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Chapter 3

Evolutionary dynamics of multi-locus microsatellite arrangements in the genome of
the butterfly Bicyclus anynana, with implications for other Lepidoptera.'

Arjén E. van’t Hof
Paul M. Brakefield
Ilik J. Saccheri
Bas J. Zwaan

ABSTRACT

The sequences flanking microsatellites isolated from the butterfly Bicyclus anynana
display high levels of similarity amongst different loci. We examined sequence data
for evidence of the two mechanisms most likely to generate these similarities, namely
recombination mediated events, such as unequal crossing over or gene conversion,
and through transposition of Mobile Elements (ME). Many sequences contained
tandemly arranged microsatellites, lending support to recombination as the
multiplication mechanism. There is, however, also support for ME-mediated
multiplication of microsatellites and their flanking sequences. Homology with a
known Lepidopteran ME was found in B. anmynana microsatellite regions, and
polymorphic microsatellite markers with partial similarities in their flanking
sequences were passed on to the next generation independently, indicating that they
are not linked. Therefore, the rise of these similarities appears to be mediated through
both processes, either as an interaction between the two, or by each being responsible
for part of the observations. A large proportion of microsatellites embedded in
repetitive DNA is representative for most studied butterflies and moths, and a BLAST
survey of the B. anynana sequences revealed four short microsatellite-associated
sequences that were present in many species of Lepidoptera. The similarities usually
start to deviate beyond these sequences, which suggests that they define the extremes
of a repeated unit. Further study of these conserved sequences may help to understand
the mechanism underlying the multiplication events, and answer the question of why
these redundancies are predominantly found in this insect group.

" This chapter was published in Heredity 2007 volume 98, pp 320-328. Appendix 3.11 contains post-
publication information which convincingly demonstrates that one of the multi-locus microsatellites
has a viral origin that was presumably horizontally transferred from parasitic wasps.
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INTRODUCTION

Microsatellites, consisting of tandemly repeated units of 2-6 bp, have proved to be one
of the most versatile molecular markers available due to their high level of repeat
number variation and widespread distribution in eukaryotic genomes. The classical
model for their evolution proposes that the initial repeated motif seed arises through
random base substitution, followed by stepwise mutation through replication slippage
(reviewed in (ELLEGREN 2004). However, the expanding microsatellite database,
particularly from Lepidoptera, suggests that other mechanisms play an important role
in the genesis of microsatellites.

In Lepidoptera, microsatellites and their flanking sequences often possess features
which are uncommon in most other taxa. These features have impeded development
of microsatellite markers, as illustrated by the relative paucity of lepidopteran
microsatellites described in the literature (NEVE and MEGLECZ 2000); Appendix 3.1).

Only recently has the collective set of observations been recognized as a genetic
phenomenon in itself rather than being treated as a methodological nuisance for
obtaining an acceptable number of markers (MEGLECZ et al. 2004; ZHANG 2004). The
four major features of Lepidopteran microsatellites that have been suggested as
possible causes of these low yields of markers are: (i) low genomic frequency of
microsatellites, (i) low proportions of polymorphic vs. monomorphic markers, (iii)
unstable flanking sequences interfering with PCR amplification, and (iv) multiple
occurrences of similar flanking sequences. The following sections treat these reported
features in turn.

(i) Frequencies of microsatellites in Lepidoptera have been described in
Parnassius mnemosyne and Bombyx mori (MEGLECZ and SOLIGNAC 1998; PRASAD et
al. 2005; REDDY et al. 1999). These show an average CA-repeat occurrence every
97kb in P. mnemosyne and 40kb in B. mori, which is larger than the interval found in
most other taxa, but not unusual, and not nearly enough to explain the differences in
yields with other (insect) groups (NEVE and MEGLECZ 2000). Moreover, enrichment
techniques used in the more recent studies did not substantially improve genetic
marker yields, implying that the relative scarcity of microsatellites is not the primary
cause for the poor results.

(if) Where specified, the proportion of monomorphic loci is usually low in
Lepidoptera, and never high enough to explain the low number of discriminating
markers as can be seen in Appendix 3.1.

