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4.1
Introduction

The present chapter will review the current state of the art in the field of
bacterial strain typing through the use of tandem repeat polymorphism.
We will first go through a brief overview of multiple locus VNTR analysis
(MLVA) typing and then describe how to set-up or enrich a MLVA assay. We
will also review representative examples of the currently proposed MLVA
assays and discuss the methods used for MLVA data analysis. Finally, we
will compare MLVA to other approaches, and discuss issues related to
standardisation and possibilities offered by the internet in terms of shared
databases for MLVA (MLVA web services).

4.2
MLVA Origins

The recognition of tandem repeats as often highly polymorphic loci is
more than 20 years old. In the early 1980s, a number of laboratories trying
to develop the first drafts of the human genetic map were characterising so-
called restriction fragment length polymorphisms (RFLPs). Southern blots
carrying DNA from large human families were systematically hybridised
with DNA probes recognising a single locus in the human genome. RFLPs
were bi-allelic and the maximum polymorphism information content (PIC)
index (calculated as 1.0 minus the sum of the squares of allelic frequencies)
was 0.5. One probe yielded an astonishing result, with multiple alleles and
a PIC value well above 0.5. Detailed molecular analysis demonstrated that
the observed polymorphism was the result of variations in the number
of units in a tandem repeat. The first tandem repeats characterised were
satellite DNAs. These tandem repeats cover megabases of DNA; and they
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represent a sufficiently large portion of some eukaryote genomes to be
able to produce a “satellite” band on caesium chloride density gradients,
as soon as the repeat unit has a nucleotide composition slightly different
from the genome average. For this historical reason, the small tandem
repeats (in the kilobase range) analysed by Southern blotting were called
minisatellites and, later, even smaller structures were called microsatellites.
Tandem repeat structures cover a number of different situations in terms
of origin, mode of evolution, mutation rate and function (when identified).
When used for typing purposes, one key feature is the associated length
polymorphism. Polymorphic tandem repeats are most often called VNTRs,
which includes polymorphic mini- and microsatellites (for a review, see
Vergnaud and Denoeud 2000). Towards the end of the 1980s, the advent
of the PCR technology made possible the large-scale typing of the shorter
tandem repeats to the extent that eventually the human genetic linkage
map was essentially based upon microsatellite typing (Weissenbach et al.
1992). The second immediate application of highly polymorphic markers
was individual identification; and tandem repeats polymorphism is still the
basis of current forensic methods for DNA-based identification in humans.
The assay is strictly speaking a multiple locus VNTR analysis, but the MLVA
acronym was coined years later in the field of microbiological molecular
epidemiology and forensics.

4.3
MLVA Set-up and Enrichment

Tandem repeats were also identified in prokaryotes during the 1980s and
the polymorphism associated with a few specific genes, investigated for
other reasons, was described. Multiple locus tandem repeats variability
was shown to be promising for bacteria typing by Southern blotting and
hybridisation with a GC-rich tandem repeat probe (Ross et al. 1992) or even
an oligonucleotide probe (Marshall et al. 1996) as previously done in human
genomics (Vergnaud 1989). It is the availability of large-scale sequence
data which opened the way to PCR-based MLVA assays. The method was
applied initially to Haemophilus influenzae (van Belkum et al. 1997) with an
assay comprising five tetranucleotide microsatellites. However, all bacterial
species are not equally amenable to MLVA typing and the first step in
setting-up a MLVA assay is to evaluate the potential of MLVA typing for the
species of interest.
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4.3.1
Evaluation of the Potential Interest of MLVA for a Given Species

The identification of tandem repeats from sequence data is easily achieved
owing to the availability of genome sequence data and software for se-
quence analysis (Benson 1999) and even unfinished, low-coverage genome
sequence data can be used. Taking advantage of these resources, Le Fleche
et al. (2001, 2002) and Denoeud and Vergnaud (2004) have developed and
made available a tandem repeat database as part of a first “MLVA web
service”. The initial release in year 2001 contained 36 bacterial genomes,
compared to the more than 200 genomes available in the latest update. In
addition, the database also includes genome comparison results when two
or more strains from the same (or sufficiently genetically close) species have
been sequenced: the tandem repeats with a different size in the two strains
are automatically identified (Denoeud and Vergnaud 2004). This greatly
facilitates the identification of candidate polymorphic loci, as shown for
instance by Ramisse et al. (2004). In order to avoid the duplication of work
by independent groups and to limit the giving of different names to the
same locus (as recalled by, for instance, Le Fleche et al. 2002), the database
includes links to tandem repeats which have already been investigated
and given names in the literature. These resources are accessible over the
internet (http://minisatellites.u-psud.fr) and can also be set-up locally.
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Fig.4.1. Schematic representation of a MLVA scheme. Primers are chosen on both sides of
VNTR loci and PCR products are electrophoresed (here on agarose gel) together with size
markers, The amplicon size is converted into a repeat number. Multiple markers are analysed
in the same way, a distance matrix is generated and a clustering analysis is produced
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Candidate tandem repeats can then be tested on a few diverse strains.
Less than ten strains will usually be sufficient and polymorphism can be
easily evaluated on agarose gels, so that tens of loci can be quickly tested at
low cost in a couple of weeks (Fig.4.1).

