et. al., 2003; Guinn et. al., 2004). 
Additional studies have shown that several ESX pairs 
form tight complexes including esxG and esxH 
(Rv0287 and Rv0288), esxR and esxS (Rv3019c and 
Rv3020c) and esxO and esxP (Rv2346c and Rv2347c) 
(Renshaw et. al., 2002; Meher et. al., 2006; Lightbody 
et. al., 2008; Arbing et. al., 2010). Thus esxA and esxB 
are very important proteins of Mtb involved in host-
pathogen interaction, induction of strong T-cell medi-
ated immune responses (Berthet et. al., 1998) and 
phagosomal escape in both cell models (Stanely et. 
al., 2007; de Jonge et. al., 2007; Simeone et. al., 
2012) and animal models (Hsu et. al., 2003; Jun-
queira-Kipnis et. al., 2006; Carlsson et. al., 2010). 
Studies have found that the substrates secreted by this 
system play a role in granuloma formation 
(Ramakrishnan et. al., 1997; Talaat et. al., 1998; Da-
vis et. al., 2002; Prouty et. al., 2003; van der Sar et. 
al., 2003; Broussard and Ennis, 2007; Smith et. al., 
2008; Stoop et. al., 2011), probably through intracel-
lular bacterial spread between macrophages and inter-
ference in the phagosomal membrane integrity, lead-
ing to “leaky membranes” and bacterial entrance into 
the cytosol (Stanely et. al., 2003; Lewis et. al., 2003; 
Gao et. al., 2004; Guinn et. al., 2004; Swaim et. al., 
2006; Volkman et. al., 2004; Stanely et. al., 2007; 
Brodin et. al., 2010; Smith et. al., 2008; Manzanillo 
et. al., 2012; Simeone et. al., 2012; Watson, Man-
zanillo and Cox, 2012).  

Despite being the most characterized system, seven 
additional proteins that are part of this system, have 
been also reported to be secreted by ESX-1. This in-
cludes EspA (Rv3616c), EspB (Rv3881c), EspC 
(Rv3615c), EspE (Rv3864), EspF (Rv3865), PE35 
(Rv3872), and EspR (Rv3849) (Fortune et. al., 2005; 
Abdallah et. al., 2007; McLaughlin et. al., 2007; Xu 
et. al., 2007; Raghavan et. al., 2008; Bitter et. al., 
2009). The ESX-1 system is controlled by multiple 
regulators including the DNA binding transcription 
factor EspR (Rv3849), the PhoP two component regu-
lator system and the serine protease MycP1 (Frigui et. 
al., 2008; Gonzalo-Asensio et. al., 2008; Raghavan et. 
al., 2008; Ohol et. al., 2010). 

Likewise, similar secretion systems have been identi-
fied in other Mtb species and in a few Gram positive 
bacteria (Tekaia et. al., 1999; Gey van Pittius et. al., 
2001; Pallen, 2002; Finn et. al., 2006).  

The ESX-2 system is located adjacent to the ESX-1 
system bearing structural similarities to ESX-1 (Gey 
van Pittius et. al., 2001). The esxC (Rv3890c) and 
esxD (Rv3891c) genes are found in this system, how-
ever, their functional role is still unknown (Sassetti et. 
al., 2003a; Sassetti et. al., 2003b). Due to a partial 
deletion of the membrane-bound component, 
MMAR_5460, it is believed that the ESX-2 system 
may be defective in M. marinum (Gey van Pittius et. 
al., 2001; Abdallah et. al., 2006). To date, this secre-
tion system has not been investigated and therefore its 
function remains unknown. 

The ESX-3 system is structurally similiar to the ESX-
1 system, but encodes esxG and esxH. ESX-3 expres-
sion is controlled by the zinc uptake regulator 
Zur/FurB (Maciag et. al., 2007) and regulated by 
diavalent cation levels (Serafini et. al., 2009). 
Orthologous systems of ESX-3 are found in all myco-
bacterial species, whose genomes were analysed so far 
and ESX-3 is the most conserved, which is compatible 
with the essential character of the system that appears 
to play an elementary role in the mycobacterial lifecy-
cle. In preliminary work it was recently suggested that 
ESX-3 prevents innate immune killing of mycobacte-
ria (Sassetti et. al., 2003a; Sassetti et. al., 2003b). 
Hence, ESX-3 also represents an interesting potential 
new drug target that needs to be explored more com-
prehensively.  

Being the smallest gene cluster, phylogenetic investi-
gations have implied that the ESX-4 system is the 
progenitor system, based on its presence in other acti-
nobacteria. The remaining systems arose with gene 
duplications, proceeded by divergence events as well 
as the recruitment and accumulation of other genes 
(Tekaia et. al., 1999; Gey van Pittius et. al., 2001; Gey 
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van Pittius et. al., 2006). Whole genome mutagenesis 
studies have not predicted a requirement of the ESX-4 
system for virulence or in vitro growth (Sassetti et. al., 
2003a; Sassetti et. al., 2003b).  

ESX-5 is a poorly understood group of proteins due to 
the lack of reported studies in Mtb. The ESX-5 locus 
encodes the esxM and esxN proteins that induce strong 
CD4+ T-cell responses in human and animal models 
(Alderson et al., 2000; Jones et al., 2010). Extensive 
studies have been conducted with Mycobacterium 
marinum (Mma) where the ESX-5 system was shown 
to be involved in the secretion of proteins from the 
PE/PPE family and the PPE-MPTR and PE-PGRS 
subgroups (Abdallah et. al., 2006; 2009; 2011; Cas-
cioferro et. al., 2011; Bottai et. al., 2012). This system 
is the more recent duplication and the region occurs 
only in slow growing mycobacteria  (Gey van Pittius 
et. al., 2001; Abdallah et. al., 2006; Gey van Pittius et. 
al., 2006). There are an additional gene pairs (esxKL, 
esxIJ, esxOP and esxVW) that belong to the ESX-5 
system and encode a variant QILSS and Mtb9.9 motif, 
which are required for normal microbial growth, and 
likely to have a role in bacterial multiplication during 
active infection (Bukka et. al., 2011). Proteins of the 
ESX-5 system may play a role in maintaining a fully 
functional cell envelope and the virulence of Mtb 
(Bottai et. al., 2012). 

The availability of the sequenced mycobacterial ge-
nome has led to a better understanding into the biolo-
gy and genomics of the organism (Cole et. al., 1998; 
Das, Ghosh and Mande, 2011). Several research 
groups implemented phylogenetic approaches in the 
analysis of clinical Mtb isolates from diverse geo-
graphical locations. The main aim was to associate 
unique Single Nucleotide Polymorphisms (SNPs) as 
genetic markers in different lineages. Those studies 
revealed definitive evidence for a clonal population 
structure for this complex as well as a lack of on go-
ing horizontal gene transfer (Filliol et. al., 2006; 
Gagneux et. al., 2006; Gutacker et. al., 2006; 
Hershberg et. al., 2008; Comas et. al., 2010; Uplekar 
et. al., 2011).   