(iii) Heterozygote deficiency has been reported in a large proportion of markers in
most Lepidoptera studies (Appendix 3.1). This is primarily caused by the frequent
occurrence of null alleles (CASSEL 2002; JIGGINS et al. 2005; VAN’T HOF et al. 2005).
There is substantial evidence that many null alleles in Lepidoptera are caused either
by mutations in primer binding sites resulting in unsuccessful PCR, or by indels that
produce alleles with PCR fragment sizes which fall outside the standard detection
range (FLANAGAN et al. 2002; JIGGINS et al. 2005; KEYGHOBADI et al. 1999; PALO et
al. 1995; REDDY et al. 1999). Therefore, this relatively high flanking sequence
variability, that manifests itself as null alleles, is in part responsible for the low yields.

(iv) The primary cause of the difficulties in obtaining markers, however, is not that
flanking sequences differ too much for successful amplification as described above,
but rather that these sequences at more than one locus are too much alike. This usually
results in more than two different distinguishable PCR products, causing
uninterpretable banding patterns (ANTHONY ef al. 2001; BOGDANOWICZ et al. 1997; Ji
et al. 2003; PALO et al. 1995; WILLIAMS ef al. 2002). Our own data, based on several
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microsatellite-enriched libraries of the Afrotropical butterfly, Bicyclus anynana
(Satyridae), are consistent with such unusual microsatellite characteristics. Thus, we
found that most sequences surrounding microsatellites show similarities. Of these, we
found those with similar sequences on both sides of the microsatellite and those where
only one flank matches other sequences. These two categories of flanking sequence
similarity have been named symmetrical and asymmetrical respectively by (MEGLECZ
et al. 2004) after finding analogous structures in two other butterfly species.

The present study focuses on the origins of the multiplications that have led to
these multi-copy sequences, and on why this process is so widespread in Lepidoptera.
We first consider the possibility that asymmetrical sequences might in fact be
artifacts, representing chimeric PCR products formed during the enrichment PCR step
(PAABO et al. 1990).

Secondly, we focus on the mechanisms through which multi-copy DNA arises and
how they are involved in B. anynana microsatellites. The two main pathways are by
means of transposition of Mobile Elements (ME’s) and by recombination. We
surveyed the dataset for tandemly repeated patterns as would be the case after unequal
crossing over or gene conversion, and also screened it for ME characteristics such as
direct- or inverted repeats and for similarities with sequence data for known ME’s.
Furthermore, we examined whether the microsatellites co-migrate within their
surrounding sequences or whether they were formed from proto-microsatellites after
the multiplication event, as is the case in mini-me’s in Drosophila (WILDER and
HOLLOCHER 2001), primate Alu elements (ARCOT et al. 1995), and in introns of
human and desert locust (Schistocerca gregaria) FABP genes (WU et al. 2001).

Finally, we consider our data in a broader perspective by making comparisons to
other species with a particular emphasis on the Lepidoptera. We thus aim to find clues
about a unitary mechanism, and to find out why these phenomena are mainly reported
from butterflies and moths.

MATERIALS AND METHODS

DNA extraction, library construction and sequencing

The source material for all analyzed sequences is DNA extracted from thorax and
head of a single butterfly using a standard Phenol-CIA protocol as described in
(VAN’T HOF et al. 2005). A female was used to incorporate both the W and Z
chromosomes. Enrichment for CA, GA, AAT, ATG, GAA and TACA motifs was
performed by Genetic Identification Services (GIS, http://www.genetic-id-
services.com; Chatsworth, CA, USA) using Hind III restriction and adapters, and a
single round of enrichment with biotinylated microsatellite sequences as capture
molecules. Positive DNA fragments of 350-700 were cloned in pUC19. The libraries
were transformed into JIM109 (Promega, Madison, WI, USA), followed by blue-white
screening. Positive clones were grown in 200 ul LB with 100 pg/ml ampicillin and
miniprepped using the Qiaprep spin miniprep kit (Qiagen, Hilden, Germany).
Sequencing was outsourced to commercial facilities. The numbers of sequenced
clones per library are given in Table 3.1.

Detection of intra-specific similarities

Similarities within this dataset were detected by comparing the sequences from all
libraries with each other by means of ‘all against all’ standalone Nucleotide-
nucleotide BLAST (BLASTN) (ALTSCHUL et al. 1997) and then manually fine-
aligning where needed using BIOEDIT (HALL 1999). The length threshold for
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considering sequence homologues was set to 40 bp. Shorter homologies with
adjoining microsatellites that were omitted by BLASTN due to their repetitive nature
were included.