43.2
MLVA Validation

After this quick screening has been achieved, it is necessary to precisely
identify the need and to define and collect an appropriate reference strain
collection. Ideally, the reference collection to be used should have been
already characterised and typed using the currently recognised typing
methods, so that MLVA can immediately be compared in terms of typeabil-
ity, reproducibility, relevance and discriminatory efficiency. In particular,
different distance coefficients and clustering methods can be evaluated and
the dendrograms obtained can be compared with the known epidemiolog-
ical relations between the strains. Often a few tens of relevant strains will
be sufficient for this phase of setting-up an assay. Then the strength and
validity of the assay increases as many more strains are genotyped and sim-
ilarity coefficients and clustering methods are fully tested and validated.
Once strains have been selected, the PCR-amplification of tandem repeat
loci using primers flanking the array and the measuring of the PCR product
length are relatively standard (summarised in Fig. 4.1). Any equipment able
to measure a DNA fragment length with sufficient resolution depending
on the repeat unit size can be used. Maximum resolution means that the
method used must be able to confidently resolve PCR products differing
by one repeat unit. Sophisticated equipments such as DNA sequencing ma-
chines are able to do this; and such machines may even be necessary for
typing arrays with short or very short repeat units, or relatively long alleles.
The majority of current needs can be satisfied by methods with alower reso-
lution, in particular agarose gels and ethidium bromide staining. The MLVA
assay can then be run with very ordinary equipment and at very low cost in
terms of consumables and equipment. A typical agarose gel MLVA typing
set-up consists of a control strain and size marker, each loaded a number of
times on each gel (usually 4-7 times, depending upon gel size) in order to be
able to take into account and compensate for both intra- and inter-gel elec-
trophoresis variations, as described for instance by Pourcel et al. (2004). In
any case, and whatever method is used, the resulting data can be compared
and merged only if the appropriate quality control procedures, common ref-
erence strains and identical allele assignment conventions are used. Figure
4.2 illustrates a typical MLVA set-up based on agarose gel electrophoresis.
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Fig.4.2. MLVA typing on agarose gel. A tandem repeat from Brucella was amplified across
20 strains. Seven lanes are dedicated to controls, i.e. a size marker (four lanes: 1, 9, 18, 27)
and a reference strain (three lanes: 2, 10, 19). The size marker used here is a 100-bp ladder
(bands from 100 bp to 800 bp are shown). The repeat unit is 63 bp long. Such gels can be
easily read manually: six different alleles are observed, comprising 2-8 repeat units

433
Data Management

The end-product of the assay is typing data, expressed in repeat copy num-
ber. These very simple files can be easily merged to produce integrated
databases from different sources. When running small-scale projects, lim-
ited to a few tens of strains and/or when the biological characterisation of
strains is limited to MLVA typing, there is little need for a real database
management system. Careful double-checked manual reading and typing
into a text file are appropriate (Fig.4.2). However, when running larger
projects and when different kinds of data must be stored and eventually
merged for analysis, dedicated data management software is needed. The
most widely used such software is Bionumerics (Applied-Maths) which
acts as a warehouse for the storage of any biological data and also contains
a collection of powerful tools for data analysis.
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4.4
Existing First-generation MLVA Assays

MLVA is still quite new. So far, no official standard has been defined for any
of the bacteria which will be presented below or are listed in Table4.1. One
reason for this is that MLVA assays are still in the development phase, in
terms of the number of markers and strains tested, butitis verylikely that, in
the coming years, such standards will emerge, at least for the most actively
investigated bacteria. Another reason is that the resolution of a MLVA assay
can be increased by adding markers (Fig.4.3), but requirements in terms
of resolution depend upon the epidemiological question being asked. The
investigation of local outbreaks for instance will benefit from the use of tan-
dem repeats with a high mutation rate, in addition to a routine MLVA assay
for strain typing. In other words, the single term MLVA assay will often cover
probably two or three complementary panels of markers. In some cases, the
use of a few markers will be quite sufficient to cover the need. Table 4.1 lists
the bacteria for which MLVA assays have been published so far. In many in-
stances, only one study has been reported, often including only a few mark-
ers and a limited number of strains. In other cases, much more work has
already been done. Interestingly, a significant fraction of the more thorough
investigations is related to pathogens which represent potential biological
warfare agents. In this area of technological development, as in others be-
fore, it may be so that defence-driven projects related to microbial forensics
will contribute to and speed up the development of epidemiological tools
for many other pathogens which represent significant human health issues.