Since then, public databases of several mycobacterial 
sequences have been established making it possible to 
compare genes and establish whether the genes are 
conserved to specific species. They have also been 
successfully implemented in identifying Mtb out-
breaks, where polymorphic genetic markers have been 
utilized in the discrimination and subtyping of Mtb 
strains (Brosch, et. al., 2001). Three independent stud-
ies were published recently, assessing the genetic di-
versity of the ESX family members (Uplekar et. al., 
2011), their potential for antigenic variation (Comas 
et. al., 2010) and the evolution and distribution of the 

ESX family proteins on a genomic and proteomic 
level (Deng et. al., 2014). Uplekar and colleagues 
showed that some of the identified mutations did af-
fect known ESX epitopes. All three studies also noted 
a high genetic variability in the Mtb9.9 and QILSS 
subfamilies. Whereas, Deng and colleagues showed a 
change of stability, gain or loss of globular domains 
and phosphorylation of serine/threonine may be re-
sponsible for the difference between the pathogenesis 
and virulence of the ESX proteins in attenuated and 
non-pathogenic mycobacteria. (Deng et. al., 2014). It 
therefore became imperative and vital that further 
studies are executed in identifying and characterizing 
these proteins and their secretion systems to identify 
variability from a wider selection of strains.  

Therefore, our study was aimed at investigating the 
ESX system of Mtb to (i) evaluate the sequence diver-
sity by reference to the completed genome sequences 
and comparison with other publicly available Mtb 
sequences and (ii) analyze and identify potential ge-
netic variations within and between the ESX systems 
in clinical isolates using amplicon sequencing. 
 
MATERIAL AND METHODS:  
Bacterial Culture and Growth Conditions: For this 
study, 55 Mycobacterial clinical isolates and laborato-
ry strains (Tables 1a and b) were kindly provided by 
Dr. M. Pillay (Department of Medical Microbiology, 
UKZN). These isolates were obtained from archived 
collections in the Department of Medical Microbiolo-
gy within the last 15 years that were isolated as part of 
routine Department of Health diagnostics.  The strains 
were used from 3 studies that have ethical approval 
from BREC to store and molecularly analyze. These 
studies were: Rapid Detection Study (Ethic Number: 
E157/04); Department of Health (DOH) surveillance; 
M. vaccae clinical trial and Westville Prison Molecu-
lar Epidemiology Study (Ethic Number: H084/00).  

Mycobacteria were maintained in either liquid 
Middlebrook 7H9 medium (Difco) or solid 
Middlebrook 7H11 agar enriched with Albumin Dex-
trose Catalase (ADC) (Difco) and 0.05% Tween 80. 
Cultures were grown at 37˚C, with agitation in the 
biosafety level three (BSL3) facilities within the De-
partment of Medical Microbiology. Glycerol stocks of 
the cultures were maintained at -70˚C in 30% (v/v) 
glycerol.  

Genotypic Confirmation of Clinical Isolates: The 
Research Laboratory team in the Department of Med-
ical Microbiology at the University of KwaZulu-
Natal, Nelson Mandela Medical School under the 
leadership of Dr. M. Pillay performed confirmations 
of the isolates genotypes. Both the IS6110 RFLP 
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method (adapted from van Soolingen et. al., 1994) 
and the spoligotyping method (Isogen BioSciences, 
Maarssen, Netherlands) were used. 
A strain specific molecular test, developed and per-
formed by Miss N. Pillay in the Department of Medi-
cal Microbiology at the University of KwaZulu-Natal 

as part of her Masters dissertation, was additionally 
performed to confirm the isolates genotypes. This test 
was developed to assess the prevalence and distribu-
tion of the F15/LAM4/KZN within the province of 
KZN and used as a screening tool for a province wide 
drug susceptibility survey (Pillay, 2010). 

Table 1(a):   Bacterial strains utilized in this study. 

Isolate Number Isolates RFLP / Strains Isolated From Isolation Date 
1 R 26 KZN variant 1 Sputum 1995-96 
2 R 62 Neither Sputum 1995-96 
3 R 224 Neither Sputum 1995-96 
4 R 226 Neither Sputum 1995-96 
5 R 252 Neither Sputum 1995-96 
6 R 253 KZN variant 1 Sputum 1995-96 
7 R 257 KZN variant 1 Sputum 1995-96 
8 R 295 KZN variant 1 Sputum 1995-96 
9 R 299 Neither Sputum 1995-96 
10 R 300 Neither Sputum 1995-96 
11 R 339 KZN variant 1 Sputum 1995-96 
12 R 351 KZN variant 1 Sputum 1995-96 
13 R 375 KZN variant 1 Sputum 1995-96 
14 R 389 KZN variant 1 Sputum 1995-96 
15 R 402 Neither Sputum 1995-96 
16 R 413 KZN variant 1 Sputum 1995-96 
17 R 426 KZN Archetype Sputum 1995-96 
18 R 434 KZN variant 1 Sputum 1995-96 
19 R 443 F28 Sputum 1995-96 
20 R 467 KZN variant 1 Sputum 1995-96 
21 R 492 F28 Sputum 1995-96 
22 R 502 KZN variant 1 Sputum 1995-96 
23 R 503 KZN variant 1 Sputum 1995-96 
24 R 504 KZN variant 1 Sputum 1995-96 
25 R 506 KZN variant 1 Sputum 1995-96 
26 R 525 KZN variant 1 Sputum 1995-96 
27 R 576 Neither Sputum 1995-96 
28 R 623 KZN variant 1 Sputum 1995-96 
29 H37Rv Reference Strain - - 

Table 1(b):  Bacterial strains utilized in this study. 
Isolate Number Isolates RFLP/Strains Isolated From Isolation Date 