Detection of inter-specific homologies

Homologies between our data and sequences submitted to GenBank were surveyed
with online BLASTN using default settings. Distinction between hits that occur by
chance and true ‘common origin’ data is not fully represented in the ‘Blast Score’
since it does not compensate for the differences in available sequences per species.
Therefore, we used a threshold of 50 to include hits from large scale genome surveys,
and a threshold of 40 for species with under-represented sequence data resources. The
hits matching these criteria were then manually realigned with BIOEDIT for two
reasons. First of all, repeat structures are not included in the BLASTN output whereas
the detected match often continued into a shared microsatellite or even beyond, and
secondly, many obvious homologies surrounding the returned sequence match were
not reported by BLASTN.

Sequence regions that were reported from multiple species were aligned with
BIOEDIT to construct a consensus sequence. Subsequently, this sequence was re-
analyzed with online BLASTN, followed by an update of the consensus based on the
additional hits. This process was repeated until no more new hits occurred.

Experiment I: Confirming the presence of specific sequences in genomic DNA

To test whether the different combinations of flanking sequences were an artifact
caused by enrichment procedures, or in fact occur in the observed association in the
butterfly genome, we designed primers with OLIGO version 6 (RYCHLIK 2000) to
amplify 15 different combinations of symmetrical and asymmetrical sequence clusters
in the ATG library. Product was detected with ethidium bromide-stained 1% agarose
gel. PCR was performed in 10 pl, containing 5pl 2xReddymix 1.5 (Abgene,
Portsmouth, NH, USA), 0.33 uM of each primer, with 1pl 2" elution DNeasy-tissue
(Qiagen) extracted thorax as template. Thermal cycle was: 3 min. @ 95°C; 30 cycles
of 30 sec. 94°C, 30 sec. T,, 45 sec. 72°C; followed by 30 min. @ 72°C. T, was 50°C
for all but primer-pair 9 (BA-ATG244), where T, = 47°C. The primer sequences are
listed in Appendix 3.2.

Experiment II: Exploration of the spatial organization of common sequences
PCR primers were designed with an outward orientation instead of inward on both
ends of the cloned insert (i.e. primers amplifying away from the microsatellite instead
of towards it, as in inverse PCR). They were based on the consensus sequences of six
symmetrical (microsatellite flanking sequence) groups (AAT group 1, ATG group 2A
upstr.A-dstr.A, ATG group 2B upstr.F-dstr.A, CA groups 1, 2 & 3). This arrangement
of primers will only result in amplification if the complementary primer is within
range (see Fig. 3.1). PCR was performed as in experiment I, but with a 55°C T, for
ATG group 2A upstr.A-dstr.A, which is 5 °C above the advised T, to reduce the
chance of non-specific priming. Amplification products were detected with ethidium
bromide-stained 1% agarose gel. The primer sequences are given in Appendix 3.3.

27



A forward

microsatellite reverse

B —
C — — — —
%—} b d
v
PCR Product PCR Product
D — =

Figure 3.1 Response of PCR amplification to different microsatellite-flank
arrangements. A: Example of normal microsatellite primer design with a forward and
a reverse primer on either side of the repeat, initiating polymerization directed
towards each other. B: Primer design for this particular experiment with primers
oriented away from the microsatellite and more importantly, away from each other. C
& D: The two possible scenarios; C: Tandem arrangement with a relatively short
distance between the units, resulting in exponential amplification, or D: No tandem
arrangement, or large repeat units with too distant primer recognition sites for
successful amplification.

A band of approximately 275bp that consisted of two merged amplicons produced
with the ATG group 2A upstr.A-dstr.A primer combination was excised and purified
with Qiaquick gel extraction kit and inserted into a cloning vector using the pGEM-T
system (Promega). Transformation, cloning and sequencing was performed as
described above for the enriched library.

RESULTS

Sequence similarities within the B. anynana libraries

Most sequences from the B. anynana enriched libraries showed typical Lepidopteran
microsatellite characteristics, such as symmetrical and asymmetrical flanking regions
surrounding the repeat structure. These multi-copy sequences were found in all of the
six libraries and their details are summarized in Table 3.1. The standalone ‘all against
all’ BLASTN revealed that sequences are not only associated within the different
enriched libraries, but also frequently between them. Compound microsatellites
selected by multiple enrichment probes make up just a small fraction of these intra-
library links. The proportion of clones that show no similarity is 80 out of 289, which
is an overestimate, since large numbers of redundant clones were filtered out before
sequencing (VAN’T HOF et al. 2005). Sequence data have been deposited with the
EMBL/GenBank Data Libraries under accession nos. AY785060, AY785062,
AY785064, AY785071, AY785080, AY785081, DQ225274-DQ225304, EF114667-
EF1146609.
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Table 3.1 Properties of the sequences extracted from the six enriched libraries.