» Fig.4.3. Comparison of the discrimination power of a MLVA analysis with 5, 13 or 19
VNTR. A collection of 50 strains from the M. tuberculosis complex (MTBC) were typed
using 19 markers; and phylogenetic trees were produced using the data from either five
markers (ETRs, left panel), 13 markers (5 ETRs + 8 MIRUs, middle panel) or 19 markers
(5 ETRs + 8 MIRUs + 6 Mtubs, right panel). The strains were independently assigned to
a MTBC group by classic biochemical assays and microdeletion typing (codes: CAN “M.
canettii” strains, EAI East Africa/India, BOV-AFRI M. bovis and some M. africanum strains,
AFRII the rest of M. africanum type 1 strains, BEIJ Beijing strains, MOD-CDC the group
of modern M. tuberculosis strains, including the reference CDC1551 strain, MOD-H37 the
group of modern M. tuberculosis strains, including the reference H37Rv strain).When all
19 markers are used in the analysis, 50 genotypes are identified (numbered from 1 to
50). The clustering fits with the independent classification. When 13 markers are used,
the discrimination is slightly reduced (46 different genotypes identified). The clustering
achieved is still reasonable, with a few inconsistencies: genotype 16 (EAI strain) is grouped
with “M. canettii” strains and three genotypes from modern M. tuberculosis strains are
incorrectly assigned (genotypes 44, 49, 40) to the Beijing group of strains. When only five
markers are used (left panel), 36 different genotypes are identified, which is still relatively
high, but the clustering achieved is of little value
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We will discuss in more details the application of MLVA for epidemiology-
or phylogeny-related investigations of five representative species: Mycobac-
terium tuberculosis, Bacillus anthracis, Yersinia pestis, Brucella sp, and Le-
gionella pneumophila, for which enough data exist to assess the validity of
the technique, or which illustrate specific points of interest.
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Table 4.1. List of MLVA development reports. Methods: seq gel-based sequencing machine,
capi capillary electrophoresis, aga agarose gel

Bacteria® VNTR Repeat Isolates Method  Reference

loci® (bp)©
Bacillus 8 2-36 426 seql Keim et al. (2000)
anthracis

24 (18) 9-78 32 agarose Le Fleche et al. (2001)
Bordetella 6 5-15 198 seq Schouls et al. (2004)
pertussis
Borrelia sp. 10 2-21 41 seq Farlow et al. (2001)

8 8 22 capi Bricker et al. (2003)
Candida 3 4 100 seq Botterel et al. (2001)
albicans®
Enterococcus 7 141-393 83 aga Titze-de-Almeida et al.
faecalis (2004)
Enterococcus 6 121-279 392 aga Top et al. (2004)
faecium
Escherichia coli 7 6-18 81 sequencing Noller et al. (2003)
0157

7 6-30 73 capi Lindstedt et al. (2003)
Francisella 6 2-21 56 seq Farlow et al. (2001)
tularensis

25 2-23 192 seq Johansson et al. (2004)
Hemophilus 5 3-6 20 aga van Belkum et al.
influenzae (1997)
Legionella 6 18-125 78 aga Pourcel et al. (2003)
pneumophila
Leptospira 7 34-77 51 aga Majed et al. (2005)
interrogans
Mycobacterium 6 53 73 aga Bull et al. (2003)
avium

5 20-70 50 aga Overduin et al. (2004)
M. leprae 5 2-3 12 sequencing Truman et al. (2004)

9 1-27 4 seq Groathouse et al. (2004)
M. 7 15-79 25 aga Frothingham and
tuberculosis Meeker-O’Connell

(1998)

12 (10) 53 31 aga Supply et al. (2000)

6 69 100 aga Skuce et al. (2002)

21 (8) 9-58 90 aga Le Fleche et al. (2002)
Pseudomonas 7 6-115 89 aga Onteniente et al. (2003)

aeruginosa
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Table 4.1. (continued)

Bacteria® VNTR Repeat Isolates Method Reference

loci® (bp)*
Salmonella 8 6-189 102 capi Lindstedt et al. (2003)
typhimurium/
typhi

