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Figure 4.2: Pan-genome phylogeny of Bacillus anthracis based on accessory genes, showing the clustering of the South African,
Kruger National Park (KNP) genomes (bold) in relation to global genomes. The phylogeny was inferred using Maximum likelihood
method in BEAST. Colour ranges indicate the clustering into major sub-clades. Pan-genome analysis generated 8 primary clusters
and grouped the 2012/2015 KNP genomes (bold) in the A.Br.005/006 major clade (green), separate from the Northern Cape Province
genomes (pink) and B.Br.001/002 (B-clade) genomes (purple).
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4.3.1 Assessment of the shell and cloud genes in A.Br.005/006 and B.Br.001/002

Pan-genome analysis of B. anthracis genomes allowed the identification of clade
specific genes (Table 4.3). A total of 6535 shell and cloud genes were identified and
assigned to A- and B-clade genomes. Ten genes were unique to the A.Br.005/006
branch, and included proteins linked to YeeV-YeeU toxin-antitoxin system, membrane
associated lysozymes and inner membrane protein (two copies of yohK_2), putative
prophage proteins and phage DNA replication proteins (Table 4.3). Pan-genomics also

identified multiple hypothetical proteins only found in A.Br.005/006 genomes.

In contrast, B-clade genomes consisted of 15 genes that dissociates them from the A-
clade genomes (Table 4.3). These were identified as hypothetical proteins (n=10), a
multidrug resistance protein (mdtG_2) and chromosome encoded cell wall
biosynthesis genes; long-chain-fatty-acid--CoA ligase fadD13 (4-5 copies), two copies
of the Heme-based aerotactic transducer (hemAT or hemZ) and two copies of the RNA
processing ribosomal RNA small subunit methyltransferase-J (Figure 4.3).
Furthermore, this study identified a murein endopeptidase (mepH) that encodes the
lipoprotein (NLP/P60 family) murein endopeptidase (Figure 4.3) in the chromosome
and pXO2 (Figure 4.4A and B). The gene arrangement of mepH located on pXO2 of
B-clade genomes is distinct from the gene in the A-clade genomes. In the B-clade, the
mepH gene is composed of two subunits of 209 and 148 aa residues length
respectively as compared to a complete 381 aa residues protein in A-clade strains
(Figure 4.4B). The sequence alignment of the mepH gene &’ residue in B-clade is
similar to the A-clade strains, however it has a stop codon at position 209 and results

in the deletion of 127 amino acid residues (Figure 4.4B).
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Table 4.3: Cloud genes of Bacillus anthracis strains in B.Br.001/002 and
A.Br.005/006 identified in this study.

Gene Gene product name in full Lineage/strain Copy
name number
dprA DNA processing protein A B.Br.001/002 2
fadD13 long-chain-fatty-acid--CoA ligase  B.Br.001/002 4-5
rsmJ Ribosomal RNA small subunit B.Br.001/002 2
methyltransferase J
mdtG Multidrug resistance protein B.Br.001/002 3
mepH Murein DD-endopeptidase B.Br.001/002 1
hemAT Heme-based aerotactic B.Br.001/002 2
transducer
antitoxin of the YeeV-YeeU toxin- A.Br.005/006 1
antitoxin system
SpXA Regulatory protein Spx A.Br.005/006 3
yohK inner membrane protein yohk A.Br.005/006 2
putative prophage protein A.Br.005/006 2
membrane-associated lysozyme; A.Br.005/006 1
Qin prophage
Major tail protein V Phage A.Br.005/006 1
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Figure 4.3: Schematic representation of Bacillus anthracis cell wall biosynthesis pathway gene cluster located on the chromosome.
Cluster depicts organization and orientation of genes and the sizes of the coding regions for proteins responsible for cell wall
anchoring (LPXTG), formation and recycling of peptides (mepH, sapA, csaAB), fatty acids metabolism (fad13) and oxidases

(hemZ). The expression and interaction of genes result in the normal peptidoglycan synthesis or programmed cell death.
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Figure 4.4A: Structural organization of the murein DD-endopeptidase hydrolase (mepH) protein in the pXO2 of Bacillus anthracis
strains. The organization of the mepH in B-clade strains (top) consist of two proteins; 209 aa and 148 aa (top) compared to a single

381 aa protein in A- clade strains. Regions downstream and upstream the mepH coding region (indicated in grey) are similar in strains

of both clades.
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4.4 Genetic characterization of B. anthracis A and B strains in the KNP

4.4.1 Antimicrobial resistance (AMR) profiles of B. anthracis strains

The ResFinder database identified the AMR profiles of the assembled B. anthracis
genomes. All B. anthracis genomes encode proteins related toto Fosfomycin
resistance (Table 4.4). B. anthracis strain 1298 of the A-clade possesses a unique
coding sequence for multidrug resistance towards amoxicillin, ampicillin, cephalothin,
piperacillin and ticarcillin identified as blaTEM-116 present in contig 46 of the draft
genome. All B. anthracis strains carry mdtG_1, a fosmoycin and deoxycholate
resistant gene identified by pan-genome analysis. Pan-genome analysis revealed
signatures of a second copy of the mdtG_2 gene, found only in B-clade strains (Table
4.3).
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Table 4.4: Antimicrobial resistance (AMR) profiles of the KNP Bacillus anthracis

genomes used in this study.

