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et al., 1984; Stanley and Gay, 1983;). In the 16 years since the first MSV genome was
sequenced, substantial advances have been made in our understanding of MSV’s population
diversity, life cycle, evolution, and pathology. There are, however, still major gaps in our
knowledge of this virus. Although the primary focus of this review is MSV, it will also draw

heavily on information gathered on other geminivirus species to bridge some of these gaps.
1.2 GEMINIVIRUS TAXONOMY AND EVOLUTION

There are currently 4 recognised genera within the Geminiviridae (Table 1.1). Besides
substantial phylogenetic support for the existence of these genera (Fig 1.1) they may also be
differentiated from one another based on genome organisation (Fig 1.2), vector specificity and
host range (Fig 1.1). While viruses in the genera Mastrevirus (type member: Maize streak virus),
Curtovirus (type member: Beet curly top virus), and Topocuvirus (type member: Tomato pseudo
curly top virus) all have monopartite (one component) genomes, those in the genus Begomovirus
(type member: Bean golden mosaic virus) have either monopartite or bipartite (two component)
genomes (Pringle, 1999; Rybicki, 2000).

In addition to the two begomovirus genomic components that are currently recognised, it has
recently emerged that there are an array of additional DNAs associated with certain monopartite
begomovirus infections (Fig 1.2; Dry et al., 1997, Mansoor et al., 1999; Saunders and Stanley,
1999; Saunders et al., 2000). While most of these are apparently satellite DNAs (DNA-1 and
DNA-sat; Fig 1.2) that do not appreciably contribute to the survival of their associated
begomovirus (Dry et al., 1997, Mansoor et al., 1999; Saunders and Stanley, 1999), an instance
has been described where an otherwise weakly virulent begomovirus isolate interacts with one of
these DNAs (DNA-; Fig 1.2) to form an extremely severe disease complex (Saunders et al.,
2000).

A general rule among the geminiviruses is that whereas genes encoded on the complementary
virus strand (“C” genes in Fig 1.2) are involved in replication and transcriptional regulation, those
encoded on the virion strand (“V” genes in Fig 1.2) are involved in movement and encapsidation.

While there are differences between the geminivirus genera in the number and arrangement of the
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TABLE 1.1 A selection of geminivirus species for which either full genomic sequences (for monopartite

viruses) or full component A sequences (for bipartite viruses) have been determined

Genus Name Species (Major Genome Size
Strains/Variants)
Mastrevirus Maize streak virus MSV (Ns, Set, Tas) 2684 — 2701
Sugarcane streak virus S8V-Asw 2706
S8V-N 2758
Digitaria streak virus Dsv 2701
Panicum streak virus PanSV (Ken, Kar) 2700 - 2705
Wheat dwarf virus WDV 2749
Chiloris striate mosaic virus CSMV 2750
Miscanthus streak virus MiSV 2672
Bean yellow dwarf virus BeYDV 2561
Tobacco yeliow dwarf virus TYDV 2580
Curtovirus Horseradish cuidy top virus HrCTV 3080
Beet curly top virus BCTV (Cfh, Wor, Cal) 2927 — 2993
Topocuvirus Tomato pseudo-curly top virus TPCTV 2861
Begomovirus Cotton leaf curf virus CLCuV (802a, Okr, 2725 - 2747
PK1) 2750
CLCuV-PK2
Tomalo leaf curt virus TolL.CV-Ban 2744 — 2749
Tol.CV-i 2738
Tol.CV-AU 2766
Tol.CV-TW 2739
ToLCV-PA 2584
Papaya leaf curl virus PalL.CV 2746
Okra yellow vein mosaic virus OYVMV (201, 301) 2738 - 2741
ITmL.CV
Tobacco leaf curl virus ThLCV 2734
Tomalto yellow feaf curl virus TYLCY-TH 2743
TYLCV-Sar (Sic, Es) 27702777
TYLCV-IL (mid) 2787 - 2790
Ageratum yellow vein virus AYVV 2741
Indian cassava mosaic virus ICMV 2815
ChaMy 2787
Althea rosea enation virus AREV 2755
East African cassava mosaic virus EACMV (TZ, UG, CM) 2799 — 2808
South African cassava mosalc virus SACMV
African cassava mosaic virus ACMV 2779
Cowpea golden mosaic virus CPGMV 2728
Abutilon mosaic virus AbMV 2629
Sida golden mosaic virus SIGMV-HO (YV) 2603 - 2612
SiGMV-CR 2605
SIGMV-Flo 2642
Tomato mottle virus ToMoV (Tai) 2597 — 2601
Bean dwarf mosaic virus BDMV 2615
Pepper yellow mosaic virus PYMV (VE,TT) 2582 - 2583
Bean golden mosaic virus BGMV-BR 2617
BGMV-PR 2647
Tomato golden mosaic virus TGMV 2588
Cabbage leaf cur virus Cal.CuV 2583
Pepper golden mosaic virus PepGMY 2613
Squash leaf curl virus Sql.ov 2634
Cotton leaf crumple virus CLCV 2630
Pepper hausteco virus PHV 2631
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al., 1991b), chlorotic leaf areas (Rodier, 1995) and stunting (Isnard er al., 1997) to objectively