30 H37Ra Avirulent Strain   
31 910 P4 Beijing Sputum 1996-01 
32 1784 P5 Beijing Sputum 1996-01 
33 1528 P8 Beijing Sputum 1996-01 
34 Vac 1435 KZN variant 1 Sputum 1996-01 
35 Vac 4207 KZN variant 1 Sputum 1996-01 
36 Vac 4258 KZN variant 1 Sputum 1996-01 
37 Vac 2475 KZN variant 1 Sputum 1996-01 
38 KZN 605 KZN variant 1 Sputum 1996-01 
39 Vac 666 KZN variant 1 Sputum 1996-01 
40 Vac 8426 KZN variant 1 Sputum 1996-01 
41 43178 Beijing Sputum 2002 
42 WPO6 25210 Beijing Sputum 2002 
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43 WPO6 10263 Beijing Sputum 2002 
44 WPO6 2705 Beijing Sputum 2002 
45 39321 Beijing Sputum 2002 
46 43117 Beijing Sputum 2002 
47 48246 Beijing Sputum 2002 
48 WPO6 21386 Beijing Sputum 2002 
49 WPO77021344 Beijing Sputum 2002 
50 WPO77027955 Beijing Sputum 2002 
51 WPO77037345 Beijing Sputum 2002 
52 WPO77075078 Beijing Sputum 2002 
53 WPO77084874 Beijing Sputum 2002 
54 WPO77023338 Beijing Sputum 2002 
55 WPO77041516 Beijing Sputum 2002 
56 WPO62731 Beijing Sputum 2002 
57 WPO77115992 Beijing Sputum 2002 
58 BCG Reference Strain - - 

 
In Silico Genome Comparisons of Publically Avail-
able Databases: In silico comparisons of the ESX 
sequences was conducted using the DNAStar 
MegAlign software (LaserGene 7.2, Madison, Wis-
consin, USA). Genome comparisons were employed 
using partial and completed genome sequences that 
were downloaded from public websites and databases 

(TBDB, TubercuList and GenoList) (Table 2). Com-
parisons were done with the corresponding ESX se-
quences from the Mtb H37Rv reference strain. This 
was done at the initiation of the study and does not 
reflect the rapid expansion of genome sequences that 
have become available in the last year. 
 

Table 2:   List of Public Available Websites and Databases for ESX sequences. 

Website/Database Website Adress Reference 
TBDB http://www.tbdb.org Reddy, et. al., 2009 

TubercuList http://genolist.pasteur.fr/TubercuList Lew, et. al., 2011 
GenoList http://genodb.pasteur.fr/cgibin/WebObjects/GenoList Lechat, et. al., 2008 

 

Genomic DNA Extraction using CTAB/NaCl 
Method: The genomic DNA extraction was achieved 
using the CTAB/NaCl method as previously de-
scribed, (van Soolingen, et. al., 1994). Scraped bacte-
rial colonies were heat inactivated for 30 minutes at 
80˚C in 500μl TE buffer (100mM Tris/HCL; 10mM 
EDTA, pH 8.0), and in turn treated with 50μl lyso-
zyme (10mg/ml). This mixture was incubated for 1 
hour at 37˚C, and subsequently treated with 75μl of 
the Proteinase K-SDS mixture (10mg/ml; 10% v/v). 
Following brief vortexing and a further 10 minutes 
incubation at 65˚C, 100μl of pre-warmed CTAB/NaCl 
(10% N-cetyl-N,N,N,-trimethyl-ammonium bromide, 
0.73M NaCl) was added. The liquid contents were 
vortexed until the mixture appeared milky and was 
incubated for 10 minutes at 65˚C. This was followed 
by an addition of 750μl of chloroform/isoamyl alcohol 
(24:1, v/v), vortexing for 10 seconds following a 20 
minute centrifugation at maximum speed. The nucleic 
acid was precipitated with the addition of 500μl iso-
propanol to the supernatant. Upon DNA thread for-
mation, centrifugation was performed at maximum 
speed for 30 minutes. The DNA pellet was washed 

twice with 70% cold ethanol to remove residual 
CTAB/NaCl, and air-dried for 5 minutes at room tem-
perature. The resultant pellet was re-dissolved in the 
appropriate amount of TE Buffer (100mM Tris/HCL; 
10mM EDTA, pH 8.0) and stored at 4˚C. DNA con-
centration and purity was measured by optical density 
at 260nm. 

PCR of ESX genes: Primers were designed for the 11 
ESX gene pairs of interest using the Primer3 program 
(http://frodo.wi.mit.edu/cgibin/primer3/primer3_www
.cgi) (Table 3(a)). In some instances it was necessary 
to amplify single genes in order to retrieve sufficient 
single PCR products. Individual ESX gene primers 
were also designed for esxA, esxB, esxR, esxS, esxT 
and esxU (Table 3b). The PCR reactions for the ESX 
gene pairs were performed using EconoTaq Buffer 
and 5U/μl of Econo Taq polymerase (Invitrogen, Saint 
Aubin, France), 25mM nucleotide mix, 2pM of each 
primer, 1-10ng of template DNA and nuclease-free 
water to a final volume of 25μl. For the PCR of the 
individual ESX genes, the GoTaq Colorless 
Mastermix (Promega Corp., USA) was applied as 
stipulated by protocol dictated by the manufacturer. 
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The thermal cycling was performed in a Bio-Rad 
T100 Thermal Cycler machine and the GeneAmp 
PCR system 9700 PCR machine (Applied Biosystems, 
Foster City, CA, USA) respectively. Primer specificity 
was confirmed through gel electrophoresis of the 
amplicons with Sybr safe (Invitrogen, Saint Aubin, 
France). 

Table 3(a):  Primers for Sequencing ESX Gene 
Pairs. 

Genes Primer Sequence (5’ – 3’) 
esxCD 

 
F:  ATCGACAGGTCCGCAGAG 
R:  TAGCAGCAAGCAGAAGGTG 

esxEF 
 

F:  GTGCTGTGTGCTGGTGA 
R:  GAGATCACCGCACCCAAAC 

esxGH 
 

F:  GACCGCAACCAAAGAAC 
R:  CCAGCACCCACGGAAAG 

esxIJ F:  AGTCATAACCTGTCCGCCAC 
R:  TCCCAGTTCAGCACCATCC 

esxKL F:  GGCGCAGACTGTCGTTATTT 
R:  AACACCCCAGCACTGACCAC 

esxMN F:  AAGGAGAGGGGGAACATCC 
R:  ATCCATCGCTACCTCA 

esxOP 
 

F:  GGGCGCAGACTGTCATTATT 
R:  CTTAGCGGAGGCACCAGAG 

esxQ F:  TTCGATCGAAAGAGTGTCTA 
R:  ACGAACATCGCCGCCAAC 

esxVW F:  TTTAACAACTTCGCTGC 
R:  AGTGTTCCCAACGACGAC 

 
Table 3(b):  Primers for Sequencing Individual 

ESX genes. 
Genes Primer Sequence (5’ – 3’) 
esxA 

 
F:  AGGCCGGCGTCCAATACT 
R:  TCAGAGTGCGCTCAAACGTA 

esxB 
 

F:  GGTGAGCTCCCGTAATGACA 
R:  GTGACATTTCCCTGGATTGC 

esxR 
 

F:  CAAGCCAATTTGGGTGAGG 
R:  CTACCGGATCCACCAACAG 

esxS 
 

F:  GGGGCCGGATTTGGTCG 
R:  GCACGCTGCAGAGCTTG 

esxT 
 

F:  GCTCTACCACGTCCTGCAC 
R:  AGCTTACCGACGAGCATCC 

esxU F:  GTGGACGATTCTGCTCGAC 
R:  CGGTGGTGTGGATCTCCT 

Sequencing of ESX Genes: Upon amplification of 
PCR products, primers were eliminated by incubating 
10μl of the PCR product with 1U of Shrimp Alkaline 
Phosphatase (SAP) (Fermentas Life Sciences, USA) 
and 10U of Exonuclease I (ExoI) (Fermentas Life 
Sciences, USA) for 25 minutes at 37C followed by 
15 minutes at 80C. To 1μl of this treated reaction 