Strain Start End Strand Gene Cowverage % Coverage % ldentity Resistance
124603135 872849 BT73268 - fosB2_1 1-420/420 100 100 Fosfomycin
12460313 363821 304238 - fosB1_1 1418417 98.76 B7.5 Fosfomycin
125T032015UP  B72B49  BT3268 - fosB2_1 1-420/420 100 100 Fosfomycin
125T032015UP 363817 304232 - fosB1_1 1418417 9878 B7.5 Fosfomycin
1298 885133 B95552 + fosB2_1 1-420/420 100 100 Fosfomycin
1298 5 Be1 + bIaTEM-118_1 1-857/881 00.54 00.88 Amazacillin; Ampicillin:Cephalothin
- Piperacillin_Ticarcllin
1298 183418 193831 - fosB1_1 1418417 9878 B7.5 Fosfomycin
13030313 ED5260 PBOSETD + fosB2 1 1-420/420 100 100 Fosfomyein
13030313 232331 232748 + fosB1_1 1416417 9876 B7.5 Fosfomycin
1363 ED5402 B9S2+ fosB2_1 1-420/420 100 100 Fosfomyein
1363 519562 B19277 - fosB1_1 1418417 9878 B7.5 Fosfomycin
13680313 ED5235 RO5EEL & fosB2 1 1-420/420 100 100 Fosfomyein
13680313 232331 232748 + fosB1_1 1416417 9876 B7.5 Fosfomycin
1370 455084 455513 - fosB2_1 1-420/420 100 100 Fosfomyein
1370 232322 232737+ fosB1_1 1418417 9876 B7.5 Fosfomycin
DS20150654 707418 TOTR3IS - fosB2 1 1-420/420 100 100 Fosfomyein
D520 50654 232330 232745 + fosB1_1 1-418/417 9878 B7.5 Fosfomycin
DS20150761 E72B40 BT3263 - fosB2_1 1-420/420 100 100 Fosfomyein
DS5201 50761 363808 384313 - fosB1_1 1418417 9876 B7.5 Fosfomycin
DS20150853 E73ITEO0  B74100 - fosB2 1 1-420/420 100 100 Fosfomyein
DS520150663 232330 232745 + fosB1_1 1-418/417 9878 B7.5 Fosfomycin
A1 744065 T44485 - fosB2_1 1-420/420 100 pa.7é Fosfomyein
Al 25043  2545B + fosB1_1 1418417 9876 B7.5 Fosfomycin
AlE 1016543 1918058 + fosB1_1 1418417 9078 B7.5 Fosfomyein
AlG A77EB50 3T7E208 + fosB2_1 1-420/420 100 100 Fosfomycin
A3 232255 232670 + fosB1_1 1418417 9878 B7.5 Fosfomyein
A3 262636 203050 + fosB2_1 1-420/420 100 0.7 Fosfomycin
A3 A07639 308054 - fosB1_1 1418417 9078 B7.5 Fosfomyein
AS 2626368 283056 + fosB2_1 1-420/420 100 B3.76 Fosfomycin
Al 25028 25513 = fosB1_1 1418417 98.76 B7.5 Fosfomycin
Al 247454 247874+ fosB2_1 1-420/420 100 0.7 Fosfomycin
AHTT 51833 52348 = fosB1_1 1-418/417 9878 B7.5 Fosfomycin
AHTT 571372 5T17E1  + fosB2_1 1-420/420 100 100 Fosfomycin
AHST S45578  D459BE7 o+ fosB2_1 1-420/420 100 100 Fosfomycin
AHST 232307 232722 + fosB1_1 1418417 9876 B7.5 Fosfomycin
AXI0122735 183430 193845 - fosB1_1 1-418/417 9878 B7.5 Fosfomycin
AX20122T5 4287 4836 - fosB2_1 1-420/420 100 100 Fosfomycin
AX2012283 4287 4835 - fosB2_1 1-420/420 100 100 Fosfomycin
AX2012283 33824 34238 - fosB1_1 1418417 9876 B7.5 Fosfomycin
AX201223 137064 137403 - fosB1_1 1418417 9878 B7.5 Fosfomycin
AX2012281 4287 4836 - fosB2_1 1-420/420 100 100 Fosfomycin
AX2012435 66337 67252 = fosB1_1 1418417 98.76 B7.5 Fosfomycin
AX2012435 4287 48336 - fosB2 1 1-420/420 100 100 Fosfomycin
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4.4.2 Assessment of the tryptophan operon genes in B. anthracis genomes

The tryptophan operon structural gene genes (trpE, trpD, trpC, trpB, and trpA)
sequences from the B. anthracis genomes (n=109) were aligned. The multiple
sequence alignment of the trpE, trpD, trpC, trpB genes showed no nucleotide variation
between A and B clade strains. In contrast, the alignment of the trpA gene depicts
variation in gene size amongst A and B strains. The size of the trpA gene in A-clade
strains is 777 bp compared to the 655 bp in B-clade strains (Figure 4.5). The 122 bp
deletion at the 3’ end on the B-clade strains results in a truncated gene. The presence
of a G/T SNP at position 652 bp was observed on the aligned trpA gene and signals
a stop codon during protein translation (Figure 4.5). There is a genetic distinction
between A and B clade isolates as they cluster into two separate clades or branches
(Figure 4.6). All isolates of the 2012-2015 anthrax outbreaks clustered in the A-clade
with all available sequences of the KNP genomes.
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650 660 670 680 630 Toh na b 30 40 5 60 L m

