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Preamble.

Harris (1999a) reviewed the userahdomlyamplified polymorphicDNA (RAPD) markers in
systematic studies. RAPD techniques were embraced due to the relatively high levels of
polymorphism they revealed and their low cost compared to other techniques, such as allo:
andrestrictionfragmentengthpolymorphisms (RFLPs; Francisco-Ortegfaal, 1993). Previously
a lack of variation had been a considerable problem for many population studies. For exam
Red PineRinus resinosait.; Pinaceae) allozyme studies revealed no isozyme diversity (Fov
and Morris, 1977; Simoat al, 1986), but RAPD markers revealed diversity amongst red pine
Verno and Mosseler, 1997). Two new marker methodologies appear to be supplanting RAF
analysesAmplified Fragment_engthPolymorphisns (AFLPs) andSimple SequencdRepeas
(SSRs; microsatellites). This paper reviews these two techniques, the basis of the polymor
they identify; their advantages and disadvantages; their methods of analysis and their appli
to systematic studies.

Whilst the RAPD technique is fairly simple, both AFLP and SSR protocols are technically
demanding (Kargt al, 1997). Both require competent users with experience in molecular bi
techniques, although the skills required are falling with the emergence of kits for parts of ths
techniquesd.g.Perkin Elmerwww.perkin-elmer.com The practical details for both technique:
have been given in extensive practical reviews (Matthes, 1998; Morgantet al, 1998; Karpet
al., 1997) and are both currently being experimented with to improve resolution, production
polymorphisms, cost and ease of use. A brief overview of the technique is provided, as it is
essential that before using any technique the nature of the data that is generated should be
understood.

Much has been written about the AFLP technique, most of it overwhelmingly positive. Muct
has been written about microsatellites and phylogeny reconstruction, which is probably due
expensive start-up costs and the supposed taxonomic limitations of SSRs. However, techn
must be critically evaluated, and the nature of the problem and the method used must be ir
research should be problem-solution, rather than technology, driven. Many researchers are
the limitations of methods and markers, but pragmatism often plays a major role in the choi
technique for a particular study.



AFLPs.

Voset al (1995) described the AFLP technique as being based on the detection of restrictic
fragments by PCR amplification and argued that 'the reliability of the RFLP technique is col
with the power of the PCR technique’. Other recommendations include those of &aatell
(1996) who suggested that AFLPs 'provide high levels of resolution to allow delineation of
complex genetic structures’, whilst Winfiedd al. (1998) saw AFLPs as 'reliable and informativ
multilocus probes’.

What are AFLPs and how are they produced?
AFLPs are fragments of DNA that have been amplified using directed primers from restricti

digested genomic DNA (Matthes al, 1998; Karpet al, 1997). Figure 1 explains the AFLP
methodology:

. a a a
I | | Jossof
—— amplified
no amplification fragment
amplification )ﬁh
055 0
bi b a resticion b . )
2 I I site b b” amplification increase
| | — infragment
size
|
3 a a a b a
| | | l ] gain ofa
no amplification fragment
P amplification
gain of _ B
4 bi amplification | restriction b| bll d
% At b“ | I I decrease in

fragment size

5~ b & b R

. — ﬁ in fragment
inserion size
of DNA

f-ra g me nt

Figure 1. Five possible scenarios that will cause a change in an AFLP profile. In scenarios :
restriction site bi is lost, in 3 and 4 restriction site bii is gained, and in scenario 5 an insertio
has taken place. Also applicable to scenario 5 are deletion and duplication events, which w
a decrease and increase in the fragment size respectively.




How AFLPs have been used.

Voset al (1995) were primarily interested in genome mapping using AFLP marlkers,
construction of high density genetic maps of either genomes or genome fragments; it can |
the gap between genetic and physical maps’ @@ 1995). Since then many studies have
applied this technique to mapping studieg, OryzgZhuet al, 1998),Zea(Xu et al, 1999) and
Solanum(Bradshawet al., 1998). Xuet al (1999) suggest that using AFLP is the most efficien
way to generate a large number of markers that are linked to target genes. However, the hi
polymorphism revealed by AFLPs has also interested researchers from other fields. These
few broadly defined categories: population genetics; phylogeny analysis; and cultivar/acces
identification. It is the use of AFLPs in population genetics and phylogenetic analysis that a
considered here.

At present the majority of population genetic uses of AFLPs are for "basic" diversity and ge
variation studies, as is often the case for new techniques. For example, &uEsglP99)
investigated the genetic variation@élycophyllum spruceanu(®Rubiaceae), a fast growing
pioneer tree of the Amazon Basin. Other studies have more specific goals such as investig
into introgression and hybridisatiogLg. Riesebergt al. (1999) looked at introgression betweer
cultivated sunflowers and a sympatric wild sunfloietianthus petiolarifAsteraceae) and
Beismanret al (1997) looked at the distribution of tv&alix species and their hybrid. AFLP
markers have also been used at the level of the individual, for use in paternity analyses anc
gene-flow investigation®.g.Krauss & Peakall (1998) analysed paternity in natural populatiol
Persoonia molligProteaceae), a long-lived fire-sensitive shrub from southern Australia.

Several studies have used AFLP markers in phylogenetic analyseset-#1(1997) used a
phylogenetic analysis of the allele frequency at different AFLP loci to suggegSriti@aim
monococcunsubspboeticum(Poaceae) was the likely progenitor of cultivated einkorn wheat
varieties. Others, including Aggarwet al (1999) who investigated the "phylogenetic relations
amongOryzaspecies" using AFLP markers and Kardatial (1998), who applied AFLPs to
Solanumaxonomy, concluded that AFLPs were "an efficient and reliable technique for
evolutionary studies”. In the above papers the aims of the investigation were apparent from
However, other researchers use AFLPs to create dendrograms, but then suggest evolution
hypotheses and correlate AFLP pattern similarity with phylogenetic closengséggarwalet
al., 1999; Maceet al, 1999).

A general feature of these investigations is that the species or genera have been investigat
using other markers; few AFLP studies have provided insights that were not available from
markers. For example, the gerig/zahas been intensively studied, and the results of Aggaty
al. (1999) are generally consistent widinyzataxonomy based on other lines of evidence, althc
Aggarwalet al (1999) do not attempt to analyse either@hesativaor O. officinaliscomplexes,
both taxonomically unresolved areas. With a few except®gsRussellet al, 1999; Muluviet al,
1999), AFLPs have not been used to investigate the systematics of taxonomically complex
unknown groupsg.g. EucalyptusCarex Solanum brevicaule sens. lat

Advantages.

The major advantage of the AFLP technique is the large number of polymorphisms that the
generates. Its ability to differentiate individuals in a population makes the technique useful
paternity analyses (Krauss, 1999), gene-flow experiments, and also for Plant Variety regist
(Law et al, 1998). Barkeet al (1999), investigating genetic diversitySalix (Salicaceae), founc
170 polymorphic bands with 20 RAPD primers, but 645 polymorphic bands with four AFLP



primers. Nakajimaet al. (1998) found that AFLP methods produced on average four times as
bands per reaction compared to RAPDs in their analyfimotus(Apiaceae) diversity. Similarly
Maugharet al (1998) found that AFLPs produced more polymorphic loci per primer than RF
SSRs or RAPDs in their study of Soybe&tycine maxandG. sojg Leguminosae) diversity.