mixture, 0.4μl of Big Dye sequencing mix (Applied 
Biosystems, Foster City, CA, USA), 1.6μl of the 2pM 
primer and 2μl of the 5x Buffer (5mM MgCl2/200 
mM Tris-HCl, pH 8.8) and nuclease-free water were 
added to a final volume of 10μl.  Thermal cycling was 
performed on this mixture with an initial denaturation 
step of 1 minute at 96�, followed by 35 cycles of 
10sec at 96�, 5sec at 50� and 4 minutes at 60�.  The 
DNA precipitation reactions were performed in 96-
well plates to a final volume of 10μl. To each well, 1μl 
of EDTA (125mM, pH 8.0) was added, followed by 
26μl of a combined mixture of NaOAc (3M, pH 5.2) 
and 100% ethanol. Following centrifugation at 
3000xg for 10 minutes at 18ºC, pre-chilled 35μl of 
70% ethanol (v/v) was added to each well and centri-
fuged at 3000 x g for 5 minutes. The plate was dried 
in a thermal cycler at 50C for 5 minutes. The reac-
tions were dissolved in 10μl of Hi-Di Formamide 
(Applied Biosystems, Foster City, CA, USA) dena-
tured in a thermal cycler (95°C for 3 minutes, 4°C for 
3 minutes) and subjected to automated sequencing on 
an ABI Prism 310 genetic sequence analyzer (Applied 
Biosystems, Foster City, CA, USA). Resultant gene 
sequences were subjected to comparison and align-
ment with the DNAStar SeqMan sequence assembler 
and MegaAlign software (LaserGene 7.2, Madison, 
Wisconsin, USA).   

SNP Detection: The 23 ESX sequences for the 
H37Rv reference strain were downloaded from the 
TubercuList database (Lew et. al., 2011) 
(http://tuberculist.epfl.ch). Using the DNAStar 
MegAlign software (LaserGene 7.2, Madison, Wis-
consin, USA), these sequences were aligned and a 
phylogenetic tree was complied, using the Geneious 
software (Drummond et. al., 2012), to survey the clus-
tering patterns of the sequences. 

The ESX sequences from the 58 clinical isolates were 
compared to the corresponding sequences of Mtb 
H37Rv reference strain. Using the BLAST function 
available on the Tuberculist website 
(http://tuberculist.epfl.ch), positions of the variant 
nucleotides were documented as SNPs. The SNPs 
were further characterized by comparing the amino 
acid resulting from the substitution with the reference 
amino acid from H37Rv, into the sSNPs, no change in 
amino acid, and non-synonymous nsSNPs, resulting in 
a change in the amino acid mutations. 

Detection of Selection: The dN/dS ratio allows for 
the measurement of the type of selection occurring on 
codon alignments.  However, the number of SNPs 
occurring in the individual ESX genes was too low for 
inclusion in this ratio. Therefore, for each isolate, the 
23 ESX genes were concatenated to generate single 
sequences, and used in the subsequent analyses. dS 
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and dN are the numbers of synonymous and 
nonsynonymous substitutions per site, respectively. 
The variance of the difference was computed using 
the bootstrap method (500 replicates). Analyses were 
conducted using the Nei-Gojobori method (Nei and 
Gojobori, 1986). The analysis involved the 58 nucleo-
tide concatenated sequences. All positions containing 
gaps and missing data were eliminated. There were a 
total of 880 positions in the final dataset. Evolutionary 
codon-based analyses were conducted in MEGA5 
(Tamura, et. al., 2011). The program estimates the 
number of synonymous mutations per synonymous 
site (dS) and the number of nonsynonymous muta-
tions per nonsynonymous site (dN) as well as the var-
iances of the estimates. This estimate was then used in 
testing the null hypothesis that the genes are undergo-
ing neutral (Ho: dN=dS), purifying (Ho: dN<dS) or 
positive (Ho: dN>dS) selection. 
 
RESULTS AND DISCUSSION: 

Survey of ESX Diversity of publically available 
genomes: An initial review of available sequenced 
genomes on public databases revealed the ESX se-
quences are highly conserved amongst the genomes 
surveyed (Table 4). This exercise was conducted at a 
time when a sizeable number of uploaded genome 
sequences were incomplete, due to the lack of closure 
at the time of data retrieval. As a result, this is not a 
complete assessment of ESX gene diversity in the 
public available databases relative to the H37Rv ESX 
sequences. However, this preliminary survey indicated 
that not all annotated members of the ESX gene fam-
ily were potentially transcriptionally active due to 
deletion, frameshift or truncation. This is consistent 
with an earlier study cataloguing indels (Marmiesse 
et. al., 2004) and confirms that some ESX members 
are not essential for human infection.  

Genotypic confirmation of Clinical Isolates: In this 
study, a total of 55 clinical isolates and 3 laboratory 
strains were included to investigate the ESX genetic 
diversity. These strains were carefully selected to rep-
resent two important groups within KwaZulu-Natal. 
The first was the Beijing lineage that represents ap-
proximately 20 percent of all circulating strains in 
KwaZulu-Natal and the second a group of closely 
related strains known as the F15/LAM4/KZN lineage 
that was associated with a large outbreak of drug re-
sistant tuberculosis (Pillay and Sturm, 2007). We rea-
soned that successful strains, implied by their ecologi-
cal abundance, would be involved in ongoing cycles 
of transmission in the local population and would 
therefore be most likely to have been under the influ-
ence of immune selection. 