‘S.C.’” stands for Single Copy, ‘M.C.’ for Multi Copy. For the three different M.C.
classes, the numbers of homologous groups are given for the intra-library homologies
‘# of groups)’. The category ‘M.C. microsat’ is composed of symmetrical,
asymmetrical and partial homologies. ‘No tandem repeats’ consists of single- and
multi-copy clones without microsatellite or minisatellite structures.

Total
Redundancy and_ repeat type Libraries characteristics
categories [shared
characteristics]
CA GA AAT ATG GAA TACA
S.C. microsat 24 5! 3 6 0 3 41'1]
M.C. microsat (# of groups) 117 (12)! 3 13 (4) 34 (4) 8(3) 9(2) 184" [4]
S.C. minisat 7 1! 4 2 2 1 17'[1]
S.C. minisat with microsat. 9 2 0 1 0 1 13
M.C. minisat (# of groups) 124! 0 2(1) 0 0 0 14'[4]
M.C. minisat with microsat
(& of groups) 2(1) 0 0 2(1) 1 1 6
No tandem repeats (of which M.C.) 6(1) 0 (1) 8(5) 3(2) 1(0) 19 (9)
Total characteristics (total clones) 177 (173)"  11(10)' 23 53 14 16 294 (289)'

Confirmation of the presence of cloned sequences in genomic DNA

The PCR amplification of different asymmetrical combinations gave robust
amplification products in each of the 15 different upstream-downstream primer
combinations (Fig. 3.2). This showed that the observed data is not an enrichment
artifact, but that these asymmetrical structures actually occur as contiguous sequences
in the B. anynana genome. Most of the PCR products showed more than one distinct
band, indicative of multiple copies with a variable distance between the primer
binding sites.

SsL1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Figure 3.2 PCR product from 15 different primer pair combinations designed to test
sequence associations found in the ATG library. Lane numbers correspond to the
following primer combinations (see Fig. 3.3 for primer locations): SL = Eurogentec
Smartladder; 1 = BA-ATG1 subgroup 2A upstream A and downstream J (2A-uA-dJ);
2 =BA-ATGI1/2B-uB-dA;; 3 = BA-ATG108/2B-uF-dB; 4 = BA-ATG3/2B-uC-dA;; 5
= BA-ATG212/ single copy microsatellite region; 6 = BA-ATG212/2A-uA-dC; 7 =
BA-ATG213/2A-uA-dD; 8 = BA-ATG215/2A-uA-dE; 9 = BA-ATG244/2A-uA-dI;
10 = BA-ATG244/2B-uA-dA;; 11 = BA-ATG248/2B-uD-dA;; 12 = consensus 2A-
uA-dA; 13 = consensus 2A-uA-dB; 14 = consensus 2B-uF-dAj;; 15 = consensus 2B-
uH—dA5.

1 Some sequences contain both a microsatellite and a minisatellite (not to be confused with a microsatellite inside a minisatellite)
and are, therefore, included twice in the statistics. For that reason, the table states both “total characteristics” and “total clones”.
The sum of ‘[shared characteristics]’ divided by two (10/2 =5), subtracted from ‘Total characteristics’ provides the total number

of clones (294-5=289)
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Figure 3.3 Schematic representation of the alignment of ATG group 2 sequences,
showing two subgroups (2A & 2B) linked together by two sequences possessing

characteristics of both. The majority are intra-library links, grouped to symmetrical
sequence families with variable microsatellites, and asymmetrical alignments. Inter-

library links are shown in subgroup ATG 2A and inter-specific hits are represented in
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subgroup ATG 2B by the Lepidoptera Specific Core Sequence LSCS1, a small section
of LSCS2 in BA-ATGI (see inter-specific comparison section in Results) and a
Heliconius sequence. The arrows represent the location of the primer primers used in
the control experiment to verify the existence of several upstream-downstream
combinations, forward (F) and reverse (R) primer numbers corresponding to the lane
numbers in Fig. 3.2.