Consensus IAACATOTOGAAGARAT GO TTACAATATGTLATOGT GTTGTE LT TGOAAG TAAAGTOATTOAGETATTAGAAAAT HAAAAALC GAGAA CAAATAT GTOAATTCATACAGL CAACAAAACAAAAAGAALAGGELTAR
peldaniin =« ' |
65, AN2012283 TAACAT GAAGAAATGGTTACAATATGTGATGGT GTTGTCGTTEGAAGTAAAGTGATTGAGE TATTAGAAAATGAAAAACGAGAAGAAATATGTGAATTCATAC AGGCAAC AAAAC AAAAAGAAGAGGCGTAMY
66, AHTT TAACAT A GAAA TG TTACAATATGTGATGGT GTTGTC GTTGGAAG TAAAGTGATTGAGE TAT TAGAAAATGAMMAAC GAGAAGAAATAT GTGAATTCATACAGGCAMCAAMMC AAMAAGAAGAGGCGTAN
67, AN201 2291 TAACAT A G AR TG TTACAATATGTGATGGT GTTGTC AT TGGAAG TAAAG TGATTGAGE TAT TAGAAAATGAMMAAC GAGAAGAAATAT GTGAATTCATACAGGC AMCAAMAC AAAAAGAAGAGGCGTAN
68, AN2012275 A A TG TG A GARA TG TTACAATATGTGATGGT GTTGTC AT TGGAAG TAAAG TGATTGAGE TAT TAGAAAATGAAMMAC GAGAAGAAATAT GTGAATTCATACAGGTAMCAAMAC AAAAAGAAGAGGCGTAN
69, DS201579 AACATOTOGAAGAAATGOTTACAATATGTCATGGT GTTGTC GTTGLAAGT AAAGTCATTGAGC TATTAGAAAATGAAAAACCAGAAGAAATATGTGAATTCATACAGOGCAACAAAACAAARAGAAGAGGCGTAA
70, KNP1 2 AACATOTOGAAGAAATCOTTACAATATGTCATGGT GTTGTCGTTGCAAGT AAAGTCATTGAGC TATTAGAAAATGAAAAACCAGAAGAAATATGTGAATTCATACAGOCAACAAAACAAARAGAAGAGGCGTAA
71.419 AACATOTOGAAGAAATGOTTACAATATGTCATGGT GTTGTCGTTGLAAGT AAAGTCATTGAGC TATTAGAAAATGAAAAACCAGAAGAAATATGTGAATTCATACAGOCAACAAAACAAARAGAAGAGGCGTAA
72, D520N578 AACATOTGEAAGARATGGTTACAATATGTGATGETGTTETC GTTGEAAGTAAAGTGATTGAGC TATTAGAAAATGAAAAACCAGAAGAAATATETGAATTCATACAGECAACAAAACARAAAGAAGAGGCGTAN
73. D5201523 AACATGTGGAAGAAATGGTTACAATATGTGATGGT GTTGTCGT TGGAAGTAAAGTGATTGAGC TATTAGAAAATGAAAAACGAGAAGAAATATGTGAATTCATACAGGCAACARAACARAAAGAAGAGGCGTAA
74. KNP16 SAACATGTGGAAGAAATGGTTACAATATGTGATGGT GTTGTCGTTGGAAGTAAAGTGATTGAGC TATTAGAAAATGAAAAACGAGAAGAAATATGTGAATTCATACAGGCAACARAAC ARAAAGAAGAGGCGTAA
75. D5201505 SAACATGTGGAAGAAATGGTTACAATATGTGATGGT GTTGTCGTTGGAAGTAAAGTGATTGAGC TATTAGAAAATGAAAAACGAGAAGAAATATGTGAATTCATACAGGCAACARAAC ARAAAGAAGAGGCGTAA
76. D5201 588 SAACATGTGGAAGAAATGGTTACAATATGTGATGGT GTTGTCGTTGGAAGTAAAGTGATTGAGC TATTAGAAAATGAAAAACGAGAAGAAATATGTGAATTCATACAGGCAACARAAC ARAAAGAAGAGGCGTAA
77. D5201 584 A A TG TG AAGARA TG TTACAATATGTGATGGT T TGTC AT TGGAAG TAAAG TGATTGAGE TAT TAGAAAATGAAAAAC GAGAAGAAATAT GTGAATTCATACAGGC AACAAAAC AAAAAGAAGAGGCGTAN
78. D5201510 A A TG TG AAGARA TG TTACAATATGTGATGGT T TGTC AT TGGAAG TAAAG TGAT TGAGE TAT TAGAAAATGAAAAACGAGAAGAAATATGTGAATTCATACAGGCAACAAAAC AAAAAGAAGAGGCGTAN
79. 1370 A A TG TG AAGARA TG TTACAATATGTGATGGT T TGTCGT TGGAAG TAAAG TGAT TGAGE TAT TAGAAAATGAAAAACGAGAAGAAATATGTGAATTCATACAGGCAACAAAAC AAAAAGAAGAGGCGTAN
BO. 1365 A AT TG GAAGARA TG TTACAATATGTGATGGT T TGTCGT TGGAAG TAAAG TGAT TGAGE TAT TAGAAAATGAAAAACGAGAAGAAATATGTGAATTCATACAGGCAACAAAAC ARAAAGAAGAGGCGTAN
B1. KNP20 AACATOTOGAAGAAAT GO TTACAATATGTGATGGT GTTGTCGTTOCAAGT ARAGTCATTGAGC TATTAGAAAATOAAAARCCAGAAGAAATATGTGAATTCATACAGOCAACAAAACARAARAGAAGAGGCGTAA
B2, KMPG& AACATOTOGAAGAAA TGO TTACAATATGTGATGGT GTTGTCGTTOLAAGT ARAGTCATTGAGC TATTAGAAAATOAAAAACCAGAAGAAATATGTGAATTCATACAGGCAACAAAAC ARARAGAAGAGGCGTAA
B3 KNP23 TTACAATATGTGATGGT GTTGTCGTTGGAAGTAAAGTGATTGAGC TATTAGAAAATGAAAAACGAGAAGAAATATGTGAATTCATACAGGCAACAAAAC AAAAAGAAGAGGCGTAA
B4. KNP19 T TACAATATGTGATGGTGTTGTC GTTGLAAGTAAAGTGATTGAGC TAT T AGAAAATOAAAAACCAGAAGAAATATGTGAATTCATACAGGC AACAAAAC ARARAGAAGAGGCOTAA
ES, KMP13 FAACATOTGGAAGARATGOTTACAATATGTGATGGTGTTGTCGTTOCAAGTAAAGTCGATTGAGC TATT AGAAAATGAAAAACGAGAAGAAATATGTGAATTCATACAGGCAACAAAACAAARAGAAGAGGCGTAA
BB, KNP24 FAACATOTGGAAGAAATCGOTTACAATATGTGATGGTGTTGTCGTTOCAAGTAAAGTGATTGAGC TATTAGAAAATGAAAAACCGAGAAGAAATATGTGAATTCATACAGGCAACAAAACAAARAGAAGAGGCGTAA
B7.KMP12 FAACATOTGGAAGARATCGOTTACAATATGTGATGGTGTTGTCGTTOCAAGTAAAGTCGATTGAGC TATTAGAAAATGAAAAACCAGAAGAAATATGTGAATTCATACAGGCAACAAAACAAARAGAAGAGGCGTAA
RE. KNP ATG » A ATGGTG TCG S ATTGA ATTAGAAAATGAMRAACCACAAGAAATATGTGAA ATACA B A RRAAC ARG ACECGTA