quantify the virulence of MSV isolates.

While natural transmission of MSV is mediated exclusively by a number of leafthopper species in
the genus Cicadulina (Storey, 1928), Grimsley et al. (1987) have developed an alternative means
of transmitting MSV using Agrobacterium tumefaciens - mediated transfer of tandemly cloned
complete or partial dimers of MSV replicative forms in binary cloning vectors (called
agroinfectious constructs). This technique, called agroinfection or agroinoculation, enables the
highly efficient and reproducible infection of maize plants with precise concentrations of single

MSV genotypes.

It has been demonstrated that infection rates achieved by injecting plants with agroinfectious
MSV constructs are affected both by the Adgrobacterium species and strain used to deliver
agroinfectious constructs, and by the number of long intergenic regions (LIRs) within the
constructs (Schnippenkoetter, 1998). While agroinfection is potentially a powerful tool for
comparing the virulence of cloned viruses, it is essential that differences in symptoms can be

wholly attributed to differences between the virus genomes being compared.

In this chapter a technique for accurately and objectively evaluating the MSV resistance of maize
genotypes is described and modifications are investigated that enable the technique to be used for
comparing the relative virulence of cloned MSV isolates. Also described are the potential effects
that cloning vector sequences can have on the apparent virulence of agroinfectious MSV clones.
The technique uses agroinoculation to transmit specific virus isolates and measurements of
chlorotic leaf areas, stunting and infection rates, to allow rapid differentiation between the relative
MSYV resistance of maize genotypes with a degree of resolution and objectivity not attainable with

currently employed resistance evaluation techniques.
3.2 METHODS AND MATERIALS
3.2.1 Maize Genotypes and Virus Strains

Seed of the inbred maize lines, Z391, Z446, 7459, Z470, Z471, and Z491, was supplied by Dr K.
Pixley (CIMMYT, Harare, Zimbabwe). Seed of the inbred lines P608, P612, CML204, Mol7,







































Chapter 3: Evaluation of MSV Pathogenicity in Maize 77

maize genotypes. In this regard the technique could prove invaluable for the analysis of both
marginal and extreme degrees of MSV resistance in interesting lines obtained using conventional
screening approaches. While in Chapter 4 a modified version of the technique is used to assess
the virulence of an extensive range of African streak virus isolates, in Chapter 5 it is used to

analyse MSV pathogenicity determinants in a group of chimeric MSV constructs.
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TABLE 4.1 Cont.