Other advantageous features of the AFLP technique are: i) no sequence information is req|
the PCR technique is fast; and iii) a high multiplex ratio is possible (Raé&lakj 1996).

The lack of sequence information needed by the AFLP method is similar to that of the RAP
technique. This is contrary to RFLPs and SSRs that need a high degree of characterisation
target genome. This advantage is diminished as more taxa are examined, and as the datak
characterised organisms grows and "universal primers" are discovered. For example, tabe
al.’s (1991) plastidrnL primers amplify a variable cpDNA region, approx. 1.75kb in length ac
a wide range of genera and familiesg Ginkgo biloba(Ginkgoaceae)Rosa caningRosaceae)
andPhalaris arundinaceaéPoaceae)]. In the case of SSRs the range of conservation is less
generally being restricted to other species within the same geguStéinkellneret al, 1997) or
tribe (e.g.Dayanandaet al, 1997).

Since the AFLP technique is PCR-based it can provide high throughput; Krauss and Peaka
suggest that, after the initial screening period, up to 100 individuals for 100 polymorphic loc
week could be analysed. This makes it ideal for large-scale population studies. Additionally
material can be used for the analyses (Russall, 1998), since the method is DNA-based. Thi
enables analysis of species that would be difficult to saexp$tu(Harris and Robinson, 1994).

The multiplex ratio is the number of different genetic loci that may be simultaneously analys
experiment (Rafalslet al, 1996). Since AFLP markers are distributed across the genome th
have a high multiplex ratio.e. each band is assumed to come from a different area of the ple
genome. In contrast, SSRs have a large number of alleles per locus, and have a multiplex |
(Harris, 1999b). A high multiplex ratio is considered desirable, since it suggests that the wh
genome is being sampled rather than one segment of it.

Problems

The problems associated with AFLPs can be divided into three types: practical; data; and a
Many of these problems are not unique to AFLP methodologies, but apply to most molecul:
marker systems. An ideal marker would have: sufficient variation for the problem under stu
reliable; and be simple to generate and interpret. Unfortunately, an ideal marker does not e
use in all studies; rather a technique or techniques will be suited to a of range investigation
et al, 1997; Harris, 1999b).

Practical Problems.

Many of the practical problems associated with AFLPs, unlike those of RAPDs, can be ove
although users must be proficient in many practical skills.

Cost Assigning a cost to process is always a tricky issue, since cost depends on your view,
the amount of resources available. For example, the RAPD technique is fairly cheap, but in
data quality, the money may be wasted. There are, however, several expensive componen
AFLP analysis. The biotinylated probes and streptavadin magnetic beads are expensive, tr
increasingly a pre-selection amplification step is used @é¢@as$, 1995). The primers and adapte
may also be expensive, the cost of which varies depending on whether custom or ‘off-the-s



primers are used. However, the detection system, etferag fluorescent labels, will be fairly
expensive (Huang and Sun, 1999). Since there are many variables, assessment of costs is
Karpet al.(1997) estimate ECU 1.4 per assay. This is a generous estimate, more realistic ¢
ECU 9.0 for the initial preselection (Krauss and Peakall, 1998), whilst we would estimate th
initial start-up costs to be approximately ECU 12.0 per individual, falling to approximately E
5.0-7.5 per primer combination once the screening of primer combinations has finished anc
different reactions are analysed in a single gel lane.

Restriction Enzymes and Primefihe choice of either restriction enzyme or primer can affect
number of AFLP polymorphisms detected. For example, more polymorphisms are detected
barley with the combination of restriction enzyniesd/Msd than withEcoRI/Msd (Ridout and
Donini, 1999).

The choice of primer may also have a large influence on the amount and quality of variatior
uncovered. For example, Hartl and Seefelder (1998) found in their analyses biuinoyl s
lupulus Cannabaceae) cultivar diversity that [adapter]+2 primers produced too many bands
or separate on a polyacrylamide gel, [adapter]+4 primers did not "exploit the resolution cap
of AFLPs, but [adapter]+3 primers produced a large number of defined bands. Hartl and Se
(1998) evaluated 60 primer combinations; only eight of these combinations provided reliabl
banding patterns. Lercerteau and Szmidt (1999) analysed 64 [adapter]+3 primer combinatit
(eight for each restriction enzyme adapter), of which 12 generated easily readable patterns
possibly have been used and 35 were excluded because of their complexity. Additionally,
Lercerteau and Szmidt (1999) investigated the addition of a nucleotide to an [adapter]+3 pr
[adapter]+4 primer reduced the number of bands found by 50%. Interestingly, the [adapter]
primer also amplified several bands that were not amplified with the [adapter]+3 primer. In
Kardoluset al’s (1998) study, one [adapter]+3 combination gave a "dense fingerprint” so thi
reliable scoring was not possible, but the other three [adapter]+3 combinations were scorec
the choice of primer may influence the number of bands amplified and the level of polymory
found, which in turn is linked to the taxonomic level of the investigation. In general, for stud
the species level it would appear that [adapter]+2 primers amplify too many bands and [ad:
primers do not reveal enough polymorphism, whilst some [adapter]+3 primers do not give [
that are easily analysed. In general, the plant genome is AT-rich, so the use of AT-poor prir
may reduce banding pattern complexity (Qi and Lindhout, 1997).

The above examples illustrate that not all primer combinations produce either reliable or su
data. If no preliminary screening of primer combinations is performed, then the choice of pr
essentially random and there is a risk that the primers will give insufficient data for analysis
the cost of the AFLP technique is such that only a limited number of primer combinations ci
analysed and it may be tempting to analyse all of these combinations, even though some o
may be too "complex".

Reproducibility AFLPs are generally acclaimed for their reproducibility, which sets the techr
apart from RAPDs. Jonet al (1998) tested the reproducibility of AFLPs throughout a netwo
European laboratories, and by rigorously controlling all the variables they were able to sho
is possible to reproduce AFLP banding patterns across a range of laboratories. Whether th
rigor could be maintained in more test studies cannot be determined. Another aspect of

reproducibility is reaction consistenayg. whether an accession and primer combination alwa’
gives the same results. Winfiedtlal (1998) in an analysis of genetic diversity of Black Poplar
(Populus nigrasubspbetulifolia, Salicaceae), ran duplicate samples for five trees (it was not
indicated whether these were complete re-runs or re-amplifications); three duplicates returr
exactly the same banding patterns, the other two were 98.9% and 97.6% similar. The numt



different bands this equates to, and whether these differences were band gains or losses, \
documented. Krauss and Peakall (1998) encountered a "rare disappearing fragment", in wi
initially polymorphic band was scored but subsequent analysis with a new DNA extraction &
repeated AFLP amplification failed to reproduce this band. Krauss and Peakall (1998) sugc
this could be due to a partial digestion of the template genomic DNA, poor amplification of i
fragment during PCR or DNA contamination. Furthermore, Dagtiai. (1997) showed that tisst
ontogenesis may influence AFLP patterns, due to the occurrence of organ-specific methyla
restriction sites. Partial digestion appears to be the most common source of artefactual
polymorphism in AFLP analyses (Lin and Kuo, 1995), and can be caused by a number of f:
including "dirty" DNA or methylated DNA (Dowlingt al, 1997).