92, 5vVA11
93, BA1015
94, KrugerB
95,

96, 3618_20
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Figure 4.6: Multiple sequence alignment of the trpA gene (region 643-777 bp) sequences of Bacillus anthracis showing the difference

between the A and B strains. Blue box = A-clade strains, green box= B-clade strains. The trpA gene missing 122 bp in B-clade and

G/T SNP at position 652 results in a stop codon, signalling termination of protein translation.
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Figure 4.7: Phylogenetic relationship of Bacillus anthracis based on the tryptophan synthase alpha chain (trpA) gene of A and B
clade B. anthracis isolates. The evolutionary history was inferred using the Maximum Parsimony method. The tree depicts two groups,

a cluster for lineage B strains (purple) and another for lineage A strains (green). All isolates from the 2012-2015 (bold) Kruger National

Park outbreaks clustered in the A-clade.
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4.4.3 The bclA gene and VNTR copy numbers in B. anthracis

The multiple sequence alignment of the B. anthracis strains showed differences in the
length of the bclA gene. The A and B clade strains consist of an 816 bp and 772 bp
gene sequence encoding a protein of 270 and 257 amino acids respectively (Figure
4.7). The B. anthracis strains were differentiated by the number of VNTRs based on
the length of the collagen-like regions (CLRs). Multiple sequence alignment of the BclA
protein showed that the CLRs are composed of GXY (glycine and two additional
residues) repeats varying from 51 to 273 amino acids and had a large proportion of
GPT triplet repeat units (Table S2).

The copy number of the repeat units varied between lineages A and B and within
strains in the same lineage. The 2012-2015 KNP A-clade (A.Br.005/006) strains had
4 to 6 bclA repeat units as compared to 3 units located in the B-clade strains (Table
S2, in green). Sequence comparison showed that the copy number of repeats within
the 2012-2015 A-clade from KNP (A.Br.005/006) group is 4, with the exception of
strain 1365 (3 repeats) and strain DS201578 (5 repeats). Furthermore, variation in the
number of VNTR within the A-clade genomes was also observed in the Punda Maria
strains (AH26, AH77 and AH97) isolated during the 2010 outbreak, and 2012-2015
strains from the Pafuri region (Table S2 and Figure 4.7). Low VNTR copy numbers
were observed in the B.Br.001/002 genomes (Table S2, light blue); the numbers varied
between 2 and 3. The genomes in the A.Br.Sterne group had 3 to 5 repeats (Table
S2, light purple), with the exception of the high copy number in strain Delta_sterne (6
repeats). Phylogenetic analysis on the bclA gene sequences showed that strains from
A and B lineages cluster in two clades or two separate branches (Figure 4.8, Figure
S2. A clear distinction can be observed between the A.Br.005/006, A.Br.064, A.Br.104
and B.Br.001/002 genomes. Some genomes in the B.Br.001/002 subclade (HYUOL,
CNEVA) consisted of 2 VNTR copies on the bclA gene, compared to the other studied
genomes in the same subclade (Figure 4.8, Table S2). The KNP genomes in the
B.Br.001/002; with the exception of the KrugerB genome (8 copies), all the other
genomes have the same number of repeats (2) as the Zimbabwe89 genome. The
nucleotide sequence alignment of the bclA gene and phylogenetic analysis fairly

groups the strains into the major canonical SNPs of B. anthracis.
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Confirmation of repeats units using MLVA (VNTR) PCR markers on the B. anthracis
A-clade strains AX2012309, DS201330, DS201578, DS201588, 6461 SP1 and V54)
and B- clade (A3, A5, C13 and Z21) strains showed that A-clade strains had longer
fragments with high copy numbers of VNTR (Bams 15 and Bams 30) compared to B-
clade isolates (Figure S3 and S4). No differences in fragment length were observed
between A- and B-clade strains using MLVA markers Bamsl3 and Bams31
(Supplementary Figure S3 and S4). In addition, sanger sequencing of the PCR
products and submission to the tandem repeat finder (TRF v 4.09) (Benson, 1999) to
determined that the number of repeats were identical between whole genome

sequence data and Sanger sequences of the same isolates.
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Figure 4.8: Multiple sequence alignment of the BclA protein sequences showing differences in the GPT repeat sequences

in Bacillus anthracis lineage A and B strains from Kruger National Park. The blue box contains sequences from A-clade

strains,

and B-clade strain sequences in the green box. The GPT repeats start at position 27 and vary in length between A

and B-clade isolates.
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Figure 4.9: Phylogenetic tree of Bacillus anthracis based on the Bacillus collagen-like protein of anthracis (bclA gene) of A
and B clade strains from Kruger National Park and global strains. Phylogeny was constructed using Maximum Parsimony
method. The tree depicts 8 clusters, the dominant A.Br.005/006 (green), B.Br.001/002 (purple), A.Br.001/002 (blue),
A.Br.002 (light blue), A.Br.104 (NCP) for lineage B strains (purple) and another for lineage A strains (green). All KNP isolates
of the 2012-2015 (bold) anthrax outbreaks clustered in the A-clade.
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Chapter 5: Discussion

In this study we combined whole genome sequencing (WGS) and pan-genome analysis
to characterize differences between B. anthracis A- and B-clade strains that occur in the
Kruger National Park (KNP). Whole genome SNP analysis provided a better

understanding of B. anthracis genetic diversity in a natural environment such as KNP.