83

Isolate Name Isplated from Region Typed by’ Straingpuee Reference
East Africa
MSV-Kar Zea mays Kenya R Ay This Study
M8EV-Ken Zea mays Kenya s A, Howell, 1984
MSV.-Ker Zea mays Kenya R A, This Study
MSV-Kia Zea mays Kenya R A, This Study
MSV-Kit Zea mays Kenya R Ay This Study
MSV-Man Zea mays Kenya R A, This Study
MSV-Mit Zea mays Kenya R A This Study
MSV-Mom Zea mays Kenya S B This Study
MSV-MtkA Zea mays Kenya S Ay This Study
MSV-MIKB Zea mays Kenya R A, Willment, 1899
MSV-Mug Zea mays Kenya R A, This Study
MEV-Nju Zea mays Kenya R A, This Study
MSV-Oyu Zea mays Kenya R A, This Study
M8V-8Sag Zea mays Kenya s A, This Study
MSV-Jam Digitaria sp. Kenva s B This Study
MSV-JamB Digitaria sp. Kenya R B This Study
MEV-JamC Digitaria sp. Kenva R B This Study
MSV-JamE Digitaria sp. Kenvya R B This Study
MSV-MulA Zea mays Malawi R A, This Study
MSV-MuiB Zea mays Malawi R A, This Study
MSV-MulC Zea mays Malawi R A, This Study
MSV-NkhA Zea mays Malawi R A, This Study
MSV-NkhB Zea mays Malawi R A, This Study
MS8V-UJ Zea mays Uganda R/IPS A, Briddon ef /., 1984
M8V-Zai Zea mays Zaire P Ay Briddon ef a/., 1884
West Africa
MSV-Cam Zea mays Cameroon R A, This Study
MSV-GA Zea mays Ghana R/PS A, Briddon ef al., 1994
MSV-GB Zea mays Ghana RIPS A, Briddon ef al., 1984
MSV-Ns Zea mays Nigeria ] Ay Mullineaux et a/.,1984
MSV-NB Zea mays Nigeria R/PS A, Briddon ef al., 1984
MSV-NC Coix lacryma Nigeria R/IPS A, Briddon et af., 1984
Indian Ocean Islands
M8V-Reu Zea mays La Réunion s Ag Peterschmitt et af., 1896
MSV-R2 Zea mays La Réunion 8 Ay iIsnard ef a/., 1988
MSV-RB Zea mays La Réunion R/PS Ag Briddon et al., 1884
MSV-Mau Zea mays Mauritius R/PS Ag Briddon ef al., 1984

*Typing by RFLP analysis (R), partial sequencing (PS), or full genome sequencing (S)
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While it is possible that certain isolates typed by the PCR-RFLP technique may have been
misclassified due to chance correspondence of their RFLPs with those of a fully sequenced
member of a MSV-A subtype, only a small proportion of these fully or partially sequenced MSV-
A isolates examined using the technique would have either been assigned to an incorrect subtype
(1/26) or been unclassifiable (2/26) had a portion of their sequence not also been known. Based
on the RFLPs, MSV-U would have been assigned to MSV-A, whereas its CP and SIR sequence
indicates it is actually an A, isolate. Because MSV-GB and MSV-NB differed by at least two
RFLPs from those of the representative MSV-A subtype sequences, they would have been
unclassifiable had their CP and SIR sequences not been known.

4.3.2 Geographical and Host Distribution of MSV Strains and Subtypes

MSV-B was both the only detectable strain found in cultivated species such as wheat and rye, and
the most commonly detected strain in wild grasses (70%; Fig . 4.4). Although strain B viruses
were also detected in maize, they represented only 3% of all isolates detected in this host.
Whereas MSV-A subtypes accounted for 16% of the isolates detected amongst wild grasses (not
one was from wheat or rye), strain C, D, and E viruses are apparently quite rare and collectively

comprised only 12% of isolates obtained from non-maize hosts.