The clinical isolates originated from Tugela Ferry; 
Rapid Detection Study M. vaccae clinical trial and 
Westville Prison Molecular Epidemiology Study, con-
ducted at the department of Infection, Prevention and 
Control (UKZN) to follow the transmission of Mtb 
strains in host populations. The IS6110 RFLP typing 
method, the gold standard of typing methods for Mtb 
(van Embden et. al., 1993), was used to confirm the 
genotypes of the clinical isolates and laboratory 
strains and dendograms were generated on the band 
placement for the isolates (Figures 1-3). Hawkey and 
colleagues reported on the difficulty of this method in 
sizing up the DNA fragments, since one cannot distin-
guish different sized fragments appropriately. In addi-
tion, software used in the analysis may not necessarily 
be accurate in the placement of the bands at the cor-
rect positions for the strain comparisons (Hawkey et. 
al., 2003). With this typing method, all the Bejing 
isolates displayed the expected Beijing RFLP pattern 
(Figure 1). Gagneux and colleagues screened unique 
large sequence polymorphisms (LSPs) in the Beijing 
strains and reported those strains to be a monophyletic 
clade based on the RD105 deletion (Gagneux et. al., 
2006), and these strains were confirmed to have 
RD105 deletions.  

The isolates grouped as KZN (Figure 2) displayed the 
ST60 spoligotype signature listed on the online spoli-
gotype database (Pillay and Sturm, 2007), except for 
BCG that had two unique bands that was not in 
agreement with the KZN patterns. In addition, the 
remaining 8 clinical isolates (Figure 3) lacked any 
signatures similar to a Beijing or KZN pattern, and 
were denoted as the “Other” grouping. The pattern 
observed in Figure 2 is a typical pattern unique to the 
F15 family that forms part of the Latino-American 
and Mediterranean family (LAM) and corresponds to 
the LAM4 subgroup, thus being named the 
F15/LAM4/KZN strain (Pillay and Sturm, 2007). 

An additional confirmation of the isolates genotypes 
was performed. In Figure 4a, a representation of the 
isolates were selected and tested positive for the helZ 
and fadE22 deletions, indicated by a smaller amplicon 
size for a KZN strain relative to the non-KZN H37Rv 
strain. These two deletions are unique to the KZN 
strains (Pillay, 2010). The isolates were then subjected 
to a multiplex spoligotype PCR assay to verify 
whether those positive results were in fact true posi-
tives for the deletions detected. With this test (Figure 
4b), the presence of two bands confirms the positive 
test for KZN strains, whereas the Beijing isolates dis-
played a single band that was larger than 1031 bp. 
However, isolate 8426 displayed two bands in Figure 
4a, and was not concordant to the spoligotype pattern 
(Figure 2) for a KZN strain. However, after being 
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subjected to the multiplex spoligotype PCR assay 
(Figure 4b), it was confirmed to be a KZN genotype. 
The characteristic pattern for the KZN strain shows 
that the strain has the spacer 20 but is missing the 
spacers 21-24 and spacer 40. Any deviation from this 

pattern indicated that the isolate was not of the KZN 
strain (Pillay, 2010). The remaining isolates were 
tested using both assays and their genotypes were 
successfully confirmed and correlated to the spoligo-
type patterns (results not shown). 

Table 4:  Survey of ESX genes in sequenced genomes available on public databases representing presence 
(red), deletion (yellow), stop codon (green), frame shift or truncation (purple) and unavailable sequence 

(white). 

 
 

Figure 1:  IS6110 RFLP pattern generated for clinical isolates corresponding to the Beijing genotype. 
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Figure 2:  IS6110 RFLP pattern generated for clinical isolates corresponding to the F15/LAM4/KZN 

strain genotype. 

Figure 3:   IS6110 RFLP pattern generated for clinical isolates corresponding to neither Beijing or 
F15/LAM4/KZN strain genotypes. 

 
(a) 
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(b) 

Figure 4: Agarose gel of amplified DNA for clinical isolates using a strain specific PCR that selectively 
amplifies specific DR region spacer sequences. Agarose gel (a) shows the amplified DNA for KZN and 

non-KZN strains. KZN strains have a band close to 266 bp that is similar to the KZN 605 positive control. 
Agarose gel (b) is the verification assay for false positive strains. KZN strains have a similar amplification 

pattern to the KZN 605 positive control. 
 
PCR Amplification of ESX genes: The PCR primers 
for the ESX genes were initially optimised with the 
H37Rv and BCG genomic DNA (Fig 5). PCR ampli-
fication was successful as each gene pair was ampli-
fied at the expected band size (Table 5). The lack of a 
PCR product for esxA, esxB, esxOP and esxVW in 
BCG was expected, as it is well documented that these 
genes are absent in the organism (Maheiras et. al., 
1996). This result is indicative of the specificity in the 
primer design for the amplification of the genes of 
interest. As a result, these primer sets were applied to 
amplify the ESX genes in genomic DNA extracted 
from the 55 clinical isolates (results not shown) and 
used in subsequent sequencing reactions.  

 
Figure 5:  PCR amplification of ESX genes and 

gene pairs on a 1.5% (w/v) agarose gel with H37Rv 
(1) and BCG (2) genomic DNA and no DNA control 
(3). A 100bp molecular weight marker was run on 

the gel to verify amplified products. 

Table 5:  Expected PCR product sizes for ESX 
gene pairs. 

ESX Genes Expected Molecular Weight 
in bp   (base pairs) 

esxA 510 bp 
esxB 525 bp 

esxCD 610 bp 
esxEF 776 bp 
esxGH 850 bp 
esxIJ 644 bp 
esxKL 670 bp 
esxMN 725 bp 
esxOP 764 bp 
esxQ 551 bp 
esxR 500 bp 
esxS 584 bp 
esxT 510 bp 

esxU 520 bp 
esxVW 625 bp 

Clustering of the 23 ESX Sequences from H37Rv 
Reference Strain: A phylogenetic tree was con-
structed using the Geneious software (Drummond et. 
al., 2012) from the H37Rv ESX sequences (Figure 6). 
The three ESX subfamilies are represented within the 
tree and cluster into distinctive clades as a conse-
quence of their high sequence identity between mem-
bers.  However, within the Mtb9.9 subfamily, the esxI 
and esxV sequences lack any SNPs thus rendering 
those sequences to be identical. This was further con-
firmed upon alignment of both the nucleotide and 
protein sequences (Figure 7). However, these genes 
could be amplified independently because of unique 
flanking sequences. 
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Figure 6:  Phylogenetic tree representing the clus-

tering of all 23 ESX members and subfamilies 
within H7Rv using the Geneious software (Drum-

mond et. al., 2012). 