5 7-26 61 aga Liu et al. (2003)

10(7) 3-20 99 aga Ramisse et al. (2004)
Staphylococcus 7 48-159 16 aga Hardy et al. (2004)
aureus
Xylella 7 7-9 27 aga Coletta-Filho et al
fastidiosa (2001)
Yersinia 25 9-60 3+180 aga Le Fleche et al. (2001),
pestis Pourcel et al. (2004)

42 (35) 1-45 24+156  seq Klevytska et al. (2001),

Achtman et al. (2004)

2 with the exception of C. albicans
b number of loci proposed for MLVA (number of new loci)
¢ repeat unit size range explored in the report

441
Mycobacterium tuberculosis

This is the bacterium for which MLVA has been the most extensively used
to date and for which a large body of data is available. VNTR markers
have been described by different teams and used alone or in combination.
Particularly interesting markers were the exact tandem repeats (ETRs;
Frothingham and Meeker-O’Connell 1998), multiple interspersed repeti-
tive units (MIRUs; Supply et al. 2000), QUBs (for Queen’s University of
Belfast; Skuce et al. 2002) and Mtubs (Le Fleche et al. 2002). ETRs are
53—-79bp long and only ETRA is located within an ORE. The allelic profiles
are reproducible and stable and VNTR typing was proposed to be useful for
strain differentiation and evolutionary studies. MIRUs are tandem duplica-
tions of 53 bp except for MIRU04, a 77 bp repeat, which in fact corresponds
to ETRD. MIRU31 corresponds to ETRE. Most are present in regions sep-
arating genes. In contrast, QUBs are mostly located inside genes. ETRA,
QUbl1a and QUBL11b are present in the same protein, pUCB, a protein of
the PPE family (O’Brien et al. 2000). They show a very high level of poly-
morphism. Additional informative markers were described by Le Fleche et
al. (2002), in particular Mtub21 and Mtub39, both localised in intergenic re-
gions. The size of the repeats in these different VNTRs is such that agarose
gel-based MLVA can be performed. However, automated procedures are
commonly used (Supply et al. 2001; Spurgiesz et al. 2003) and their utility
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in clinical mycobacteriology analysis was recently demonstrated (Allix et
al. 2004).

MLVA was compared to classic typing methods for M. tuberculosis:
spoligotyping, which investigates the polymorphism of a single locus, the
DR locus, and IS typing, usually performed by RFLP analysis (Sun et al.
2004). The most recent studies concluded that the resolution of MLVA com-
pares favourably with the other techniques when a sufficient number of
informative markers are used, i.e. more than the most frequently used set
of 12 MIRUs. For instance, MLVA appears to be the best method to investi-
gate the diversity inside the important “Beijing” family, a recently emerged
group of strains. MLVA assay was also a key assay in describing the group
of “M. canettii” as a single entity (Fabre et al. 2004). ETRA, a very informa-
tive marker for the complete M.tuberculosis complex, shows a single allele
in “M. canettii,” an allele which has been found only in two M. tubercu-
losis strains belonging to the more ancient family from East Africa/India
(Pourcel, unpublished data). This family can be identified on the basis of
a specific allele of MIRU24, an otherwise very poorly informative marker
(Sun et al. 2004). However, although many reports suggest that MLVA may
be the new gold standard technique for typing inside the M. tuberculosis
complex, more needs to be done to define a common assay allowing com-
parison of data between laboratories. Some markers are commonly used
(with sometimes different names), whereas others are only used by some
laboratories. In addition, there is a wrong assumption that some markers,
because they do not seem informative inside a subgroup, should not be
used although they are clearly useful when a large population of strains
is studied. In contrast, a marker such as QUB-11a, a highly polymorphic
repetition, can be useful in epidemic situations because of rapid modifica-
tions but is probably not stable enough for phylogenetic studies. In recent
reports, it was proposed that VNTR typing should be used in combina-
tion with IS6110RFLP, a rather cumbersome technique necessitating the
preparation of high quality DNA. Instead, the addition of several VNTR
markers, already described in the literature, bringing the total number to
19, should be sufficient for high resolution analysis. Figure 4.3 shows a clus-
tering analysis performed on a collection of 50 strains of the M. tuberculosis
complex using either five loci (the five ETRs), 13 loci (the five ETRs and
eight MIRUs) or 19 loci (the previous markers plus six Mtubs). The strains
were selected from our collection to contain representatives of the major M.
tuberculosis families (“Modern”, “Beijing”, ancient East Africa/India), plus
some M. bovis, M. africanum, and “M. canettii’strains; and a similar pat-
tern was observed even when more strains were used. Interestingly, these
major groups are well defined by biochemical assays or by the independent
tools (micro-deletion typing) described by Marmiesse et al. (2004). Typing
with five markers is clearly not robust, even if the discriminatory power
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is already very good (36 genotypes resolved). With 13 markers (the ten
most relevant MIRUs, the ETRs), a much nicer clustering is achieved with
still some inconsistencies: one East Africa/India strain is grouped with the
M. canettii group and the Beijing and Modern clusters are poorly defined.
Forty-six genotypes are resolved. The panel of 19 markers proposed by
Fabre et al. (2004) correctly clusters the strains and 50 genotypes are re-
solved. If necessary, the typing assay could be extended to 25 easily typable
VNTRs, by using some QUB markers and additional markers uncovered
by sequence comparison between the M. bovis genome and M. tuberculosis
(Le Fleche, unpublished data).