The overwhelming majority of MSVs obtained from maize were strain A isolates (Fig 4.4). There
appear to be substantial differences in the subtype composition of the MSV-A populations
infecting maize in different parts of Africa (Fig 4.4). While subtype A, isolates occur throughout
Africa from Nigeria to South Africa, subtype A,, A, and A, MSVs are apparently restricted to
Western, Eastern, and Southern Africa, respectively (Fig 4.4). Only subtype A, isolates have been
detected in MSV- infected maize on the Indian Ocean islands of La Réunion and Mauritius

(Briddon et al., 1994) and no MSV-A, isolates have yet been detected on the African continent.
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1989; Hofer et al., 1992; Horvath et al., 1998; Koonin and Ilyina; Liu et al., 1997; Xie et al.,
1995, 1999).

There were a few minor differences in potentially important sequence elements between certain of
the sequences determined in this study and those published elsewhere. Most of these differences
occur within sequences of the LIR that are involved in (+) strand replication and transcription of

virion and complementary sense (V- and C-sense, respectively) genes.

The nucleotide sequence of the stem portion of the stem-loop structure at the (+) strand origin of
replication varies slightly between the different MSV strains. The most notable variation is that
the strain B isolates (MSV-Mom and MSV-Jam) contain a single nucleotide mismatch that may
slightly destabilise the stem-loop structure. The mismatch has apparently resulted froma C to T
substitution 5 nucleotides from the base of the stem downstream from the origin of replication
(CGCGCCTTCTTTTCCTGC for MSV-A isolates to CGCGCCTTCTTTTICTGC for MSV-B
isolates; underlined sequence; Fig D.1). The most variable region of the stem is the A/T rich
sequence between 6 and 12 nucleotides from its base (bold sequence above). In both MSV-Raw
and MSV-Pat (Strain D and E isolates, respectively), single nucleotides have been deleted (at
different positions in each of the viruses) within these sequences in both strands of the stem. Two
paired nucleotide substitutions in MSV-Set (a strain C isolate) and one paired substitution in
MSV-Raw have also occurred within this A/T rich sequence on both sides of the stem. The stem
sequence of MSV-Raw also contains one unpaired nucleotide immediately downstream from the

AC residues at the origin of (+) strand replication.

While the iterated stem sequence (called an iteron) that has been found to occur between the stem
loop and RepA start codon in all mastreviruses (Arguello Astorga et al., 1994a) is eight
nucleotides long in the MSV-A,-B and E isolates, it is only six nucleotides long in MSV-Set (an
MSV-C isolate; Schnippenkoetter, 1998) and MSV-Raw (an MSV-D isolate). Because of the
nucleotide mismatch at the top of the stem sequence in MSV-Raw, the direct repeat of the iteron is
not completed in the stem downstream from the (+) strand origin whereas the inverted repeat

extends one nucleotide into the loop.
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While too few MSV-B, -C, -D and -E isolates were analysed to determine the geographical
distribution of subtypes within these strains, enough MSV-A samples were characterised to obtain
a picture of subtype distributions in different parts of Africa. The six MSV-A subtypes each
displayed varying degrees of geographical localisation. Two of the subtypes, MSV-A, and MSV-
A; have a wide distribution with both being found in Eastern and Southemn Africa and MSV-A,
also being found in West Africa, Currently MSV-A,;, MSV-A,, and MSV-A, isolates have only
been detected in West Africa, East Africa, and Southern Africa, respectively. MSV-A, isolates

have only been found on the Indian Ocean islands of Mauritius and La Réunion.