Relative orientation of common sequences

A sequence family from the ATG library is represented as a schematic alignment in
Fig. 3.3 to provide an example of the similarity patterns. The ATG2 sequence family
consists of two subgroups that are linked together by sequences that possess
characteristics of both clusters (BA-ATG244 and BA-ATG1). Subgroup 2A is defined
by a 60bp sequence directly adjacent (upstream) to the ATG, repeat (2A upstr. A),
and subgroup 2B is characterized by a 31bp sequence immediately beyond a common
CAT,, repeat (2B downstr. A). The relative positions of the different sequence regions
are designated by (i): the alignment subgroup (2A or 2B), (ii): their position
upstream/downstream (u/d) relative to the aligned microsatellites, and (ii7): by their
class of similarity within each subgroup (A-J). Two clusters, 2A-uA-dA and 2B-uF-
dB are typical examples of symmetrical associations, possessing similarities on both
sides of the microsatellites. Both subgroups also have many asymmetrical associations
with some flanks overrepresented, rather than a random mixture of upstream-
downstream combinations (e.g. BA-ATG206, 212, 213, 215 etc.). The prevalence of
one type of flank on one side and variation on the other side of the microsatellite is a
characteristic of most other asymmetrical groups that were found in B. anynana.
Asymmetrical inter-library alignments are represented in Fig. 3.3 by BA-GA1, BA-
CA7 & BA-AATS3. They match up with 2A-uA, followed by an ATG, or ATGj; in line
with the ATG, site.

The two main aligned microsatellites in Fig. 3.3 both differ markedly in repeat
numbers with zero to 26 repeats in 2A and three to 29 in 2B. Additional
microsatellites present in some “2A” sequences appear to be unrelated to the aligned
ATG,, and consist of different repeat types. These sequences often align partially or
asymmetrically to other sequences or groups of sequences either within or between
libraries (not shown in Fig. 3.3).

BAuAZ84

BACA3B1

LSCS 2 s

= | im

Figure 3.4 Schematic alignment of sequences upstream of subgroup ATG2A,
showing the full LSCS2 alignment. There is partial overlap with Fig. 3.3, which uses
the same patterns for homologous sections.

The experiment to explore sequences surrounding some of the sequence families
gave a positive amplification result in three of the six combinations (ATG-2A-uA-dA,
ATG-2B-uF-dA, CA group 3). This implies that some common sequences are
repeated relatively closely beyond the known sequence.
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The ATG-2A-uA-dA band that was sequenced from these PCR products consists
of a 266bp and a 284bp fragment (BA-uA-266 and BA-uA-284). They both match
with the upstream-A flank, including the BA-ATG1 extension (Fig. 3.3), but shared
little more than the primer sequence with the ATG-2A-dA region. The BA-uA-266
and BA-uA-284 sequences form a link between a sequence cluster consisting of BA-
ATG202, BA-AATI1 and BA-CA3-Bl plus the upstream part of the ATG2A
subgroup. The schematic alignment of these sequences is presented in Fig. 3.4, which
has partial overlap with Fig. 3.3. The BA-uA-266 and BA-uA-284 sequences are
nearly identical for about half their length, but loose their similarity immediately after
a 35bp non-random sequence that is associated with multi-copy microsatellites in
many Lepidoptera species. This sequence, designated LSCS2, will be discussed in
detail below.

The ATG-2A-uA sequence that characterizes subgroup ATG 2A recurs further
upstream in the BA-CA3-B1 sequence (Fig. 3.4). Furthermore, this group of
sequences incorporates a microsatellite that is variable in repeat number, but whose
variability does not alter the overall length of the sequence (i.e. caused by base
substitutions rather than by means of DNA replication slippage). This could either
represent the different stages of a developing proto-microsatellite, or a microsatellite
in decay.

Inter-specific comparison with B. anynana microsatellite sequences

The online BLASTN comparison of the B. anynana sequences resulted in hits with
nine butterflies, 23 moths, one Coleoptera, two Diptera and two Hymenoptera (the
species list is available in Appendix 3.4). Four distinct Lepidoptera Specific Core
Sequences (LSCS), nearly exclusively matching a wide range of Lepidoptera species,
were identified from these BLAST hits. They are generally situated next to a
microsatellite, and usually define the position where similar regions start to differ in
sequence.