ESX Sequence Diversity within Clinical Isolates: 
Comparative sequence analysis was conducted by 
screening all the ESX sequences for variation using 
the MegAlign software, with the H37Rv ESX se-
quences as a reference. All 23 ESX genes were suc-
cessfully sequenced in the 55 clinical isolates as well 
as the 3 laboratory strains (H37Rv, H37Ra and M. 
bovis BCG).  Polymorphisms relative to H37Rv were 
located in 12 of the 23 ESX genes (Figure 8, Tables 6 
and 7) with the majority of the polymorphisms occur-
ring in the Beijing isolates (Figure 9). The number of 
nsSNPs was three and a half times more than the 
number of sSNPs for the Beijing isolates (Figure 10). 
Mestre and colleagues analyzed polymorphisms in the 
DNA repair, replication and recombination (3R) genes 
from a collection of 305 Beijing isolates. Interestingly, 
they reported that the number of nsSNPs was twice 
the number of the sSNPs from their Beijing dataset 
(Mestre et. al., 2011).  

 

 
 

 

 
Figure 7:  Nucleotide and protein sequence alignment of esxI and esxV sequences from H37Rv using the 

DNAStar MegAlign software. 
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Figure 8:  Snapshot of clustal alignment of concatenated sequences using Geneious software of all the 

SNPs identified in the 23 ESX genes sequences for the 55 clinical isolates and 3 laboratory strains (blue 
arrows). The sequences were aligned to the concatenated H37Rv reference sequence (yellow and green 

arrows with coding sequence annotations) and aligned using the ClustalW software available on the Ge-
neious package (Drummond et. al., 2012). 

 

 
 
Figure 9:  Distribution of SNPs relative to H37Rv 
for the 23 ESX genes and subfamilies seen across 
the three isolate groupings. Blue bars: KZN Iso-
lates, Red bars: Beijing Isolates and Green bars: 

Other Isolate groupings. 

 

 
 

Figure 10:  Total numbers of Non-Synonymous 
(blue) and Synonymous (red) SNPs across the three 
isolate groupings: 20 Beijing Isolates; 25 KZN Iso-

lates and 13 Other Isolates. 
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A total of 482 SNPs were identified, of which 363 
were nsSNPs and 119 were sSNPS. A closer inspec-
tion of the nsSNPs distribution amongst the isolate 
groupings revealed 179 occurred in the Beijing iso-
lates with 145 in the KZN isolates and 39 in the Other 
isolate grouping (Figure 10). Similarly, the distribu-
tion of the sSNPs amongst the isolate groupings re-
vealed 51 occurred in the Beijing isolates with 53 in 
the KZN isolates and 15 in the Other isolate grouping 
(Figure 3.10). No mutations occurred within 10 ESX 
genes (esxA, B, C, E, G, H, J, R, S and T). Similarly a 
study conducted by Musser and colleagues involving 
the sequencing of 24 Mtb antigens from 16 clinical 
isolates resulted in no variation for esxA and esxB 
(Musser et. al., 2000). These findings are also in 
agreement with the 2010 study conducted by Davila 
and colleagues where no sequence variation was ob-
served for the esxA and esxH genes sequenced from 
88 clinical isolates (Davila et. al., 2010). Despite the 
report of SNPs in esxH (Comas et. al., 2010 and 
Uplekar et. al., 2011, Deng et. al., 2014) and esxR, G 
and S (Deng et. al., 2014), this was not the case in our 
data. Based on our data, the lack of SNPs in esxA, B, 
C, E, G, H, J, R, S and T genes suggests that these 
gene regions are highly conserved among different 
genetic groups of Mtb analyzed in this study. 

Overall, the clinical isolates harboured more than one 
non-synonymous mutation in esxI, K, L, O, P, V and 
W relative to H37Rv (Table 8). Four SNPs associated 
with the KZN strain grouping, with 3 being nsSNPs 
and the other a sSNP, respectively. Of the 3 nsSNPs 
(Table 8), one occurred in esxK (A58T) and 2 in esxL 
(R33S) in 22 KZN isolates, whereas the sSNP oc-
curred in esxK (E86) for 17 KZN isolates (Table 9).  
Similarly, 9 unique SNPs were identified only in the 
Beijing isolates, of which 6 were nsSNPs (Table 8) 
and 3 were sSNPs (Table 9). The nsSNPs included 
esxI (Q20L), esxO (E52G), 2 in esxP (T3S; N83D), 
exU (P63S) and esxW (T2A). Of the 3 remaining 
sSNPs, 2 occurred in esxO (I54; L57) and 1 in esxP 
(A2), respectively.  

5 SNPs occurred in isolates belonging to the 3 differ-
ent lineages of the data set. Four SNPs occurred in 
esxV, which included 3 nsSNPs (Q20L, S23L and 
A57V) and 1 sSNP (H13), while the remaining SNP, 
being synonymous, occurred in esxF (S93) (Tables 8 
and 9). Interestingly, the SNPs identified for esxV, 
occurred in almost all the isolates for the dataset. The 
Q20L, S23L nsSNPs identified in our dataset also 
confirmed a similar finding in the dataset of Uplekar 
and colleagues (Uplekar et. al., 2011).  

Interestingly, two nsSNPs, one in esxF (W58stop) and 
one in esxD (T49A), occurred only in a M. bovis BCG 
laboratory strain and the KZN 8426 isolate. Upon 

comparison to the genome sequences of M. bovis 
BCG Pasteur and M. bovis AF2122/97, these particu-
lar mutations were confirmed to be M. bovis specific. 
Nonetheless, isolate 8426 was confirmed to be a KZN 
strain by spoligotype (Figure 2) and the genotypic test 
(Figure 4b) and no further mutations within the ESX 
family for this isolate was recognised to be similar to 
M. bovis BCG. Although the PCR and sequencing was 
replicated and repeated independently, the mutation 
for this isolate remained unchanged.  

Additionally, 5 other SNPs in the BCG laboratory 
strain were validated as M. bovis specific. These in-
cluded 2 nsSNPs in esxM (M48Q) and 3 sSNPs, of 
which 2 occurred in esxK (S3 and N39) and 1 in esxM 
(G47), respectively. The esxI gene had 2 nsSNPs 
(L55F and A88G) for isolate 426, which was not ob-
served in the other isolates. Similarly, isolate 389 
showed a single sSNP in esxN (V90) that was not 
present in the other isolates. Both isolates 389 and 429 
were confirmed to represent the KZN grouping in our 
dataset. 

SNPs encoding stop codons have substantial impacts 
on the structure and functionality of proteins. esxM is 
the only other gene that possesses a stop codon 
(stop59Q), which occurred in the BCG laboratory 
strain and was not present in any of the other strains. 
This result was contrary to the findings by Uplekar 
and colleagues in which this mutation was accounted 
for in 9 clinical isolates (Uplekar et. al., 2011).  

Overall the 55 clinical isolates used in our study were 
approximately half the 108 isolates used in the previ-
ous study conducted by Uplekar and colleagues. Tak-
ing into account this difference the absolute number of 
SNPs identified in this study is compatible with the 
numbers identified in the study of Uplekar and col-
leagues (Uplekar et. al., 2011).  