5.1 Genomic features of the assemblies in B. anthracis

Comparative genomics of the 2012-2015 KNP draft genomes (n=83) and available global
genomes (41) revealed that the chromosome structure was conserved in the studied B.
anthracis genomes. The genome sizes (~5.5 Mb) of the KNP A- and B-clade strains were
comparable to the genome of the B. anthracis Ames ancestor, i.e., have minor large
rearrangements and high regions of similarity (Keim et al., 2009). The low GC content
(35%) shows a true feature of the species as B. anthracis has a low genetic diversity with

no evidence of gene transfer (Keim et al., 2009).

5.2 Phylogenetic diversity of B. anthracis using wgSNP analysis

Bacillus anthracis is a monomorphic organism with low genetic diversity (Harrell et al.,
1995; Van Ert et al., 2007) and traditional genotyping methods are limited in distinguishing
B. anthracis isolates. The advent of new generation sequencing technologies has
revolutionized microbial studies and have a high discriminatory power for characterization
of complex micro-organisms. On a worldwide scale, B. anthracis genetic diversity has
been well-described (Keim et al., 2000; Smith et al., 2000, Pearson et al., 2004; Van Ert
et al., 2007; Sahl et al., 2016; Hassim et al., 2017; Lekota et al., 2018).

The global structure classifies isolates into three primary clades (A, B, and C), with the A
clade being the most common and globally prevalent (Van Ert et al., 2007). Isolates from
the B. anthracis B lineage have been detected in more limited or specific geographical

locations (Smith et al., 2000). Although lineages are endemic to particular regions such
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as in the KNP, Zimbabwe and Mozambique and B “ CNEVA” isolated in France, there is
evidence of multiple variants co-circulating (Keim et al., 2000; Smith et al., 2000; Van Ert
et al., 2007). Anthrax is endemic in the northern part (Pafuri) of the KNP, where both A-
clade and B-clade strains have been attributed to historical outbreaks before 1990 (Smith,
1999). After the 1990’s, however, only the ubiquitous A-clade could be isolated from
anthrax cases in the park (Smith et al., 2000). On-going surveillance of anthrax outbreaks
is in place in South Africa and different methods such as canSNPs, MLVA and wgSNP
analysis have been employed to characterize B. anthracis phylogeny and have resolved
the relatedness of the dominant A-clade and its minor sub-clades (Smith et al., 2000;
Keim et al., 2009; Ledwaba, 2014, Lekota et al., 2016, 2018, 2020; Hassim et al., 2017).

The phylogenetic structure of B. anthracis strains in the KNP using wgSNP analysis
showed that all the sequenced isolates from the 2012-2015 anthrax outbreaks grouped
in the A-clade (A.Br.005/006 branch). This clade is well represented and prevalent among
the 2012-2015 anthrax outbreak strains. The 2012-2015 KNP genomes clustered with
other KNP strains from previous anthrax outbreaks and genomes from Southern Africa
(Botswana and Zambia). The A.Br.005/006 SNP branch is characterized by diverse B.
anthracis strains and presents an unstable genetic population supported by non-
informative SNPs that are dispersed among the minor sub-clades. The short distance
phylogenetic branches showed that the genotypes within the prevalent A-clade are
closely related but are heterologous. In this study, wgSNP analysis revealed unique
genotypes for the different regions of the KNP. Within the A.Br.005/006 sub-clade,
wgSNP analysis could distinguish B. anthracis strains isolated from different KNP
localities, clustering Mooiplaas (2012) and Pafuri isolates (2013 to 2015), as well as
various animal species (roan and impala) and outbreak years. Although both Pafuri and
Mooiplaas are in the northern part of the KNP, they present distinct dominant genotypes
(Ledwaba, 2014). This shows that there may be other contributing factors to the
diversification of B. anthracis in the KNP and requires further investigation. Additionally,
isolates from KNP were clearly distinguished from the closest global strains from Zambia
based on unique SNPs.
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The dominance of A-clade genotypes indicates reproductive fitness as well as significant
long-distance dispersal. KNP A-clade strains survive in diverse environmental conditions
and over 90% of cases reported globally have been attributed to the A-clade (Van Ert et
al., 2007). These genotypes are highly diverse as compared to the regionally restricted B
genotypes. The absence of B-clade strains in the recent KNP outbreaks (2012-2015) is
not peculiar as the lineage has declined over several decades (Smith et al., 2000). The
lack of adaptability and diminished ability to survive has resulted in B-clade strains
vanishing from the local enzootic environments. This can be associated to the
propagation of B-clade strains only in areas with elevated soil pH and high calcium levels
(Smith et al., 2000).

Comparative analysis of A- and B-clade isolates from KNP based on wgSNPs revealed
that A strains were more adaptable to a wider range of habitats than B strains, which were
limited to a narrower range. This restricted or specific dispersal is characteristic of the B
and C lineages (Dragon and Rennie, 1995; Smith et al., 2000; Blackburn et al., 2007,
2015; Van Ert et al., 2007b; Keim et al., 2009; Lekota et al., 2016, 2018, 2020; Bruce et
al., 2020). The A-lineage has played an important role in the evolution of anthrax as
evidenced by the success of the A branch and its clonal offspring, the involvement of A
genotypes in the majority of recent anthrax outbreaks worldwide, and the short
phylogenetic branch lengths within this group. This study was able to define the
phylogenetic structure of B. anthracis in the enzootic KNP.