The scoring of AFLP fragments, like RAPDs, is open to a certain amount of "interpretation”
et al (1996) in an influential investigation of variation in the endangered pEtragalus
cremnophylawar.cremnophylaXLeguminosae) scored all "monomorphic and polymorphic
fragments discernible in at least 95% of the individuals by eye". Escarava€1998), using
fluorescent detection, rather than radioactivity, considered only "high intensity peaks" in the
analysis of clonal diversity inRhododendrompopulation. These chromatograms identified a
of 50, 50 and 35, detectable peaks for each of the three primer combinations used, of whicl
(50%), 25 (50%) and 19 (54%) were analysed respectively. Angietithb (1999) found 288
polymorphic AFLP bands, in their diversity study@ieayet only scored 121 (42%) bands that
were described as unambiguous (Angioldtaal, 1999); presumably the others were ambiguot
Aggarwalet al (1999) only included "distinct, reproducible, well-resolved” fragments in their
study ofOryza None of the above studies, or any studies we reviewed defined what constitt
"distinct, reproducible, well-resolved" band.

Gift and Stevens (1997) investigated how different researchers delimited morphological ch
in the genuKalmia (Ericaceae). The authors asked 49 individuals to break the variation disf
in 10 characterse(g.sepal width) into a series of discrete characters, and no two individuals
the set of characters in the same way (Gift and Stevens, 1997). Gift and Stevens (1997) co
that states in the data set were delimited in various ways by researchers, and the way that
presented influenced the assignment of character-states. They also added that "expert kno
appeared to be of "dubious” value in delimiting states. Gift and Stevens’ (1997) paper allud
problems of defining a "distinct, reproducible, well-resolved” band. No similar study, to the |
our knowledge, has taken place using a DNA fingerprinting technique (in the broadest sens
term). Just as Gift and Stevens (1997) found it difficult for individuals to agree on character
it may be expected that it would be difficult for a group of researchers to agree on what con
a distinct, reproducible or well resolved band. It is anticipated the criteria for definition will b
flexible according to the time and money allocated to a study. Krauss and Peakall (1998)

recognised this and suggested that computer detection (as part of the fluorescent method ¢
detection) of fragments is more efficient and accurate than scoring bands from autoradiogr:

The claims for AFLP reproducibility are well-founded, but there are several concerns: i) son
studies have found different banding patterns when samples are eegudrduss and Peakall,
1998; Winfieldet al 1998); ii) the scoring of the AFLP bands and their inclusion in a data me
not explicit, which suggests that different individuals will score AFLP patterns differently; ar
the method of genomic DNA preparation may affect banding pateemqmgartial digestion due to
either poor DNA quality or insufficient (or faulty) restriction enzymes (Lin and Kuo, 1995).

Data problems.

Dominance Like RAPD markers, AFLP markers are thought to be dominant, with polymorpt



detected as either band presence or absence. Dominant markers are not as efficient as co-
markers for population genetics studies (Lewis & Snow, 1992; Lynch and Milligan, 1994). L
and Milligan (1994) estimate that 2-10 times more individuals need to be sampled per locus
dominant markers compared to co-dominant markers. Krauss and Peakall (1998) suggest 1
disadvantage may be overcome because of the large number of polymorphisms generated
polymorphisms per lane are possible. Maugiaal. (1996) in an AFLP study iGlycinealso

investigated the inheritance of AFLP markers. They examined six loci for one primer combi
in 61 F, plants. Five loci segregated in a dominant manner, whilst one locus appeared to be

inherited in a co-dominant fashion. One of the causes of co-dominance was thought to be ¢
presence of SSRs in the amplified fragments (Maughah, 1996), which has implications for t
independence of AFLP markers. Therefore it is possible that an AFLP gel may have a mixt
dominant and co-dominant markers present on it, and without appropriate segregation anal
will be impossible to determine marker segregation.

It has been suggested that it should be possible to identify heterozygotes from the intensity
bands or peaks on AFLP gels (Castigliehal, 1999). That is, a heterozygote for a marker will
have a band half as dense as the homozygote for the dominant allele, and is based on the
there will be twice as many markers for the homozygote dominant compared to the heteroz
However, Vot al (1995) in their description of the AFLP technique state that the AFLP
procedure is insensitive to template DNA concentration; similar band intensities were seen
range of template concentrations (25ng-25pg; &tasl, 1995).

Homology Homology is perhaps the greatest problem in AFLP analysis. It is often assumec
co-migrating bands are homologous, though there s m@ri reason to accept this. Maeeal
(1999) suggest that the "mutual occurrence of several bands strengthens the likelihood of t
pair-wise homology of all of them", although this does not appear a substantive argument fi
band homology. Furthermore, a particular sized band may consist of bands from different r
of the genome, and there is no way to assess the homology of missing bands, two different
mutations could lead their absence. Rieseberg (1996), in a RAPD study showed that 91% ¢
co-migrating bands were homologous, though of these homologous bands ~13% were par:
rather than orthologous. Kardolesal (1998) argue that the chance that two co-migrating AF
fragments do not represent identical alleles of one locus is small, which they believe is due
highly selective amplification and sharp resolution of polyacrylamide gel electrophoresis. Ru
van der Vooret al (1997), in a mapping study 8blanum(Solanaceae), sequenced 20 out of ]
putatively homologous AFLP markers, of which 19 (95%) were nearly identical. Given that !
scored bands may be non-homologous, the major issue is what the effects would be if this
were repeated throughout AFLP studies.

Lamboy (1994a, 1994b) considered this in detail for RAPD analyses, much of which is appl
to the problems encountered with AFLP analyses, and Bremer (1991) dealt with this in a di
of RFLPs. Lamboy (1994a) suggested that artefacts, such as non-homologous products, w
significantly bias genetic distance estimates between taxa. An additional consequence of u
non-homologous (and non-independent) characters is the artificial increase in homoplasy, \
may obscure the phylogenetic relationships of the taxa under investigation (Bremer, 1991).

Rieseberg (1996) suggested that RAPD homology was a function of taxonomic distatiee,
more closely the compared accessions are, the greater the probability that a shared co-mic
band is homologous. This may extend to the analysis of AFLPs, since Lerceteau and Szmi
found AFLPs to reflect the classical taxonomyPaiusat lower taxonomic levels, but at higher
taxonomic levels the data sets were incongruent; AFLP data prawesl sylvestrigandP. merkusi
closer toPicea abieghan toPinus gerardianaThus the issue of the taxonomic level at which



AFLPs can be used is raised. This is not an simple question to answer, as levels of genetic
similarity are not uniform throughout the plant kingdom, although a conservative view woulc
that above the species level the use of AFLPs to produce classifications and phylogenies is
unwarranted.