44.2
Bacillus anthracis

B. anthracis is a highly monomorphic species, recently emerged from the B.
cereus/thuringiensis group through the acquisition of two virulence plas-
mids. The main reason for the development of a MLVA assay in this danger-
ous pathogen is microbial forensics. This bacterium is no longer a signif-
icant health problem but is a potential bioterrorist agent, as illustrated by
the 2001 events. MLVA-based genotype databases have been the key tools
to identify the precise strain which was used in the bioterrorist event. The
first MLVA assay was built upon a number of contributions. An extensive
search for DNA polymorphisms eventually led to the finding that tandem
repeats were a major source of polymorphism in this organism. The as-
say comprised eight markers, two of which were located on the virulence
plasmids (Keim et al. 2000); and 426 isolates were typed. A number of
these isolates were collected during a single outbreak, or corresponded
to reference strains conserved for a number of years in different labo-
ratories. With very few exceptions, the genotypes were indeed identical,
which demonstrated that most tandem repeats are sufficiently stable to
define strains. Eighty-nine genotypes were resolved. Whereas some geno-
types were restricted to geographic regions, others were found to be widely
distributed.

Taking advantage of the availability of large-scale sequence data, the
MLVA assay was later expanded by adding 18 new markers (Le Fleche et al.
2001; http://bacterial-genotyping.igmors.u-psud.fr/). All of these markers
are located on the chromosome within ORFs. Some of the encoded proteins
are components of the outer layers of the spore. Bamsl13, for instance,
is a 9-bp repeat located within the BclA gene which shows a 500-bp size
difference between the largest and the smallest alleles (Le Fleche et al. 2001).
The collagen-like BclA protein is the main component of the B. anthracis
exosporium; and the Bams13 length polymorphism is directly related to the
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exosporium size (Sylvestre et al. 2003). The typing of 32 isolates confirmed
the existence of the two main clusters, A and B, identified by (Keim et
al. 2000) and showed the existence of additional clearly distinct branches,
represented by isolates from West Africa. Much work still needs to be done,
using MLVA in combination with other DNA analysis methods, on both
B. anthracis and B. cereus to, for instance, identify the geographic origin
of B. anthracis. The currently proposed assay comprises 24 loci which
can be typed by agarose gels or by capillary electrophoresis, has a much
higher resolution than the earlier 8-markers assay and represents a good
first-level typing assay for phylogenetic investigations. To investigate local
outbreaks, microsatellites (i.e. tandem repeats with the shortest repeat
units) might constitute a second-level MLVA set. Eventually, it can only be
hoped that all new isolates identified in the world will be genotyped and the
genotypes submitted to common databases, as illustrated by the prototype
(http://bacterial-genotyping.u-psud.fr).

4.4.3
Yersinia pestis

The first report of the analysis of VNTR polymorphism at one locus in Y.
pestis by Adair et al. (2000) suggested that these sequences could be a use-
ful source of polymorphism in this very monomorphic species. Indeed, the
works of Le Fleche et al. (2001) and Klevytska et al. (2001) confirmed that
a MLVA scheme could be used to efficiently genotype Y. pestis strains. The
choice of markers by the two teams was very complementary, in part due
to the different electrophoresis techniques used and only seven markers
were common to the two sets (Pourcel et al. 2004). Markers with small
repetitions, of the microsatellite class, were favoured by the Keim labora-
tory, whereas in our laboratory we chose markers with repetitions larger
than 12bp, to allow for agarose gel separation of alleles. The selection
of markers on the basis of the repetition size can have consequences on
their discriminatory efficiency, as the mechanisms of variability of mi-
crosatellite and minisatellite (more than 9 bp long) can be different. More
recently, significantly larger and more diverse collection of strains have
been analysed using the two sets of markers (Achtman et al. 2004; Pourcel
et al. 2004 ). Previous classifications were essentially based upon biochem-
ical assays, which define the three classically recognised biovars: Antiqua,
Medievalis and Orientalis. The MLVA clustering is usually in agreement
with this rough classification but provides a much higher discrimination.
The results obtained clearly distinguish between Antiqua strains from Asia
and Antiqua strains from Africa. Interestingly, a few abnormalities were
uncovered, with some Medievalis strains clustering among Antiquas. Fur-
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ther investigations demonstrated that the Medievalis phenotype resulted
in these strains from different mutation events inactivating the napA gene.
Although other very high resolution typing methods had been used for
some years before, including IS typing by Southern blotting, these meth-
ods were unable to detect these inconsistencies, which illustrates the power
of MLVA typing.