5.3 Pan-genome comparative analysis and gene classification

Accessory genes contribute to an organism's lifestyle and adaptation qualities to its
environment (Yichao et al.,, 2018). These genes are expressed to aid proliferation in
different niches and are thus hypothesized to play a role in selection and contribute to the
evolution of bacterial species (Whelan et al., 2021). Pan-genome comparative analyses
of the KNP B. anthracis strains from the 2012-2015 outbreak identified that conserved

gene clusters between the A- and B- clade strains. Over 40% of the gene clusters were
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strain specific. Pan-genome analysis of B. anthracis identified hypothetical proteins and
prophage proteins unique to A-clade strains). Further investigation on the sequence
diversity of the phages found in A- and B- clade strains is required to understand their
influence on B. anthracis evolution and persistence of A-clade strains worldwide. These
prophages may contain several genes (acquired horizontally) that offer stress tolerance,
antibiotic resistance, virulence, and metabolic functions linked to survival (Ramisetty and
Sudhakari, 2019).

Bacteriophages play a vital role in the ecology and evolution of bacteria by interacting
with host and phage genomes in various ways (Roossinck, 2011; Nasir, Kim and
Caetano-Anollés, 2017). The co-evolution of phages and their hosts affect their respective
genomes' survival, persistence, and evolution (Buckling and Brockhurst, 2012; Koskella
and Brockhurst, 2014; Nasir, Kim and Caetano-Anollés, 2017; Ramisetty and Sudhakari,
2019). Bacillus anthracis strains contain unique phages that can assist in bacterial
identification (Hassim et al. 2016; Lekota et al., 2018). Prophage signatures identified in
isolates from A-clade genomes may offer an added survival advantage and persistence

over B-clade strains in the environment.

Additionally, coding sequences linked to antitoxin of the YeeV-YeeU toxin-antitoxin (TA)
system were identified in genomes from the A. Br.005/006 clade (n=45). Toxin-antitoxins
are not required for normal cell growth; however, their abundance is evident on bacterial
plasmids and chromosomes (Fozo et al., 2010). It's been proposed that TAs are vital in
cell survival in nature for transitioning to a latent, drug-resistant state to enable tolerance
to excessive amounts of antibiotic stress (Page and Peti, 2016). The function of TAs is
comparable to that of antibiotics, they inhibit cell growth by targeting different critical
cellular processes including DNA replication, transcription, and cell wall construction
(Davies, 1996; Yang and Walsh, 2017). Toxin-antitoxins influence virulence evolution
(due to enhanced antibiotic resistance) and persistence of A lineage strains in the

environment.
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Sequence comparison of cell wall biosynthesis proteins identified multiple copies and
variants of long-chain-fatty-acid--CoA ligases between strains from A and B lineages. The
B-clade genomes consisted of 4-5 copies of this FadD13 compared to 2 copies in
A.Br.005/006 genomes. These ligases are essential in metabolic and regulatory
processes, such as lipid biosynthesis and fatty acid degradation, intermediary metabolism
and gene expression (Feergeman et al., 1997; Black and DiRusso, 2003; Dong et al.,
2012). The result of this study suggests that the survival of A-clade strains in different
niches is dependent on the cell wall structure. The protein composition and the interaction
of the cell wall proteins aid in maintaining cell wall integrity and inhibits desiccation of
spores (Feergeman et al., 1997; Black and DiRusso, 2003; Dong et al., 2012). Higher
copy number of this gene might influence the ability of different lineages to survive in

harsh or unsuitable environments.

Variability in terms of the size and structure of the mepH gene was observed. The mepH
gene on pX0O2 encodes two lipoproteins in B-clade genomes as compared to only one in
A-clade genomes. The lipoproteins (mepH) are generally found in the chromosome
responsible for cell-wall biosynthesis (Vermassen et al., 2019). However, this gene was
also found in the pXO2 plasmid of B. anthracis genomes. Amino acid sequence
comparison of the mepH depicts a truncated protein in B-clade strains as compared to A-
clade strains. It is not clear if the truncated proteins (in the B-clade genomes) observed
in this study have any functional significance and there is currently limited information on
the interactions of chromosomal cell wall structure proteins linked with the mepH protein
of pX0O2. This study suggests that there is a cross-link between the mepH of pXO2 with
chromosomal cell wall structure proteins. Further experimental investigation can establish
any links between the presence of the truncated proteins and the stability of the cell wall
on the survival of the strains. Although there were some similarities in the cell wall
proteins, changes or mutation of proteins (e.g murein hydrolases) can affect cell wall
structure, and thus influence the spore survival in various environments (Vermassen et
al., 2019). Any differences may contribute to cell wall biosynthesis and degradation since

murein hydrolases are involved in the recycling of peptidoglycan, maintaining cell wall
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integrity, and programmed cell death (Vermassen et al., 2019). The structure of the cell
wall, the protein composition and their functions/interactions require further investigation.
We hypothesize that the difference in spore cell wall structure influences the dominance
of A-clade strains over the B-clade strains dominated before the 1990s but since has

become almost extinct.

5.4 Genetic characterization of B. anthracis A- and B-clade strains in the KNP

5.4.1 Antimicrobial resistance (AMR) genes

Penicillins are effective against most naturally occurring B. anthracis strains (Odendaal
et al., 1991; Mohammed et al., 2002; Athamna et al., 2004; Luna et al., 2007). Antibiotics
such as penicillin and oxytetracycline can be used to treat natural anthrax in large animals
(such as cattle, sheep, goats, swine, and horses) in the early stages of the disease
(Jensen and Mackey, 1979; Odendaal et al.,, 1991, WHO, 2008). Since disease
progression is quick , antibiotics must be administered as soon as possible. Ampicillin,
penicillin and methicillin susceptibility has been observed in B. anthracis strains isolated
from KNP (Odendaal et al., 1991). This study revealed that all isolates from lineage A and
B likely have resistance to fosfomycin, with additional multidrug resistance (MDR)
signatures identified in B-clade genomes. Fosfomycin is effective for most Gram-negative
bacteria and inhibits cell wall synthesis (Falagas et al., 2019), however, there has been
an increase in fosfomycin resistance in bacterial species such as Escherichia coli (Kim et
al., 1996; Skarzynski et al., 1996). Both endogenous and phage-encoded genes are
hypothesized to contribute to the increased resistance of B. anthracis to fosfomycin
(Sambrook et al., 1989, Kedar et al., 2008).