Mutation rate The level of polymorphism that different markers reveal is important. If the me
reveals too little variation, then it may not be possible to discriminate taxa. Unfortunately, if
variation found is too high then the relationships between the taxa tend to be obscured (Stt
1990). This is caused by two factors: i) with high levels of variation the levels of similarity be
two taxa are low, and both character and distance measures and tree reconstruction progr:
increasingly inaccurate at predicting relationships; and ii) if levels of variation are high then
probability of assigning correct homology is reduced. For example, the loss (or gain) of a b
be caused by the same event, so the taxa are not related by that event. The success of AF
mostly due to the high levels of variation it reveals, which suggests that comparisons betwe
distantly related taxa/accessions would produce inaccurate information about their relations

Scoring.Mutations are scored as presence or absence of a particular band, and from these
observations a binary data matrix is built. At its simplest the differences between patterns a
the presence or absence of a restriction site. This may translate directly in to the presence
absence of a band on the AFLP gel, or to a change in size of the AFLP band (Figure 2). Th
three basic profile changes may occur, gain or loss of a band and change in the size of a b
all of these changes may be equally likely and will occur at different frequencies, although r
has investigated the frequencies of such events for AFLP data.
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Figure2. A. The black boxes are the CA nucleotides within the amplified microsatellite. In tf
example there are five repeat unite.(CA)s), and the possible sites a "slippage” could insert

another repeat are indicated.
B. The (CA); allele has gained another repeat, the two illustrations indicate how the resultig

alleles are not homologous.

The loss of a restriction site is most likely caused by a point mutation in the restriction enzy
recognition sequence, causing the sequence not to be recognised by the enzyme and there
cut. Likewise the gain of a site is caused by a point mutation changing a potential site into ¢
recognisable site. The probabilities of these two events are unequal (DeBry and Slade, 19¢



loss of a restriction site being much more likely than a gain. Site loss or gain may also be p
by an insertion, deletion or duplication event. Of the five scenarios predidigguie 1 only 1 ant
3 will give "simple" changes to the data matrix, scenario 1 will be the loss of a band and 3 v
the gain of a band. Scenarios 2, 4 and 5 will cause two changes to the data matrix. It is like
scenario 2 will be scored as the loss of the smaller fragment (a b i) and the gain of a larger
(a b ii),vice versdor scenario 4. Furthermore, insertion, deletion or duplication events, caus
change in the size of a band, may be misinterpreted as a gain or loss of a restriction site/be
example, an insertion event (scenario 5) may add a segment to a restriction fragment incre
size. This would probably be scored as the loss of the smaller fragment and the gain of the
fragment. Thus some of the AFLP data will be non-independent, which violates the assumg
independence amongst characters for phylogenetic analyses (Svebfabrd 997).

Thus, unless the reasons for all the changes between all the taxa are investigated, which
impossible, several changes are scored twice in the data matrix. The importance of this dej
the frequencies of the five scenarios; if 2, 4, or 5 occur at very low frequencies then the am
disruption may be minimal. The mutation in scenarios 2, 4, and 5 that caused the change ir
AFLP profile will be entered twice in the data matrix. Bremer (1991) suggests that these
"overscoring" will be randomly distributed and so should not systematically bias the results,
although she notes that weakly supported groups may be affected. Harris (1999a) indicatec
clustering diagrams based on RAPD data often have long terminal branches and short inte
distances, which also happens in AFLP analysgsTraviset al, 1996; Kardolugt al 1998,
Aggarwalet al 1999). The non-independence of these scenarios may artificially increase th
of internodes, and suggest erroneous relationships. Sweffatd1997) were also unconvinced
by Bremer’s (1991) argument, and suggested that just because something is done inappro
enough times there is no guarantee it will "work out in the end".

The ploidy level of the taxa under investigation may affect the amount of variation observec
Kardoluset al (1998) in their investigation iBolanunrecorded the mean number of polymorpl
bands at each ploidy level. For diploids this was on average 112 polymorphic bands, for tet
142 bands and for hexaploids 159 bands, although the differences between ploidy levels w
statistically tested. The extra bands, if correlated with polyploidy, introduce complications ir
scoring in the data matrix. If these bands are only present in the polyploids then they cannc
scored as missing (0) in the diploid (and the tetraploid if they are hexaploid bands) but have
scored as undetermined (?). The absence or presence of bands in the diploids cannot be d
because the fragment that produces the band is not present in the diploid. This introduces
difficulties when analysing diploids and polyploids in the same analysis.

Miscellaneous data problenBBarkeret al (1999) in their analysis @alixspecies used five

combinations of selective primers. Of these, four primers gave similar clustering patterns, a
combination suggested different patterns. Baekeil (1999) ignored the final combination in th
combined analysis, and speculated that the "discrepancy” related to skew in the distributior
markers and illustrated the importance of testing several primer combinations. However, di
data sets may give significant insights into a problem. There are possibly two explanations
"discrepancy” observed by Barkatral. (1999), both of which illustrate issues pertinent to this
discussion. In the dendrograms for the four primer combinations (Betrkér 1999, their Fig. 3)
the internode distances are small, especially those indicating basal similarities. It is possibl
fifth combination of primers produced a data set with problems such as non-independence
non-homologous fragments, which would introduce bias into the measurement of similarity.

The other second explanation raises another issue concerning the genomic origin of the fre
Mapping studies have illustrated that most AFLP bands are distributed randomly across the



(e.g.Zhuet al 1998), though these studies group all their primer combinations together. It w
be interesting to know if individual primer combinations showed a less random distribution,
some AFLPs appear to be non-randomly distributed (Rouppe van der Voort, 1998). The fift
combination in Barkeet al’s (1999) study may have had a different genetic history to that of
other primer combinations.

Data analysis

Once AFLP profiles have been converted into a data matrix, then they can be analysed in ¢
three ways; similarity, frequency and character measures. Similarity or frequency measure
the binary data matrix into a series of distance measures between taxa. The third method c
uses the data as characters in an analysis. The choice between similarity and frequency m
depends primarily on the number of accessions analysed and the aims of the investigation.
the number of accessions is small (<50) and the analysis is primarily focussed on variation
individuals, similarity measures tend to be used.Beismanret al, 1997; Escaravags al,
1998). For those studies using larger numbers of accessions and with an emphasis on the
between "populations”, frequency measures are generally eigeBdreraet al, 1998; Muluviet
al., 1999). Character-based analyses are an unusual method of analysing AFLP data, exce
studies with an explicit phylogenetic hypothesig(Kardoluset al, 1998).

Similarity measuresSimilarity measures used for AFLP data are: i) the simple matching coe
(SMC; Sneath and Sokal, 1973), which measures the proportion of shared band presence
absences between two AFLP profiles; ii) Jaccard’s coefficient (Jaccard, 1908), which meas
proportion of shared bands; or iii) the Nei and Li coefficient (NL; Nei and Li, 1979), which
measures the probability that a band being amplified in one sample being amplified in anotl
sample. NL also has a biological perspective, the coefficient is an estimate of the proportiol
shared bands shared by two samples because they where inherited from a common ances
1999a).