444
Brucella sp.

The single study published so far on MLVA typing in the Brucella genus
illustrates some aspects of MLVA set-up and marker selection. Bricker et
al. (2003) investigated the polymorphism associated with a family of oc-
tameric tandem repeats located within a mobile element present in multiple
copies in the Brucella genome. The mobile element is small enough to use
at least one primer located outside of it, so that each locus can be am-
plified and analysed independently from the others. The Brucella genus
is separated in a number of species, not for genetic reasons (the genus is
very highly homogeneous) but because of some features of the associated
disease, a strong host specificity within mammals and varying virulence in
human (Moreno et al. 2002). Each species can be further separated in a few
biovars by biotyping, which is a combination of biochemical assays, phage
typing, serotyping and growth in the presence of specific dyes. Biotyping
data necessitates the manipulation of live bacteria, has a low resolution
and is sometimes ambiguous, so that alternative, DNA-based assays would
clearly be of interest. The 8-loci MLVA assay proposed by Bricker et al.
(2003) is very discriminatory, highly reproducible and all strains inves-
tigated can be fully typed for the eight loci. However, the clustering of
strains deduced from the MLVA typing data does not fit with the biotype or
even with the species assignment. The best explanation for this behaviour
and inconsistency is that the tandem repeat loci used have such a high
mutation rate, within a limited allele size range, that many alleles have
an identical size in spite of a different evolutionary origin (homoplasy).
Because the repeat array is perfect, such alleles will be strictly identical
and cannot be distinguished even by sequencing, as can be done when
internal heterogeneity exists (see paragraph below; Fig. 4.4). Such an assay
cannot replace the existing tools and is limited to the investigation of local
outbreaks.

Hopefully, the existence of many additional tandem repeat sequences
in the Brucella genome indicates that a MLVA assay will eventually be
developed for this species (Le Fleche et al., in preparation).



96 G. Vergnaud, Ch. Pourcel

A = Ms77 allele size coding
- 05C020_520bp_6U AFFFGM
e =0 =0 22D032_481bp_5U ALKKL
g i ' "'(nd‘ 12A241_481bp_5U AFGMN
b e 05A398_481bp_5U ALGMN
> s 05A593_481bp_5U BLFGN
r . s 04C010_442bp_4U AFGM
e ¢ ‘e PAO1_77_442bp_4U AFGJ
5 = < ‘ 19A211_403bp_3U ALF
S e ma A 10A353_403bp_3U ALM
s e o= 22E042_403bp_3U ALM
S 11C010_403bp_3U ALM
08D038_403bp_3U AHM
09A086_403bp_3U AHM
04A163_388bp_2.5U EIM
05A400_388bp_2.5U EFL
03C030_388bp_2.5U EFL
01A129_364bp_2U AF
22A019_364bp_2U AF
18A403_364bp_2U cMm
07C038_364bp_2U cMm
c EK(1.50) 20C099_364bp_2U DL
05A345_349bp_1.5U EK
AFFFGMsu) / & oM ALKKL(5U)
. . Fou) AfGJidm
7 e e
o4 EMeuAHMEY)
] ¥ / ey T
ol b 7 EIM250) 30
] | CALGMN(5U)
3 o 4 BLFGN(5u)
AFGMN(sL)

EFL(250) BEL - _
y ., DLi20)

Fig.4.4. Analysis of the internal variation inside the P. aeruginosa ms77 marker. a Sequence
of the different motifs and letter code. b Coding of the ms77 allele in 22 different strains,
showing the internal variability. ¢ Phylogenetic relationship between strains using the
minimum spanning tree representation and corresponding ms77 alleles (Onteniente et al.
2003; Onteniente 2004)
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445
Legionella pneumophila