SNP Diversity across ESX gene sub-families: In 
Figure 9, isolates harbouring SNPs were grouped ac-
cording to the ESX gene subfamilies to establish the 
SNP distribution and diversity across them. Overall, 
genes encoded within ESX-1 to ESX-4 presented with 
low levels of SNP variation except for esxD and esxU. 
Majority of the SNPs occur in genes constituting the 
ESX-5, Mtb9.9 and QILSS subfamilies (Figure 9). 
Intriguingly, the co-occurrence of 2 nsSNPs was no-
ticed in the neighbouring positions 97 and 98 of esxL 
(Tables 6 and 8). This particular trait was also ob-
served in esxM of the BCG laboratory strain contain-
ing a single sSNP in codon 47 followed by 2 nsSNPs 
in codon 48 (Tables 6 to 9). In our dataset, the SNPs 
reported for esxV are highly prevalent in over 90% of 
the clinical isolates. The remainder of nucleotide se-
quences for the ESX-5, Mtb9.9 and QILSS subfami-
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lies were identical upon comparison to the Mtb 
H37Rv sequences.  

ESX Phylogenetic and Evolutionary Analysis of the 
Clinical Isolates: The information from the spoligo-
type patterns and the genotypic confirmation assay 
were inspected closely to correlate to lineage specific-
ity based on the SNPs identified in the sequence data-
set (Tables 6 to 9). As expected from the topology of 
the phylogenetic tree, two distinct clades were ob-
served in Figure 2.11, based on the concatenated se-
quences containing all the SNPs identified in this 
study.  

Most mutations can decrease the function of the pro-
tein and can eventually be eliminated from the popula-
tion through a negative or purifying selection. Never-
theless, in other instances, strains with a higher muta-
tion rate may have a selective advantage under certain 
conditions (Mestre et. al., 2011).  In extremely un-
usual circumstances, a mutation can be beneficial and 
is as a consequence fixed into the population by posi-
tive or diversifying selection (Filliol et. al., 2006; 
Gutacker et. al., 2006). To infer the type of evolution 
occurring in this data set, the dN/dS ratio was used to 
measure the type of selection in operation on the ESX 
genes. In order to test the hypothesis that positive 

selection was in operation as these sequences di-
verged, the codon-based Z test was used on all 58 
concatenated codon alignments. This yielded a value 
of 0.328. It was noted that our dataset harboured ma-
jority of the SNPs in the Mtb9.9 and QILSS genes 
(Figure 9), with sSNPs occurring in a larger propor-
tion in the clinical isolates compared to the nsSNP 
(Figure 10), thus influencing the low dN/dS value. 
The analysis was repeated, but excluded the Mtb9.9 
and QILSS subfamily of genes resulting in a value of 
1.307 (dN/dS >1) indicating positive selection for 
these genes. Our findings replicate the results reported 
by Uplekar and colleagues. (Uplekar et. al., 2011). A 
recent publication by Comas and colleagues investi-
gated the antigenic variation and diversity of human 
T-cell epitopes amongst 21 strains representative of 
the 6 major lineages of the MTBC. Using the Illumina 
sequencer, whole genome sequences were generated 
from the 21 strains from which more than 9000 
unique SNPs were identified. Their analysis of the 
sequences revealed that the T-cell epitopes showed 
little sequence variation and estimated low dN/dS 
ratio values for changes observed in essential genes to 
that of the non-essential genes (Comas et. al., 2010). 

 

 
Figure 11:  Phylogenetic tree of concatenated sequences using the DNAStar TreeView software rooted to 

H37Rv.  Highlighted in Green: the Beijing isolates, Yellow: the Other Isolate grouping, and unhighlighted 
sequences: the KZN grouping of isolates.  The concatenated BCG sequences was not included as part of 

the phylogenetic tree. 
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Table 6:  Table of Non-Synonymous Mutations Identified from the 58 sequenced Clinical Isolates. 
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Table 7 :  Table of Synonymous Mutations Identified from the 58 sequenced Clinical Isolates. 

Table 8 :  Binary representation for Non-synonymous SNPs identified in the 23 ESX genes across 55 clini-
cal isolates and the 3 laboratory strains. Presence of the mutation is represented by 1 and no mutation 

represented by 0. The dataset is a color coded representation of isolate groupings. Green: Beijing Isolates, 
Blue: KZN Isolates and Yellow: Other Isolate grouping. 
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Table 9:  Binary representation for Synonymous SNPs identified in the 23 ESX genes across 55 clinical 
isolates and the 3 laboratory strains. Presence of the mutation is represented by 1 and no mutation repre-
sented by 0. The dataset is color coded according to isolate grouping. Green represents Beijing Isolates, 
blue representing KZN Isolates and yellow for the Other Isolate grouping. 

 
 
ESX Sequence Diversity of Clinical Isolates Using 
Full Genome Sequencing: With more recent ad-
vances in genome sequencing it was possible to aug-
ment our dataset with ESX sequence data from 130 
full genome sequences of clinical isolates from KZN. 
These were sequenced as part of the ongoing collabo-
ration between KwaZulu-Natal Research Institute for 
Tuberculosis and HIV/AIDS (K-RITH) and The 
Broad Institute. These isolates were from two sources. 
Ninety strains were collected from 20 sites across the 
province of KZN as part of a drug susceptibility study, 
and 80 of these isolates were at least resistant to one 
first-line anti-tuberculosis drug. The second study 
collected isolates from a single site in Durban, King 
Dinuzulu hospital, which is the centralized referral 
centre for all drug-resistant tuberculosis in KZN. The 
majority of these isolates were resistant to at least one 
drug. Full genome sequencing using the Illumina plat-

form was carried out on two libraries, a short fragment 
library and a jumping library and all SNPs were iden-
tified using BROAD developed variant calling soft-
ware. A total of 10,781 SNP positions, synonymous 
and non-synonymous, were identified and used to 
generate a phylogeny shown in Figure 12. nsSNP 
Mutations in the 23 ESX genes were identified and 
have been plotted against each strain in the peacock 
graph shown in Figure 12. The comparative analysis 
was performed relative to the H37Rv sequence.  

The phylogeny was able to resolve the Beijing and 
KZN families. In Figure 12 the KZN strains are la-
beled as LAM4. In terms of the distribution of nsSNPs 
there were differences between the amplicon and ge-
nome sequenced clinical isolates. There was no over-
lap between these two collections of strains in that no 
strains were sequenced by both methods. In the am-
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plicon sequenced group of strains no nSNPs were 
found in 12 genes (esx A, B, C, E, G, H, J, N, Q, R, S, 
T) (Table 2.6 and 2.8). In the genome sequenced 
group 5 esx genes (esxA, G, H, J, Q, S and T) had no 
nsSNPs (Figure 12). The differences can be accounted 
for by 7 nsSNPs in 5 genes (Figure 12) that occurred 
in strains other than the KZN or Beijing and reflect a 
broader sample size in the full genome sequenced 
group. 