Lamboy (1994a) suggested that for RAPD data two major groups of error may be identified
positives (a product is present but should be absent) and false negatives (a product that is
should be present). Both groups of error are certainly applicable to AFLP data, although at
level because of the stringency of the AFLP PCR reaction. The other sources of error are
non-homology between co-migrating fragments, which could be classified as false positive,
of complete digestion of genomic DNA and could be scored as either or both false positives
negatives. In addition to these, there is the question of the non-independence of bands on
gel, which are neither false positives nor negatives.

All these sources of error introduce bias into the similarity estimates. Lamboy (1994b) calct
the bias for a range of possible scenarios varying the number of bands, the number of shar
and the percentages of false negatives and positives. If it is assumed that the only source ¢
that of non-homologous bands at a rate of 5% (Rouppe van deref@brt1997) then the bias
values calculated by Lamboy (1994b) range from 0.5% to 40% depending on the number o
detected and the percentage of these that are shared. If Lamboy’s data is applicable to AFI
errors can have the potential to give inaccurate similarity measures, and consequently a lai
on the clustering of taxa. It is particularly a problem when the distance between internodes
as a small change here may alter the way groups cluster.

Frequency measuresike RAPDs and allozymes, AFLPs are used for the assessment of "ge
diversity" within and between species, cultivars and populations. From the frequency of AF
products, the levels and patterns of diversity are calculated. The markers are usually treate



independent and diversities are is calculated using: i) similarity measwyd3ussellet al, 1998);
i) Shannon’s measure.g.Maugharet al, 1996; Zhwet al, 1998); or iii) analysis of molecular
variance (AMOVA, Excoffietet al, 1992;e.g. Traviset al, 1996).

The sources of error are essentially the same for frequency measures, as with similarity me
but with the additional complication of the dominance of the AFLP bands. With dominant lo
variance at a single loci is increased and introduces bias into the frequency measure (Lync
Milligan, 1994), although there are methods to overcome this problem (Lynch and Milligan,
Zhivotovsky, 1999). Clark and Lanigan (1993) enumerated nine strict criteria that RAPD da
satisfy if they were to be used to estimate population genetic parameters. If these criteria a
met then the frequency measure may be biased. Such criteria may also be applied to AFLF
and it is unlikely that all or even a majority of these criteria would be met in an average AFL
study.

Character measureSharacter measures would seem an ideal way of analysing AFLP data.
are easily scored as a discrete binary data matrix, the characters being the AFLP bands an
states either present or absent. The literature indicates that changing this sort of data into €
similarity or frequency measures is undesirable (Swo#b@l., 1997), primarily because charac
measures contain more "information” than distance measures.

Swofford and Olsen (1990) suggest that to be used as character data, characters must be
independent and homologous. AFLPs are variable, but some AFLP bands are non-homolo
non-independent. There is no way in which to identify and remove these non-homologous ¢
non-independent bands from the data matnpxiori; both deficiencies will compromise an
analysis.

The AFLP data, if used as characters, may be analysed using parsimony or maximum likeli
methods. The use of maximum likelihood methods for the analysis of AFLP data is not at p
possible. The maximum likelihood (ML) method would model the processes that cause the
loss of AFLP bands and assign likelihoods or probabilities to these events. A tree would the
constructed that was the most likely, as the ML method does for sequence analysis, where
processes involved with nucleotide change can be modelled accurately (Page and Holmes.
Such investigations have not taken place for AFLP data.

Backeljauet al. (1995) discussed the choice of parsimony model for RAPD analyses, but me
the points are applicable to AFLP analyses. Few analyses of AFLP data have used pagsymc
Kardoluset al (1998), investigating the systematicsSelanum(Solanaceae), implemented
Wagner parsimony, whilst Angiolittet al. (1999) investigating genetic diversity@iea
(Oleaceae) implemented Dollo parsimony. Swoffetrdl (1997) reviewed the different types of
parsimony. Wagner parsimony, one of the simplest, assumes free reversibility of character:
with just two characters means that the loss and gain of AFLP band are assumed to occur
identical rates. However, the two events may not happen with the same probability. An alte
is Dollo parsimony, which allows reversals (band loss), but will allow gains to occur only on
tree. Again this is unrealistic, as the probability of an independent gain of a band is not neg
The unreality of both Wagner and Dollo parsimony to the biological data has been consider
RFLP analysis (Wendel and Albert, 1992). In the case of RFLPs, weighted parsimony has |
implemented (Wendel and Albert, 1992). In this form of parsimony, the different probabilitie
the gain or loss of a site are assigned. With RFLPs, and especially plastid RFLPs, the proc
causing the gain/loss of a restriction site are fairly well understood and this has allowed wo
assign weight to the gain or loss of a sit@, the gain of a site restriction enzyme site is weight
twice as heavily as the loss of a site (Wendel and Albert, 1992).



Although the processes involved in the gain or loss of a AFLP may appear similar to those
RFLPs, there are several features in which these differ. RFLP analyses that use the site oc
method of Bremer (1991) are able to remove non-homologous and non-independent fragm
the matrix (or analyse them separately). The AFLP method amplifies fragments from throuc
the genome [similar to the fragment occurrence analysis of Bremer (1991)] making it impos
"type" the fragments., which leaves non-homologous and non-independent characters in th
Bremer (1991) found that fragment methods were less accurate than other methods. In adc
nature of the amplification, although much more reliable than the RAPD reaction, is not wel
understood, with different patterns found in re-amplifications and "template independent ba
(Voset al, 1995) amongst these factors. Until there is a better understanding of the AFLP r
it seems inappropriate to consider AFLP products as character data in parsimony analyses

Distance Measures and Phylogenetic Reconstruction.

Objections may be raised to the use of AFLP data as character data, and the inapplicability
parsimony methods of phylogenetic reconstruction in these cases. However, more frequent
use of similarity measures to cluster accessions together from which phylogenetic hypothe:
proposed. For example, Sharetaal (1996) used a Nei-Li estimate of similarity and the
neighbourhood-joining method to produce a dendrogram, and their results "supported” the
classifications of.ensbased on other data.

The use and applicability of cluster dendrograms to inference of phylogenies is a debate th
in the Sixties with the introduction of phenetics and the emergence of cladistics and contint
this day, although Page and Holmes (1998) point out that just because a method is pheneti
not mean it is meaningless.

The methods used to construct dendrograms from distance matrices are well undesgtaosé,
1995; Swoffordet al 1997). Using distance measures to construct a dendrogram from AFLP
consists of two steps: i) the conversion of the binary data matrix to a distance matrix; and ii
of the distance matrix and a tree building programme to construct the dendrogram. Tree bu
programmes are simple algorithms and will build a dendrogram regardless of the data qual
use of AFLP distance matrices and phylogenetics is centred on the quality of the data entel
tree-building programmes. As discussed above there are many possible causes of error in
analysis, and these may cause problems with the calculation of genetic distances that adds
uncertainty to the resulting dendrogram.