VNTR analysis in L. pneumophila led to the description of three infor-
mative markers that could be used for strain comparison in epidemic
situations and the description of some additional markers that were am-
plified only in a subset of strains (Pourcel et al. 2003). Indeed, comparison
of the genome sequence of the strains Philadelphia, Paris and Lens re-
vealed that 13% of the DNA was strain-specific (Cazalet et al. 2004; Chien
et al. 2004). By comparison of repeated sequences in the three sequenced
genomes, new VNTRs were selected and primers chosen to match all the
strains (http://minisatellites.u-psud.fr/comparison/; Pourcel, in prepara-
tion). Thus for species such as L. pneumophila which show a very high
intraspecies variability, the availability of several sequenced genomes is
necessary to set a MLVA assay. However, the number of available markers
for a L. pneumophila MLVA assay remains limited. Sequencing of a large
collection of alleles for three markers shows an important internal variabil-
ity, resulting in homoplasy (Pourcel et al. 2003; Pourcel, unpublished data).
Sequence data add to the resolution of the assay and open the way to an
analysis of the mechanism of evolution of repeated sequences.

4.4.6
Other Bacteria

For a number of bacteria such as Mycobacterium avium subsp. paratu-
berculosis, Pseudomonas aeruginosa, Salmonella enterica subsp. enterica
(including typhi and typhimurium), Staphylococcus aureus, etc (see Table
4.1) VNTR markers were identified and tested on sometimes relatively small
collections of strains; and much still needs to be done before MLVA can
become a standard procedure. However, in many instances and although
only a limited number of markers were used, the authors believe that the
resolution of the assay was comparable to that of other more complex as-
says. The major problem is the frequent use of microsatellites (2-bp to 8-bp
repeat units) which tend to be unstable, as reported in several studies, with
especially high homoplasy levels. In addition, they necessitate the use of
sequencing gels or methods with equivalent resolution.

4.5
Validating and Analysing MLVA Data

A number of aspects specific for tandem repeat analysis must be kept in
mind. Firstly, tandem repeat loci can be very variable in terms of muta-
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tion rates, some loci having an extreme mutation rate while others are
monomorphic. At present, this behaviour cannot be predicted from the
sequence itself and will have to be experimentally measured by eventually
typing hundreds of strains, as was done previously for human forensics-
related projects. Regarding human forensics and paternity analyses for
instance, hundreds of individuals of different ethnic origins have been
genotyped in order to estimate both reliable allele frequencies and mu-
tation rates for each locus employed in an assay. A number of different
processes have been shown to drive mutation events in tandem repeats, in-
cluding replication slippage and double-strand break repair (Debrauweére
et al. 1999; Vergnaud and Denoeud 2000). Highly polymorphic markers
which often result from a higher rate of mutation events will usually have
a high homoplasy level. Such markers are sometimes called “highly infor-
mative”, which is not necessarily correct. On the contrary, a MLVA assay
based solely on such markers would probably be unable to cluster strains
according to their true historical proximity, as illustrated previously with
Brucella. Diversity indexes such as Simpson’s index, promoted by Hunter
and Gaston (1988), although very useful for comparing the discriminatory
power of assays, do not measure the relevance of the discrimination which
is achieved by a given marker, or combination of markers. Eventually, it will
probably make sense to consider that two strains which differ at one highly
variable marker are more similar than two strains differing at a moderately
variable marker. Such more sophisticated distance coefficients cannot be
developed until many strains have been typed, so that it should not come as
a surprise to get a feeling that MLVA typing is at least in some instances not
yet mature. MLVA will clearly take a major place among the epidemiological
tools available to type a number of major bacterial pathogens, but this field
of investigation is at present a very quickly evolving and competitive area
of research and development.

Because many strains from different countries will have to be typed, it is
essential that the MLVA data be carefully validated with appropriate con-
trols, so that data sets from different laboratories can be merged. The main
reason for this is that PCR products containing tandem repeats may occa-
sionally show an electrophoretic behaviour which can give incorrect size
measurements. Abnormalities are not random, but are locus-dependant,
i.e. only a few loci may contain a repeat unit sequence bias or length which
may modify the migration behaviour. The effect will be different if PCR
product sizes are run as double-strand DNA (as for instance on an agarose
gel) or single-strand DNA (as usually done on sequencing machines). The
effect may also be proportional to the number of repeat units. For instance,
marker Bams01 from Bacillus anthracis (Le Fleche et al. 2001) comprises
a 21-bp very highly purine-rich repeat unit and runs significantly more
slowly than expected from sequencing data. This suggests that the repeat
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unit is slightly kinked and that this is amplified for larger alleles because
a size of 21 bp represents exactly two DNA helix turns.