Studies have shown that the conferred fosfomycin resistance is linked to mutation in UDP-
N-Acetylglucosamine enolpyruvyl transferase (MurA) responsible for peptidoglycan (PG)
biosynthesis of the bacterial cell wall (Falagas et al., 2019; Skarzynski et al., 1996). The
mutated enzyme contributes to the integrity of the cell wall structure and prevents

fosfomycin from entering bacterial cells (Falagas et al., 2019). Fosfomycin resistance and
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the presence of additional MDR genes enable propagation of bacterial species in different
environments (Schuch and Fischetti, 2006). Antimicrobial resistance (AMR) profiles
showed presence of fosfomycin resistance in both A- and B-clade strains. However
further studies are needed to understand whether the genes are expressed in both
lineages and if the genes contribute to the persistence of A-clade isolates over B-clade
strains. The presence of the blaTEM-116 gene in one of the A-clade strains, isolate 1298
from Pafuri, is peculiar as it has never been reported in the KNP. However, it is not present
in other 2015 isolates from the same area. This AMR gene has been previously isolated
from strains from Zambia (Bruce et al., 2021), however it was not found in the strains
used in this study. The blaTEM-116 gene confers resistance to penicillins and broad-
spectrum cephalosporins (Weldhagen et al., 2003). Additional studies on the blaTEM-116
will provide insight on the relationship between this gene and the overall evolution of B.

anthracis strains in the KNP.

5.4.2 B. anthracis tryptophan operon variability

The amino acid tryptophan requires a lot of energy to synthesise in the cell, thus its
metabolic pathway is expected to be tightly controlled. The tryptophan biosynthetic
pathway consists of highly conserved multiple enzymatic processes in various microbial
genomes. The tryptophan pathway genes vary in arrangements, operon structure and are
regulated differently (Priya et al., 2014). Five structural genes (trpE, trpD, trpC, trpB, and
trpA) encode enzymes needed for tryptophan biosynthesis. These genes form a single
transcriptional unit, namely, the trp operon which is tightly regulated (Yanofsky, 2013).
Differences in gene and operon organization reflect evolutionary divergence, adaptability
in various environments (Eremenko et al., 2020). Multiple sequence alignment of the trpA
gene on the KNP B. anthracis strains presented a SNP mutation on B-clade strains. The
G/T SNP at position 652 bp signals termination of the tryptophan operon in the B-clade
strains and thus results in no synthesis of tryptophan. Phylogenetic analysis of this gene
clearly separate A and B lineages. This study is supported by previous observations by

Emerenko et al. (2020), showing variability of SNPs and InDels in trp operon genes.
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Studies on tryptophan dependence can provide information on intraspecies evolution of
B. anthracis.

5.4.3 Variation of the bclA gene and VNTR copy numbers in B. anthracis genomes

The BclA glycoprotein is expressed on the outermost layer of B. anthracis spores
(Thompson et al., 2007; Thompson and Stewart, 2008). It is a key structural component
of the spore coat and aids in the recognition and binding of spores to hosts (Wang et al.,
2016). Spore binding triggers phagocytosis and the movement of spores across the
epithelium (Thompson et al., 2007). Despite its critical function in absorption and spore
shape, the bclA gene size varies in different strains. Sequence comparison of the BclA
protein in this study depicts variability in the CLR of A- and B-clade strains. The length of
the GPT repeat sequence in the polymorphic CLR region is responsible for the variation
in the spore filament length (Sylvestre et al., 2003).

The phylogenetic analysis based on the bclA gene does not easily distinguish B. anthracis
strains into separate major SNP clades and thus cannot be used independently for the
clustering of isolates in A- and B-clades. The number of tandem repeats using MLVA
Bams markers, however, can be used to differentiate B. anthracis lineages. These
markers can distinguish subpopulations with high discriminatory power (Pearson et al,
2004; Lista et al., 2006). The results in the current study were supported by Sanger
sequencing of VNTR markers related to the bclA gene (Bam13 and Bams30) which
showed a distinction between different canonical SNP branches of A- and B- clades.
Since the exosporium filaments form the spore's outermost structure, variations in BclA
protein may influence the spore's characteristics in response to environmental
perturbations (Sylvestre et al., 2003). Bacteria are known to use the genetic repertoire to
invade and evade host immune response, The variation in the VNTR within a surface
structural gene shows that B. anthracis, like other pathogens, may employ the variation
to regulate its ability for disease transmission and pathogen fitness, thus altering rates of
survival or virulence among genetic variants (Shields et al., 1995; van Belkum et al.,
1998). It is still unclear how the exosporium structure contribute to the survival of A-clade

strains compared to the B-clade. Additionally, further investigation is required to
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determine the germination dynamics of B. anthracis spores when conditions are

favourable.

5.5 Conclusion, recommendations and study limitations

Whole genome sequencing has demonstrated high discriminatory power for B. anthracis
surveillance in the KNP. Whole genome single nucleotide polymorphism and pan-
genomics were successfully employed to define the phylogenetic structure of B. anthracis
strains from different outbreaks as well as determined their genomic differences. In this
study, the ubiquity of the ancient A- clade strains present in both enzootic and non-
enzootic regions of the park was revealed. Comparative genomics provided more insight
into the predominance of the A.Br.005/006 and the genetic diversity in the KNP. Pan-
genomics revealed genetic differences that contribute to the occurrence and persistence
of some strains over others that are linked with cell wall biosynthetic genes. The presence
of multiple hypothetical proteins and multiple gene copies (and gene variants) in the
accessory genome between B. anthracis lineages A- and B-clade genomes require
further investigation. Characterization of the core and accessory genes will shed light on
environmental survival strategies of A- and B- clade lineages. Although the aims of the
study were achieved, sequencing of additional B. anthracis strains and further analysis of

the genome will provide more understanding on anthrax evolution in South Africa.