Microsatellites.

Microsatellites, alternatively known as simple sequence repeats (SSRs), short tandem repe
(STRs) or simple sequence length polymorphisms (SSLPs), are tandem repeats of sequen
generally less than 5 bp in lengéhg.(TG),, or (AAT),, (Bruford and Wayne, 1993). These marl
appear to be hypervariable, in addition to which their co-dominance and reproducibility mal
ideal for genome mapping, as well as for population genetic studies (Dayaehatlah998).

Inter-SSRs are a variant of the RAPD technique, although the higher annealing temperatur
probably means that they are more rigorous than RAPDs. Chloroplast microsatellites (cpS<
similar to nuclear microsatellites but the repeat is usually only ilebgT),, (e.g.Provaret al,

1999).

What are Microsatellites and how are they produced?



Microsatellite variation results from differences in the number of repeat units. These differel
thought to be caused by errors in DNA replication (Moxon and Willis, 1999; Jarne and Lagc
1996); the DNA polymerase "slips" when copying the repeat region, changing the number ¢
repeats (Jarne and Lagoda, 1996). Larger changes in repeat number are though to be the |
processes such as unequal crossing over (Sttaadd 1993). Such differences are detected on
polyacrylamide gels, where repeat lengths migrate different distances according to their siz

Methods for screening and detecting microsatellites are covered extensively elsewhest éCi
1998; Rafalsket al, 1996; Powelkt al, 1995; White and Powell, 1997b; Connetllal, 1998;
Ciaferelliet al 1995; Lenctet al, 1996). The microsatellite protocol is simple, once primers fi
SSRs have been designed. The first stage is a PCR, depending upon the method of detect
the primers is fluorescently or radioactively labelled. The PCR products are separated on a
resolution polyacrylamide gels, and the products detected with a fluorescence detgctor (
automated sequencer) or an X-ray film.

How have microsatellites been used?

Microsatellites, which detect variation at individual loci, have been thought of as the "new
allozymes". Consequently much of their use has been in studies where allozymes have bes
e.g.diversity studiesd.g.Rosetteet al, 1999), gene-flow and mating (Chagel, 1996) systems
and paternity analysis (Stredt al, 1999). Rosettet al (1999) studied the partitioning of variat
within and between populations lelaleuca alternifolia(Myrtaceae) to facilitate the identificati
of genetic resources and assist in the conservation of genetic diversity eCabEE996) studied
the gene-flow and mating patternsRathecellobium elegand.eguminosae) in a forest fragment
Costa Rica, whilst Aldriclet al (1998) analysed the genetic structure and diversity of fragme
populations oSymphonia globuliferéClusiaceae). However, there are few phylogenetic studi
that use microsatellite markers.

Many microsatellite studies appear to be expansions of groups that have been studied usin
biochemical or molecular markers. Rossettal.’s (1999) study on genetic structureMelaleuca
alternifolia is an expansion of Butchet al.’s (1992) allozyme studies, albeit Rossettal. (1999)
used a greater number of individuals and populations. Other studies have taken advantage
high variability of microsatellites to re-study species in which previous methods have found
no variation. For example, little variation has been fourféimus resinosaising allozymes or
RAPDs, but a study using chloroplast microsatellites (cpSSRsegEaht1998), found 23 differe
haplotypes using nine cpSSR loci.

Other studies have assessed cross-species amplification of microsatellite primers. Many in
microsatellite studies have been confined to single taxa; the taxon for which the primers we
developed. The reason for this appears to be due to the perceived inability of microsatellite
to amplify DNA in species other than the one in which they were "typed"; which may be wh!
systematic studies using microsatellites have been published. However, some studies have
that SSR primers may amplify the same SSR region in closely related taxa. For example, V
Powell (1997a) surveyed the Meliaceae, using primers design8wietenia humuli§White and
Powell, 1997b). They were able to amplify DNA from seven of the 11 microsatellite loci in o
Swieteniaspecies, six loci in other genera of the same tribe, and four to six loci in species o
same family. Other examples are Steinkelkteaal. (1997) who described the conservation of
microsatellite loci betwee@uercusspecies (Fagaceae) and Dayanaredah. (1997) who
investigated the conservation of loci in the tribe Ingeae (Leguminosae).

Such cross-species surveys show that it is possible to amplify SSRs from species other the



from used in the primer design. The extent of the cross-species amplification appears to be
correlated with taxonomic distance, and the knowledge that some loci amplify across speci
stimulated some phylogenetic studies. For example, Mhaete#(1997) studied the
relationships between avocad®e(sea americand.auraceae) and wilBerseaspecies, and
presented a phylogenetic tree derived using parsimony. Pevekr{1999) used cpSSRs in a
systematic and population genetic study of the gelmudeum(Poaceae), using a phenetic mea
to construct a phylogenetic tree.

Advantages.

As with AFLPs, the great advantage of microsatellite analysis is the large number of
polymorphisms that the method reveals. One locus in soy#gcirie maXis reported to have 2
alleles (Cregaet al, 1994). Furthermore, the ability of the method to differentiate individuals
when a combination of loci is examined makes the technique very useful for gene-flow
experiments, cultivar identification and paternity analyses (Hokagtsan 1998). Since
microsatellites only survey one loci at a time, they are not directly comparable to AFLPs, fo
example Maughaat al (1998) found that AFLPs produced more polymorphic loci than SSR¢
Comparisons that include microsatellites should be with other single loci markers, such as |
and isozymes. For example, Rossettal (1999) found observed heterozygosity Xifor

Melaleuca alternifoliamicrosatellites to be 0.724, much higher than the value for allozymes |

0.154; Butcheet al, 1992). McCouclet al (1997) compared the number of alleles revealed b
RFLPs and microsatellite loci in ric©(fyzaspp.), and found 2-25 alleles per microsatellite loc
compared with 2-4 alleles per RFLP loci, illustrating the large number of polymorphisms
potentially highlighted by microsatellites.

Unlike AFLPs, microsatellites are co-dominant markers, thus heterozygotes can be readily
identified. Microsatellite co-dominance will increase the efficiency and accuracy of populatic
genetic measures based on these markers compared with other markers, such as AFLPs &
RAPDs. Furthermore, the identity of heterozygotes in thgdReration makes gene-flow,

hybridisation and paternity analyses simpler (Schiétterer and Pemberton, 1994).

Since the method is DNA-based, this brings advantages, such as high-throughput and the
use dried leaf material. In comparison with allozymes, SSRs are thought to be selectively n
which though not essential for phylogenetic studies is one of the assumptions of using marl
many analyses.

Once SSR primers have been identified, screening of material using the technique is fairly
inexpensive. Furthermore, cross-species amplification of SSRs means that identification of
SSR primers may not be necessary in closely related taxa. For example, three sets of micr
primers have been designedvialus domestic§Rosaceae), which yield 35 loci, some of whict
may amplify otheMalustaxa (Guilfordet al, 1997; Gianfranceschkt al, 1998; Hokansost al,
1998).