There were potentially important differences between the virulence of different MSV-A subtypes
in maize (Fig 4.8). The degree of symptom severity produced by MSV-4,, -A,, and -A; isolates
was significantly greater than that produced by the MSV-A,, -A,, and -A, isolates. The wider
distribution of MSV-A, and MSV-A relative to that of other MSV-A subtypes is possibly related
to their greater virulence in maize. MSV-A, and ’MSV»A5 collectively comprise 44% and 81% of
the MSV isolates detected in streak-infected maize in Southern and East Africa, respectively.
Despite only 5 samples from West Africa having been analysed, MSV-A, has also been detected
in this region and is, together with MSV-A,, likely to be one of the dominant subtypes found
there. Because the virulence of the only MSV-A, isolate analysed during this study is equivalent
to that of the MSV-A, isolates, it might be interesting to determine the prevalence of these isolates
in West Africa over time using substantially larger sample sizes. The relative virulence of other
MSV-A, isolates should, however, first be determined to ensure that MSV-Ns is not merely an
exceptionally virulent MSV-A, variant. Also, if greater virulence is determined to be a
prerequisite of wider distribution, it may be important to determine why MSV-A, isolates have

only been identified in West Africa.

The virulence of all non MSV-A isolates tested appears to be correlated with the degree of
nucleotide sequence identity they share with MSV-A isolates. Therefore while MSV-B isolates
which share ~ 89% nucleotide sequence identity with MSV-A isolates are on average more
virulent in maize than MSV-C, -D, and -E isolates that share only ~80% nucleotide sequence
identity with MSV-A, all MSV isolates are more virulent than the other African streak virus
isolates that share ~65% nucleotide sequence identity with MSV-A (Fig 4.8). Whereas virtually
every MSV isolate detected to date has been obtained from either cultivated or wild annual grass

species, with the exception of SSV-Mil (Briddon, 1996b), every non-MSV African streak virus
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ABSTRACT

A senies of agroinfectious chimaeric Maize streak virus (MSV) genomes were constructed from
four differentially virulent isolates in order to identify genomic regions that are important in
determining the pathogenicity of MSV in maize. This involved reciprocally exchanging
combinations of genes and intergenic regions between a highly virulent MSV isolate (MSV-
MatA) and three less virulent MSV isolates (MSV-Kom, MSV-R2 and MSV-VW). The
pathogenicity of chimaeras was analysed in differentially MSV-resistant maize genotypes. In
total, 54 chimaeric genomes were constructed and analysed. Relative to the parental isolates used
in their construction, chimaeras had either increased, unchanged or reduced virulence. Whereas
none of the chimaeras was more pathogenic than MSV-MatA, many were more pathogenic than
the less virulent isolates from which most of their sequences had been derived. Chimaeras with
elevated virulence contained the MSV-MatA movement protein gene (MP) alone, the MSV-MatA
MP and coat protein gene (CP) together, the MSV-MatA long intergenic region {LIR) alone, or
the MSV-MatA MP,CP, and LIR together. The degree of nucleotide sequence identity between
MSV-MatA and the less virulent isolates appeared to be a major factor determining the
pathgenicity of the chimaeras. Of the less virulent isolates included in this study, MSV-VW
shares the least nucleotide sequence identity with MSV-MatA and every genomic region
exchanged between these isolates had a significant impact on the pathogenicity of the resulting
chimaeras. Evidence was found of extensive interactions between both coding and intergenic
regions. These interactions may aid in explaining the pattern of recombination observed in

natural MSV recombinants.

5.1 INTRODUCTION

When investigating the relationships between the genotypes of pathogens and the severity of the
disease phenotypes they induce in suitable hosts, attempts are often made to identify virulence
determinants which are present in highly pathogenic isolates but absent from attenuated or milder
forms. For cellular pathogens and viruses with large, complex genomes these pathogenicity
determinants are often entire genes which can be deactivated or removed without having any
effect on their viability other than to reduce their capacity to cause disease. For a simple virus
such as MSV, however, removal or deactivation of any of its genes completely prevents it from