LSCSI1 is a 38bp sequence that corresponds with the ATG2B-dA sequence that is
aligned in Fig. 3.3 and in Fig. 3.4. A BLAST search of this core sequence results in
over 40 hits within 15 Lepidoptera species and one Coleoptera species (Diabrotica
virgifera). With one exception, they all have a microsatellite in the same position as
the CAT, region in B. anynana. In addition to the predominant CAT, repeats in these
BLAST hits, several of these sequences also contain ATT,, CCAT,, CAAT, or CA,
arrays. The LSCS1 in D. virgifera is tightly between two microsatellites (CAT, and
CA,). The 35bp LSCS2 matches the common sequence in the aligned cluster shown
in Fig. 3.4, and also aligns with the extreme end of BA-ATG1 (Fig. 3.3). This core
sequence is present in 13 deposited sequences from eight Lepidoptera species. In
contrast to the other three LSCS, this sequence is not typically bordered by a
microsatellite, although there is a small microsatellite immediately beyond it in BA-
CA3-BI1. The 150bp LSCS3 was detected in 11 Lepidoptera species, based on the
BA-TACA105 BLAST hits. It spans both flanks of a common CAAA, microsatellite
and is associated with retrotransposons in Bombyx mandarina (GenBank acc#
ABO055223), B. mori (GenBank acc# AB032718) and Antheraea mylitta (GenBank
acc# AF530471). The LSCS4, identified from BA-TACA112, consists of a 85bp
sequence and was found in six Lepidoptera species, usually bordered by a
microsatellite. The sequences of the four LSCS and the alignments with their BLAST
hits are presented in appendices 3.5-3.9.

Besides the four core sequences that were present in many Lepidoptera species,
there were also a number of more solitary hits, but still predominantly from
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Lepidoptera and often associated with microsatellites. One of these inter-specific links
is represented in Fig. 3.3 by Heliconius cydno and H. melpomene microsatellite flanks
corresponding with part of the BA-ATG244 sequence.

Minisatellite structures

In addition to the microsatellites, 15% of the clones contained minisatellites with
repeat units ranging from 14 to 55 bp, either with or without a microsatellite
incorporated within each unit. Most of the microsatellites embedded in minisatellite
units showed repeat number variation, which is possibly (but not necessarily) caused
by slipped strand mispairing (relatively frequently occurring mutations adding or
removing a repeat unit) as is the case in solitary microsatellites (Fig 3.5).

8-30
31-52
53-79
B0-102

103-127
128-150
151-177
178-200
201-223
224-246
247-283
284-306
307-329
330-352
353-377
378-402
403-427
428-450
451-483
484-510
511-535
b36-558

ITTIITITTITTITIITTIITITIITIITI'ITI'III'I
10 20 30
CTGAGTGTGTGEGTGT ~~~~ s~ ATAACAGTG
CTGAGTGTATGTGT ~~~~~~r~rva v AT ~ACAGTG
CTGAGTGTGTGTGTGTGET ~~~~r~naaa~ATTACAGTT
CTGAGTGTTTGTGT ~~~~~~r~rvan v ATAGCAGTG
CTGACTGTGTGEGTGTGT ~~~~~~rwn v~ ATTACAGTG
CTGAGTGTTTGTGT ~~~~~~r~rvan v ATAGCAGTG
CTGAGTGTGTGET ~~~~~ v~ ATATGTATAACAGTG
ATGAGTGTTTGTGT ~~~~~~~rrnvnvnr~~ ATAGCAGTG
CTGAGTGTGTGTGT ~~~~~~n~ v~ ATTACAGTG
CTGAGTGTTTGTGT ~~~~~~r~rvan v ATAGTAGTG
CTGAGTGTGTGTGTGTGTGTGTGTGTGTATAACAGTG
CTGAGTGTGTGTGT ~~~~~~r~rvan v~ ATAGCAGTG
CTGAGTGTGTGTGT ~~~~~r~n~ v ATAACAGTG
CTGAGTGTATGTGT ~~~~~~r~rva v~ ATAACAGTG
CTGAGTGTGTGTGTGT ~~ v~~~ ~ ATAACAGTG
CTGAGTGTGTGTGT ~~~~~~r~nan ~~ATATAACAGTG
CTGAGTGTGTGTGTGT ~~ v~~~ ~ ATAACAGTG
CTGAGTGTATGTGT ~~~~~~r~rva v ATAACAGTG
CTGAGTGTGTGTGTATGTGTGTGT ~~~~ATTACAGTG
CTGTGTGTTTGTGTATGT ~~~~~~~~~~vATAACAATG
ATGAGTGTGTGTGTGT ~~~~~~v~v~vn e~ ATAGCAGTG
CTGAGTGTGTGTGT ~~~~~~r~rva v ATATAGTAG

\ J

Y
microsatellite motifs

Figure 3.5 Internal alignment of a 551 bp stretch of BA-CA1-G4, showing 22
minisatellite units with incorporated variable microsatellites (GT4-GT)3y).