Problems.

As with the problems associated with AFLPs, those relating to microsatellites may be divide
three broad categories.

Practical.



Screening for SSR&Jnless useful primers have been designed in previous studies, it is nece
screen an organism for microsatellites. There are many different ways of screening, all of ti
practically complex and expensive and may yield only a small number of potential microsat
loci. For example, Kelley and Willis (1998) screened 150,000 plaques with a SSR probe, ar
these 179 positive plaques were sequenced.

"Slippage" This can be a significant problem when analysing mono- and di-nucleotide repei
(Ciofi et al, 1998). During the amplification process the thermopolymerase can "slip”, leadir
the production of differently sized products (Cieffial, 1998) that differ by approximately 1-5
repeat units from the expected product. Such products are usually less intense than the de
product, so in practice can usually be discounted. However, if the products of a heterozygo
individual overlap then it is sometimes difficult to differentiate the true and slippage product
et al, 1998).

Additional practical problemddaberl & Tautz (1999) and Chavarriagfaal (1998) both highlight
a potential problem with SSRs run on automatic sequencing gels and automatically sized.
Tautz (1999) found that the "called" product sizes differed from the exact product sizes, for
example, a real difference between alleles of 18 nucleotides was "called" by the computer «
mean of 16.68 nucleotides. Between AFLP gels, Chavaretagla(1998) found a mean differen:
of 1.04 nucleotides, with a maximum "called" difference of 2.17 nucleotides. Haberl & Taut:
(1999) recommended that exact sizes could only be determined by allele sequencing and
determining "real size" and then using these as internal standards on a gel.

Inaccurate allele identification may also be caused by the tendeffieg pblymerase to add an
adenosine nucleotide to the 3’-end of the amplified product (€i@fi, 1998). The addition is
determined in a template- and marker-specific manner, which may not be a problem if the ¢
nucleotide is always, or never, added. However, errors may occur in size determination if tt
nucleotide is only occasionally added, Snatlal (1995) and Ginoét al (1996) suggest ways of
overcoming this problem.

Data Problems.

Homology This is the greatest problem facing the use of SSRs in phylogenetic analyses.
Microsatellite analyses assume that co-migrating fragments are homologous, whereas ther
a priori reasons to assume this. Furthermore, non-homology can be divided into that which
within the SSR flanking and the SSR repeat regions.

Several studies have sequenced amplified microsatellites to test homology and the mechar
microsatellite mutation (Blanquer-Maumont and Crouau-Roy, 1995; Grimaldi and Crouau-F
1997; Buteleet al, 1999). Blanquer-Maumont and Crouau-Roy (1995) sequenced the
microsatellites they amplified from humans and found variation in the non-repeated flanking
regions. The variation consisted of both point mutations and indels. Point mutations will not
the length of a microsatellite product, but indels will change the length of an amplified prodt
possibly causing the length of the repeat to be misinterpreted. For example, Grimaldi and
Crouau-Roy (1997) sequenced all the alleles from a (@fgeat from humans and found both

point mutations and indels in the amplified fragmerd, they found a 6 bp insertion in the flank
region of the SSR. This mutation could possibly cause a misidentification of the alleles if or
size of the allele was measuredj.a (CA),, allele containing the 6 bp insertion in its flanking

region would co-migrate with a (CAgallele that did not have the insertion (Grimaldi and
Crouau-Roy, 1997).



Buteleret al (1999) characterised microsatellites in diploid and polyploid sweet potgtoesoea
trifida andl. batatas Convolvulaceae), and found "instability” in the microsatellite flanking
regions. The "instability” in the non-repeated flanking regions consisted of both point mutati
indels, and occurred at a higher rate than in humans (Betedér 1999; Calleret al, 1993).
Buteleret al (1999) suggested that caution should be used when relying exclusively on ban
the interpretation of SSR length polymorphisms. Ughal (1998) also detected indels in the
flanking regions oShoreaspecies. (Dipterocarpaceae). However, this contrasts with Steinlet
al. (1997), who in a survey of SSR conservatio@uercusspp., amplified and sequenced 12
microsatellite bands (they do not say which loci the bands were from). Steink¢lig1997)
found all twelve bands to be "truly homologous" to the original microsatellite and flanking
sequences.

Since no large-scale tests of SSR homology have taken place in plants, it is difficult to estir
percentage of bands in a microsatellite survey that are non-homologous. However, on the t
the above examples, there is the potential for a serious problem, and the inclusion of
non-homologous fragments in an analysis is likely to bias the results and break the assumg
phylogenetic analysis.

Ujino et al (1998) point out another homology problem that occurs when analysing compou
repeats. If a SSR with the sequence 5-(GCA(CT)g-3' is considered and a second allele is 2

longer, without sequencing, it is impossible to tell which repeat has increased iresize,
5'-(CT)4CA(CT)g-3' or 5'-(CT), ,CA(CT)y-3". One would expect a greater percentage of

fragments to be non-homologous if the repeat being analysed were compound. This was re
when Ujinoet al (1998) recommended that only simple repeats be used in order to limit errc
genotype identification.

The third and most problematic homology uncertainty is within the repeat unit. That is, whe'
fragments that co-migrate are identical by descent or just identical in state. There is no sim
answer to this issue, and this does not seem to have been generally considered. Assuming
stepwise mutation model (SMM) is a good way of describing the evolution of the SSRs, cor
the case of two (CAy)alleles. The (CAjallele will arise from either from a (CAgllele or (CA)

allele. All accessions with a (CApllele are assumed to be identical by descent, but there are
reasons to assume this. Six possible mutations will increase g #0#¢ to a (CAj allele (see
Figure 2, plus an additional seven "mutations” that would decrease g @lli&le to a (CA) allele.

The problem of homology depends upon the mutation rate of the repeats. If it is low then th
probability that a mutation is unique and similar alleles are identical by descent i¥ib@khersa
if mutation rate is high then the probability increases that two co-migrating alleles are just ic
in state and non-homologous. As far as we can tell this value has not been estimated in ple

reported values for mice and humans are of the order®fl0& (Jarne and Lagoda, 1996), but
these high values are repeated in plants then the likelihood of non-homology from co-migre
alleles is high.

Doyle et al. (1998) measured the homoplasy of chloroplast microsatellites by mapping SSR
onto a phylogeny oBlycinederived from an extensive chloroplast restriction site survey. by
al. (1998) contended that because of homoplasy, sizes (alleles) at microsatellite loci were
markers for the haplotypes identified by Dogteal (1990). CpSSR alleles were not correlated
with the putative phylogenetic position of the accessions surveyed, andddayl|€1998)

concluded that the microsatellite loci did not faithfully represent relationships among the ge



of Glycine

Systematists have discussed the issue of paralogy (identical in state) versus orthology (ide
descent) for long time. Moritz and Hillis (1997) comment that the confusion of paralogous a
orthologous sequences can result in a "a correctly estimated phylogeny for the molecules tl
differs markedly from that of the organisms from which they were sampled", and it is likely t
comparison of paralogous SSR alleles will suffer from the same prabdeam incorrect
organismal phylogeny.