The study “Comparative genomics of Bacillus anthracis strains from anthrax outbreaks in
Kruger National Park, South Africa” is part of a bigger study on B. anthracis evolution.
The work on bclA gene variations requires experimental evidence to determine the link to
disease transmission and pathogen transmission. Additionally, functional analysis to
evaluate the effect of the truncated trpA gene on tryptophan synthesis should be done.
The use of third generation sequencing technologies for genome wide studies will
compliment this study. Further investigation on B. anthracis pan-genome, specifically the
difference in cell wall biosynthesis pathway will aid in resolving the evolutionary

relationship and inform pathogen evolution and survival world-wide.
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5.7 Supplementary data

Table S1: Quality control for mapping of selected (n=9) Kruger National Park 2015

Bacillus anthracis sequence reads to the B. anthracis Ames ancestor reference

genome

Sample Number of %mapped Mean Mean
reads paired reads Coverage mapping
quality
DS201584 2047362 82.15 53.34 41.38
DS201505 192276 84.62 48.08 40.8
1370 2002196 81.32 51.65 42
DS201523 2725806 83.67 67.79 41.08
1365 2179530 78.89 56.01 41.77
DS201588 1298748 82.49 39.43 46.42
DS201525 2228848 74.76 43.55 44.64
DS201578 2738308 89.5 60.33 38.33
DS201510 2160756 74.85 41.93 41.54
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Subsystem Information

Subsystem Statistics ‘ Features in Subsystems

Subsystem Coverage Subsystem Category Distribution Subsystem Feature Counts

@ W Cofactors, Vitamins, Prosthetic Groups, Pigments (155)
= MW Cell Wall and Capsule (87)
@ W Virulence, Disease and Defense (60)
@ W Potassium metabolism (10)
@ W Photosynthesis (0)
@ [ Miscellaneous (25)
@ W Phages, Prophages, Transposable elements, Plasmids (29)
@ W Membrane Transport (41)
@ M Iron acquisition and metabolism (58)
@  RNA Metabolism (61)
= W Nucleosides and Nucleotides (118)
Pyrimidines (40)
Purines (54)
Nucleosides and Nucleotides - no subcategory (15)
Detoxification (9)
@ M Protein Metabolism (138)
= W Cell Division and Cell Cycle (6)
@ Motility and Chemotaxis (7)
@ W Regulation and Cell signaling (40)
m  Secondary Metabolism (8)
@ 1 DNA Metabolism (77)
@ W Fatty Acids, Lipids, and Isoprenoids (64)
@ W Nitrogen Metabolism (16)
@ W Dormancy and Sporulation (103)
@ W Respiration (79)
@ W Stress Response (40)
@  Metabolism of Aromatic Compounds (10)
m  Amino Acids and Derivatives (360)
m  Sulfur Metabolism (7)
[E]
[E2]

774

Phosphorus Metabolism (26)
Carbohydrates (274)

Figure S1: RAST annotation server subsystem analysis of B. anthracis genomes. The genes represented in a known
subsystem are indicated by green bar (23%). The blue bar (77%) represents the genes that are not part of any

subsystem. The pie chart represents the subsystem distribution. Image from RAST webserver (www.rast.nmpdr.org)
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Figure S2: The variable number of tandem repeat (VNTR) profiles of
Bacillus anthracis based on the multiple sequence alignment of Bacillus
collagen-like protein of anthracis. A maximum likelihood method was
used to infer the phylogeny of B. anthracis strains from Kruger National
Park. Copy numbers were determined in Tandem Repeat Finder.

Number of asterisk (*) represent the number of repeats.
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Figure S3: The variable number of tandem repeat (VNTR) profiles of Bacillus anthracis A-clade strains (AX2012309,
DS201330, DS201578, DS201588, 6461 SP1 and V54) and B- clade strains (A3, A5, C13 and Z21) using Bams13 (Top)

and Bams15 (Bottom) markers.
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Figure S 4: The variable number of tandem repeat (VNTR) profiles of Bacillus anthracis A-clade strains (AX2012309,
DS201330, DS201578, DS201588, 6461 SP1 and V54) and B- clade strains (A3, A5, C13 and Z21) using Bams30 (Top)
and Bams31 (Bottom) markers. PCR amplicons depicts difference in length of VNTR for A- and B-clade strains.
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Table S2: Analysis of variable number of tandem repeats (VNTR) copy numbers on the bclA gene for Bacillus anthracis

strains from clades A and B lineages. Strains are defined by the primary SNP lineages.

INumber of Number of Lineage/Strai INumber of Number of
Sample ID Repeats [Lineage/Strain ISample ID Repeats n iSample ID Repeats Lineage/StrainSample ID Repeats [Lineage/Strain
Ames-ancestor 2 IAmes
[Sen2Col2 = |A.Br.0011/009
Smith1013_2 |A.Br.009/011

H9401 A.Br.H9401

BA00O2 2 A.Br.003/004 (V770)
BA000A 2 A.Br.003/004 (V770)
BA0042 2 A.Br.003/004 (V770)
K1825-2 2 A.Br.003/004 (V770)
K8215_2 4 |A.Br.003/004 (V770)
V770-NP1-R la A.Br.003/004 (V770)
lA1039 4 |A.Br.003/004 (V770)

RL201115_RbM_2 A.Br.005/006
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