Similarly an excellent correlation was observed for 
the nsSNPs in the Beijing and KZN strains sequenced 
by both methods. In Figure 12, the largest number of 
polymorphisms occurred in the Beijing clade, proba-
bly in part due to the phylogenetic distance from the 
reference H37Rv used in this analysis. Unique 
nsSNPs, for the Beijing and KZN isolates that were 
identified earlier from our dataset, also occur in Fig-
ure 12.  

The unique nsSNPs for the Beijing isolates that were 
found by both sequencing methods were: esxI (Q20L); 
esxO (E52G); esxP (T3S); esxU (P43S) and esxW 
(T2A). In the previous amplicon sequencing descrip-
tion above we annotated the esxU mutation at codon 
63, but subsequent to this analysis there was a change 
in the annotated start codon 
(http://genolist.pasteur.fr/TubercuList) by -20 AA. 
However, in the amplicon sequencing an additional 
mutation was found in esxP corresponding to N83D 
(Tables 6 and 8). Interestingly this portion of the gene 
is conserved amongst the QILSS family of genes and 
is likely that the stringency of the SNP calling soft-
ware used by the BROAD bioinformatics systems 
would exclude a SNP in 1 out of the 5 QILSS genes 
because of its low occurrence. Similarly when we 
analysed the clade specific nsSNPs for the KZN iso-
lates both methodologies revealed: esxK (A58T) and 
esxL (R33S). The esxL mutation corresponds to two 
nucleotide changes (g97t and g98t) (Table 2.6 and 
2.8). In Figure 12 these have been annotated as indi-
vidual codon changes (R33C and R33P) but taken 
together they result in an R33S mutation. Two muta-
tions in esxV that occurred in nearly all the isolates 
(Q20L and S23L) were also found in both datasets, 
including in the dataset of Uplekar and colleagues 
(Uplekar et. al., 2011), but an additional esxV muta-
tion (A57V) was found across the same broad range 
of strains only by amplicon sequencing (Table 6 and 
8). Similarly esxV is an Mtb9.9 gene and the residue 
57 is in a highly conserved portion of the protein.  
CONCLUSION: The aim of this study was to evalu-
ate heterogeneity in the QILSS and Mtb9.9 families 
and this is the first study assessing the ESX gene di-
versity and SNP variation in strains circulating within 
the South African population. Our amplicon data sug-

gests that esxA, B, C, E, G, H, J, R, S and T are highly 
conserved. However with the inclusion of additional 
sequences from a collection of strains that were ge-
nome sequenced, the number of invariant genes de-
clined as nSNPs were also identified in esxB, C, E, R.  
It is likely that as more clinical isolates are sequenced 
the number of invariant genes will decline further and 
for a complete picture a broader global collection of 
strains will need to be characterized. This will be im-
portant if immune selection is to be evaluated in the 
context of different host genetic backgrounds.  

The distribution of nSNPs was not uniform across the 
esx genes and this possibly could result from a lack of 
immune selective pressure by the host immune system 
on the invariant members. The concentration of 
nSNPs in the QILSS and Mtb9.9 genes as appose to 
the ESX-1 and ESX-3 esx members can be explained 
by the functional roles of the latter two systems. In 
both these systems deletion of esx genes leads to at-
tenuation or lack of viability and therefore mutations 
in these genes are likely to carry a high fitness cost. In 
contrast if ESX-5 has an immune-regulatory role, then 
mutations in the associated esx genes could carry a 
selective advantage. Therefore a further in depth in-
vestigation of the interaction with the host is required.  

As previously stated a limiting factor in this study was 
the number of isolates used, hence the esxA, G, H, J, S 
and T genes cannot be inferred as being globally con-
served. One distinct difference from the study by Co-
mas and colleagues, is that we found esxH to be in-
variant, compared to their study that found to it to be 
hypervariable (Comas et. al., 2010). They only looked 
at 26 strains and therefore their conclusions are not 
likely to be valid, so further studies at a later stage 
should include a larger genetically diverse number of 
isolates with a broader worldwide representation of 
the strain diversity.  

One intriguing observation that has come out of these 
sequencing studies is the sites of sequence variation 
leading to nSNPs occur predominantly at sites that are 
already variable amongst the QILSS and particularly 
the Mtb9.9 family. An example of this is the A58T, 
and A58P mutations. The A58T mutation was ob-
served in esxK and esxP and converted these proteins 
to have the same sequence as esxW, J, M. We also 
found 1 isolate with an A58P mutation at this residue. 
It is easy to imagine that this variation is an experi-
mental artefact of sequencing highly similar genes. 
This is extremely unlikely as these types of mutations 
were seen both by amplicon and genome sequencing 
done in different laboratories. In addition similar gene 
conversion events were reported in the amplicon se-
quencing study carried out by Uplekar and colleagues 
(Uplekar et. al., 2011). Of note the Broad institute 
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used both short and jumping libraries for sequencing. 
The jumping libraries were approximately 2000 to 
3000bps in length and allow pair end sequences sepa-
rated by approximately 2000bps to be more accurately 
positioned. This overcomes some of the difficulties of 
resolving diversity in repetitive regions that was en-
countered in earlier sequencing efforts. 

Homologous recombination between the highly simi-
lar sequences of the QILSS and Mtb9.9 genes is the 
most likely mechanism generating this kind of diver-
sity. It is not clear how altering the number of copies 
of a single allele from three to four out of five (for 
example in the case of an A58T mutation in esxK) 
would significantly alter immunogenicity. It seems 

unlikely that such a relatively small proportional ef-
fect on gene number could translate into a significant 
change in immune phenotype. Alternatively if the 
genes were transcribed differently between strains 
then it might represent an allelic switch. 

Additional bioinformatics analysis on a larger number 
of sequences is required to more formally address this 
question of recombination events. Understanding how 
diversity in the immune-dominant ESX families is 
generated and maintained is clearly highly important 
for vaccine development. It is hoped this will ulti-
mately contribute in the management of this disease 
burden in South Africa.  

 
Figure 12: Phylogenetic tree based on all SNPs identified in 130 full genome sequenced isolates rooted to 
H37Rv.  The grid to the right indicates the presence (bold) or absence (blank) of nSNPs identified in 23 
ESX genes relative to H37Rv. The unlabelled column on the left signifies if there are no mutations pre-

sent. 
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