groducing systemic infections in host plants (Boulton er al., 1989%a; Lazarowitz ef al., 1989).
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grayscale image consists of rows and columns of pixels, each with a gray value between 0 and
255. Pixels with a value of 0 are black and pixels with a value of 255 are white. The image
analysis technique used by Image09 is called pixel thresholding in that all pixels that have less
than a certain gray value (say 50) may be considered black enough to be part of the background
whereas pixels that have greater than a certain gray value (say 100) may be considered part of
chlorotic lesions. Pixels in-between these threshold values will then be considered part of

healthy leaf areas.
B.3 SETTING ANALYSIS OPTIONS

There are two possible ways in which the program can automatically set the two threshold values

required to partition an image into background, healthy leaf areas, and chlorotic leaf areas. The

program can also be forced to use threshold values specified by a user. The thresholding method
used by the program can be set by pressing the “Analysis Options” button in the command

button panel (Fig B.1 - E).

1. Manual thresholding: When an image is loaded the program always uses the pixel threshold
values speciefied by the user. You can change the set threshold values that the program will
automaﬁcally use once you select this option.

2. Enable automatic thresholding without a step-wedge: When an image is loaded the program
evaluates the pixel gray level frequencies within the image and attempts to identify a large
dark group of what it assumes to be background pixels, a smaller, lighter group of what 1t
supposes to be healthy leaf area pixels and a much smaller group of lightly coloured pixels
which it identifies as chlorotic leaf area pixels.

3. Enable automatic thresholding with a step-wedge: This is the program’s default setting.
When an image is loaded the program scans the image for the presence of a rectangular
collection of pixels with a colour value of 255. These pixels are taken to represent the “pure
white” segment of a graded grayscale internal shading control or “step-wedge” (Fig B.2 - B).
The program then attempts to calculate the average grayscale values in the individual steps of
the step wedge and, based on user defined settings, equates the gray value of particular steps
with background/healthy leaf area (Fig B.2 - C) and healthy leaf area/diseased leaf area (Fig
B.2 - D) threshold values. To determine which steps of the step wedge should be considered
representative of healthy leaf areas and which should be representative of chlorotic leaf areas
you will need to run some trials where you: (1) manually set the threshold values and get

good separation of healthy/chlorotic leaf areas and background/healthy leaf areas and (2)
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differentiation between colours — there is only differentiation between shades — an identical
shade of red and green will appear as the same shade of gray in an image. To analyse symptoms
that disappear when an image is captured it will be necessary to use a colour filter on the lens of
the image capture device. Match the filter you use to the colour of the disease symptom you are
analysing — ie a red filter for reddish-brown symptoms, a yellow filter for chlorotic symptoms

efc.
B.6.2 It is impossible to get single optimum threshold values for an entire image

If different parts of an image seem to require different optimum threshold values you may have
to examine how you are lighting your specimens during image capture. ~ All pixel thresholding
image analysis techniques are extremely sensitive to errors caused uneven specimen lighting,
Top lighting with a fluorescent ring lamp is probably the best way to illuminate specimens.
Parallel fluorescent tubes at equal distances and angles on either side of the specimens is also a
good option. Another cause of this problem could be the digital camera that is being used to
capture images. Each individual pixel colour value captured in any particular part of an image
should independently represent a cormresponding fragment of a scene being captured.
Unfortunately the colour values of each pixel are never completely independent of the colour
values of the pixels that surround them. Depending on the camera used to capture an image, any
individual pixel’s colour will be influenced by that of pixels up to 50 or more pixel lengths away.
The distance of this influence is directly related to the quality of the camera used to capture
images. Better cameras minimise this influence. When analysing chlorotic symptoms on leaves
this effect manifests itself when the background surrounding leaves with bright chlorotic
symptoms is brighter than the background surrounding leaves with no symptoms. The result is
that leaves with bright symptoms appear to require a lower healthy/background threshold values

than leaves that are symptomless.