The problem with the use of microsatellites in systematics is likely to be the large number o
non-homologous, co-migrating alleles. Currently, estimates of the percentage of non-homo
alleles have not been made; flanking regions and compound repeats can be tested for non:
by sequencing, but within microsatellite homology can only be assessed theoretically. The
incidence of non-homology can bias similarity, frequency measures and character based n
(Swoffordet al, 1997). As the number and percentage of homoplasious characters increase
does the likelihood of error in the resultant phenetic and phylogenetic trees.

Null Alleles. Mutations in the binding region of one or both of the microsatellite primers may
inhibit annealing that may result in the reduction or loss of the PCR product (€adlett993).
Such products are termed null alleles and are comparable to the null alleles identified by al
in their effects.

Null alleles may be manifested as fewer heterozygotes than expected in a randomly mating
population or by the appearance of "empty" lanes (Morgetrdaé, 1998). That is, in a heterozyg
of two different microsatellite alleles, if one of these alleles cannot be amplified due to prim
annealing difficulties, then the phenotype (on the SSR gel) will appear as a single banded
homozygote. Null alleles are also responsible for mismatches between parent-offspring pai
the offspring do not amplify an allele that is present in the parents (Peméeaigri998). For
example, Rossettet al. (1999) found that foMelaleuca alternifolia observed heterozygosity ws
lower than expected and a significant excess of homozygotes was found, which Rbsdetto
(1999) suggested is the result of null alleles, the Wahlund effect or partial selfing.ealen
(1993) found, that in a survey of (AQicrosatellite markers in humans, that 7 (30%) of the 2

markers surveyed demonstrated the presence of null alleles. €adle(il993) were able to dete
null alleles through the non-inheritance, by a sib, of a parental allele. In plants the number ¢
alleles could be determined through the analysis of progeny arrays.

Rossettet al (1999) argued that since the primers they used were based on homologous p
Melaleuca alternifolianull alleles were less likely. However, Callenal (1993) identified null
alleles using homologous primers. The use of heterologous primers is likely to increase the
incidence of null allele detection. Direct evidence of this is plants is incomplete, but Sirebat
(1998) in a study of the African Buffal®&yncerus caff¢rusing cattle primer$s tauru¥ found
that three loci (from six sampled) significantly differentiated from Hardy-Weinberg equilibriu
due to an excess of homozygotes, this was explained by Simetree(1998) as due to a
combination of null alleles and heterologous primers. When primers were redesigned for th
to make them Buffalo-specific, two out of the three loci were in Hardy-Weinberg equilibrium
However, the frequency of null alleles in cross-species studies in plants is unknown.

Dowling et al (1997) suggest that null alleles will bias the estimation of genotype and allele
frequencies, whilst Lamboy (1994a) has shown that they will bias the estimation of distance
similarity measures. In cross-species studies it is likely that as the taxonomic distances bet
taxa increases then the incidence of null alleles will also increase. Clearly there is a need f



empirical observation in this area.
Analysis problems.

Microsatellite variation may be analysed phylogenetically in two ways: i) presence or abser
alleles as characters, and calculating either distance or using character measures; and ii) a
frequency at loci as characters and calculating distance measures. The coding of allozyme
phylogenetic analyses is very similar, and much of this extensive discussion is relevant to
microsatellites (Buth, 1984; Murphy, 1993; Swoffetdal, 1997).

Presence/AbsencMurphy (1993) argued that the presence/absence method was an invalid
of analysing data since: i) independent losses of "primitive" alleles are considered as
synapomorphies; ii) loci with a greater number of alleles are given a greater weight in tree
reconstruction; iii) unnecessary character conflicts arise when no alleles are shared betwee
ingroup and outgroup; and iv) outgroup polymorphism may result in erroneous hypotheses.
Presence/absence data may be converted into either a pair-wise similarity engtFirof/onet al.,
1999) or analysed as character datg.Mhameeckt al, 1997). Murphy’s (1993) objections will
result in bias when either method is used for estimating relationships, and in the case of pa
methods there is the possibility that less parsimonious relationships may be found. SSRs ir
additional sources of error, through the potential non-homology of the SSR bands and the |
of null alleles.

Allele frequency The calculation of allele frequencies at each locus has not been extensivel
for phylogenetic analyses, partly because of the difficulties in data coding and computing di
(Buth and Murphy, 1999). Part of the discussion of frequency measures is taken up with a
discussion of whether the model of repeat evolution should be the infinite allele or stepwise
mutation model (Jarne and Lagoda, 1996). As might be expected the SMM appears to be ¢
with the observed allele frequencies at SSR loci (Vadtas$, 1993). Di Rienzet al (1994)
suggested a two-phase model, in which the primary changes are single addition or losses ¢
with the occasional rare large change in repeat number. Swofford and Berlocher (1987) de:
method of inferring trees, and Berlocher and Swofford (1997) discuss the practicalities of ut
such a method. Farris (1981, 1985) argues against the use of allele data for phylogenetic
reconstruction, but his arguments are based primarily on the inappropriateness of the analy
Crother (1990) suggests that it is the "nature” of allele frequencies which should prevent th
phylogenetic analyses, and focuses on the opinion that the allele frequencies are not temp«
stable, and so therefore cannot be synapomorphic; furthermore, the effects of non-homolog
null alleles on the derivation of phylogenies unknown.

Conclusions.

No single objection to the use of AFLPs for systematic studies exists, but the weight of
circumstantial evidence cautions against their use. Firstly, the problems of non-homology a
non-independence of the AFLP data have the potential to seriously mis-estimate similarity i
distance, and these two problems cannot be overcome without extensive testing. To which
added the problems of scoring, bias introduced by dominance, reproducibility problems, the
of polyploids, as well as practical problems. There are other methods of inferring phylogeni
which are more rigorous, such as sequencing and plastid RFLPs, and which are no more e
than AFLPs.

The use of SSRs for phylogenetic analyses is also unwarranted. The problem of the potent
non-homology of co-migrating alleles, the presence of null alleles and the lack of any rigorc



method of analysing the resultant data preclude their use in systematic studies. Jarne and |
(1996) conclude their review of SSRs with the comment that microsatellites make very poo
markers for phylogenetic inferences, except for "groups separated by no more than a few tl
generations".

For any problem under investigation it is the nature of the problem that should dictate the n
of analysis, the most modern method may not always be the best or most cost-effective wa
addressing the problem. What is lacking, and is perhaps bringing about the use of AFLPs &
is a marker that can be used consistently below the species level for phylogenetic studiest
al. (1998) discuss this and consider possible solutions. We conclude that neither AFLPs no
microsatellites should be considered for phylogenetic analyses above the species level. AF
SSRs are valuable methods for addressing population genetics and plant breeding issues,
phylogeny reconstruction and taxonomy they are at best problematic and at worst misleadi
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