This difficulty is easily circumvented, by using a few reference DNAs
with well characterised repeat copy numbers. When such sets are not easily
sharable, or have not been defined, they can be organised locally once and
for all by sequencing alleles from a few representative strains.

MLVA data can then be held and exchanged in simple text files. Each
strain is described by a succession of values corresponding either to num-
bers of repeat units or to allele sizes expressed in base pairs. Although
the former format is usually preferred, the latter can sometimes not be
avoided for some rare tandem repeats in which combinations of repeat unit
lengths coexist. This is observed for instance in Legionella pneumophila
ms4 (Pourcel, unpublished data). The allele size will then depend on the set
of primers used, so that the data should be carefully corrected if different
primer sets are employed by different research groups.

Expressing the data in terms of repeat copy numbers is for this rea-
son usually more appropriate. However, even in this case, rules have to
be defined, because tandem repeat arrays often do not contain a perfect
copy number. The true copy number can be for instance 2.5, 3.5, 4.5, etc.,
which for simplicity will be coded as 2, 3, 4, or alternatively 3, 4, 5. This
is illustrated by ETRD (alias MIRU04), for instance, from Mycobacterium
tuberculosis. Since different conventions were used initially, published data
must be converted before data from different groups can be merged. In
publications, the conventions used need to be clearly described. It is con-
venient to refer to a sequenced genome, especially when the corresponding
strain is widely available, which is usually the case. Then the comprehen-
sive description of a tandem repeat can be summarised for instance by
Bams30_9bp_727bp.57U in which Bams30 is the locus name (Le Fleche et
al. 2001), 9bp is the repeat unit length, 727 bp is the PCR product size
expected in the reference strain using the primers referred to in the given
report and 57U is the corresponding repeat unit number.

The resulting data matrix can be imported into data-mining tools or into
more conventional biology-oriented clustering methods. The currently pre-
ferred method to measure similarities between two strains is the simple
counting of the number of markers at which the two strains differ (di-
vided by the total number of markers and expressed as a percentage).
This is a very crude similarity measure which gives the same weight to all
markers. It also considers that alleles which differ by one repeat unit are
not evolutionarily closer than alleles which differ by many repeat units.
The two assumptions are often wrong but, in spite of this, the resulting
clustering analyses make sense (Fig.4.3, right). This is because the use of
multiple markers compensates for variable homoplasy levels at individual
markers.
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Figure4.4 shows the sequence variability of Pseudomonas aeruginosa
marker Ms77 (Fig. 4.4a) and the encoding of the different alleles (Fig. 4.4b).
The clustering analysis shown in Fig. 4.4c uses the minimum spanning tree
method and clearly demonstrates that strains possessing alleles with the
same number of repeats but with different codes are correctly clustered
when several VNTRs are typed (Onteniente 2004). This also shows that ad-
ditional information can be obtained by sequencing alleles in species with
important variability. As larger MLVA data sets will be available, containing
hundreds of genotypes, it is likely that different similarity measures will
be developed to take more precisely into account, first, the evolutionary
rate and homoplasy level (which can be indirectly deduced in part from
the HGDI values) and, second, the mode of evolution of each individual
marker.

Once MLVA data has been produced and collected, it is easy to set-up
shared internet resources, for instance MLVA web services, as exemplified
at http://bacterial-genotyping.igmors.u-psud.fr/ (Le Fleche et al. 2002) and
http://www.mlva.umcutrecht.nl (Top et al. 2004).

4.6
MLVA Compared to Other Methods

MLVA does not provide a molecular clock. It is clear at least in some
instances that the mutation of tandem repeats directly influences the phe-
notype of the corresponding strains, so that these mutations are not neutral
and probably contribute to the adaptation of the species to its environment,
in areversible way. When MLVA is to be used for evolutionary studies, other
sequence-based methods with a lower resolution will usually be employed
in combination, as illustrated by Achtman et al. (2004) and Fabre et al.
(2004). MLVA applies to sub-species typing. In many pathogens of interest,
tandem repeat polymorphism analysis, including MLVA, will complement
the existing tools. In some instances, it will even become the gold standard,
which does not mean that it will replace existing methods, each one often
providing a different and complementary point of view. The M. tuberculo-
sis, B. anthracis, Y. pestis studies and a few others are clearly among these.
One key feature of MLVA typing is that its low cost opens the possibility
of an almost systematic typing, not limited to the few hundred of strains
(at best) included in research projects. In addition to the importance of
this aspect for clinical epidemiology, the possibility to quickly check the
identity of a strain is also very important for the maintenance of strain
collections, in particular when dangerous pathogens or precious strains
are involved.
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