B.6.3 Software crashes/file incompatibility

While Image09 in my hands is relatively stable (I've corrected all the bugs that I've encountered
during its use), I can not vouch for its stability in the hands of others. Also, while I am able to
load all 8-bit “.bmp” files described in the Microsoft “.bmp” file format descriptions, I can not be

certain that the formatting of files produced by other programs (or even versions of the software
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that I use but am unfamiliar with) will work with Image09. Should you encounter any technical

problems with the software I would really appreciate you telling me at darren@molbiol.uct.ac.za.

I can only fix the problems that I am aware of and I promise to sort them out as quickly as my

programming skills allow.
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Once an individual recombinant region has been selected there is an option to save all the
sequences in the alignment within this region for supplementary analysis (Fig C.3 - F).
Sequences are saved both individually and in DNAMAN.msd format. All sequences are saved in

the same directory as the RDP.exe file.

C.6 SAVING RESULTS

Analysis results can be saved in one of two different formats. Saving results to an RDP project
file (a file with a “.rdp” extension) enables an analysis to be reloaded at a later date for further
scrutiny. Saving results to a text file allows raw data to be scrutinised using a spreadsheet
program. The data written to the text file is unfiltered and will contain some redundancy, as all
significant evidence of recombination (even that obtained using sub-optimal parents) will be
saved. For the different fields of the text file to be read correctly by a spreadsheet program (such
as Excel) you will need to specify when loading the file that columns are delimited by TABS.

(note that for versions before version 1.07 the columns were delimited by spaces).

C.7 SUPPLEMENTARY ANALYSIS

It is recommended that once a recombinant region has been identified and appears to represent
evidence of a genuine recombination event, this region in all the sequences in the alignment be
saved to disk for further phylogenetic analysis by pressing the “Save” button in the schematic
sequence display panel (Fig C.3 - F). The sequences are saved to a sub-directory within the RDP
~ start-up directory that has the name of the selected recombinant and the nt positions of the
potential breakpoints. It is recommended that these sequences be realigned and then subjected to
phylogenetic analysis using the phylogenetic analysis software of your choice. The definitive
evidence for recombination will be movement of the recombinant sequence from its usual branch

in a tree to another branch with significant bootstrap support.
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C.8 POSSIBLE PROBLEMS
C.8.1 Poor Alignments

Badly aligned sequences (ie a group of 10 sequences with more than 1000bp’s that has been
aligned in under 10 minutes on a P166) will probably result in incorrect identification of
recombinants. Carrying out the recommended supplementary analysis should identify such

€ITOTS.
C.8.2 Recombinant Spacer/Reference Sequences

If sequences that are used as references for phylogenetic significance during the analysis were
themselves recombinant, the software may incorrectly identify parental and daughter sequences.
The software will, however, still identify the correct region in which recombination has
occurred. This error can be detected if the supposedly recombinant sequence is in the same tree
position regardless of which part of the sequence has been used to draw the tree. Looking for
changes in the tree position of one or a group of reference sequences will identify the
recombinant reference sequence. In certain instances this “indirect” evidence for recombination
in the reference sequence may be the only evidence the software is able to find that the reference
sequence is recombinant (ie it will not be able to give any probability measures, descriptions of
parents and precise break-points). Carrying out the recommended supplementary analysis will
be the only means of certifying whether sequences identified in this way are recombinant. Since
version 1.07 I have included a checking routine to detect incorrectly identified daughter
sequences. The software now gives a waming if there is a fair likelihood that the daughter
indicated is not the correct daughter. The routine is, however, not infallible and incorrect
identification of daughter sequences is still possible. If you notice that results obtained with the
same analysis setting using versions of the program before 1.07 differ slightly from those
obtained with versions after 1.07, it is highly likely that the software has now correctly identified

daughter sequences that it had formerly misidentified as one of the parental sequences.
C.8.3 Adjacent Recombinant Regions of Different Origin

When drawing trees and saving recombinant regions, the software now has the capacity to

separately deal with directly adjacent regions of sequence that have originated from different
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