Many of the minisatellites could be grouped together in gene families in the same
way as described above for the multi-copy microsatellites. The different
representatives of each family show variation in number of repeat units, composition
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of the units and of their flanking sequences. An overview of the numbers of clones
containing the different minisatellite characteristics can be found in Table 3.1. The
10bp Jeffreys core sequence (GGGCAGGANG) (JEFFREYS ef al. 1985) was found as
a 9/10 base match and a 100% match in the repeat units of BA-CA4-C1 and BA-
AAT2-B11, respectively.

DISCUSSION

In (GOLDSTEIN and SCHLOTTERER 1999), the flanking region is described as “The
single-copy DNA sequence immediately upstream and downstream of a microsatellite
locus that allows the design of specific primers that preferentially amplify the target
microsatellite”. The B. anynana dataset presented here suggests that this definition
cannot be universally applied, because most microsatellites in this species are located
within repetitive DNA. This appears to be a general characteristic of Lepidoptera
(Appendix 3.1), and has also been found in some other insects, such as Coleoptera
((LIEWLAKSANEEYANAWIN ef al. 2001); N. Margraf pers. comm) and Diptera
(FAGERBERG et al. 2001; WILDER and HOLLOCHER 2001). Apart from observations in
insects, microsatellites associated with repetitive DNA have also been reported in
vertebrates (ALEXANDER et al. 1995; ARCOT et al. 1995; BAND and RON 1996) and in
plants (RAMSAY et al. 1999; TEMNYKH et al. 2001; TERO et al. 2006). The possibility
that multiple variants of a certain locus were incorporated in the genomic library by
means of chimeric reassociation during the PCR-based enrichment (PAABO et al.
1990) was dismissed by the successful genomic PCR amplification of 15 different
repetitive DNA sequences. We usually found amplicons of different sizes per
amplification, indicating that they originate from multiple loci (Fig 3.2). A similar
experiment was performed by (TERO ef al. 2006), who found that 82.1% of the tested
primer combinations confirmed that the sequences derived from their genomic library
were contiguous in Silene tatarica, and sequencing of amplification products of
different sizes revealed that they represent heterogeneous loci.

Another indication that the sequences obtained from the B. anynana library are
contiguous is given by the fact that a number of sequences with similar regions can be
amplified uniquely and serve as polymorphic microsatellite markers as long as the
primers target unique parts of these sequences (BA-GA1l, BA-CA7, BA-AAT3, BA-
ATGI1 and BA-ATG3, all represented in Fig. 3.3).

Enrichment procedures may however have a bias towards certain sequences other
than the repeat itself. For instance, the BA-ATG213 sequence that belongs to the
ATQG2 family was included in the library in spite of not containing a microsatellite.

Repeat unit definition

The two main mechanisms for multiplication of DNA sequences are by means of
transposition of mobile elements (ME’s) that have the ability to incorporate copies of
themselves elsewhere in the genome, or even in other individuals, and recombination
related events, such as unequal crossing over (UCO) and gene conversion that result
in tandemly arranged homologues.

One limitation of the material studied here to distinguish between these two
possibilities is that it is not always clear what defines the extremes of a repeated unit.
Inserts were selected in the 350-700bp range, while many ME’s and recombination-
products are larger. There are however two common structures where similar
sequences start to differ. First of all, asymmetrical sequences are by definition
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identical on one side of the microsatellite and different on the other side. Secondly,
there are the LSCS structures that usually define the start of sequence divergence.

Mobile elements

There is support in our data for the hypothesis that ME’s are responsible for the
abundance of similarity surrounding microsatellites. The BA-TACA105 derived
LSCS3 fully matched to Lepidopteran retrotransposons of Bombyx mori, B.
mandarina and Antheraea mylitta. It is possible that the other three LSCS are
structural units of mobile elements as well. The fact that LSCS1 and LSCS2 are
present in a single sequence (BA-ATGI1) would indicate that they define different
parts of the same mobile element.

Mobile elements usually have specific characteristics such as inverted or direct
repeats at their extremes, or poly-A tracts (for an overview see (BERG and HOWE
1989)). A small number of short direct and inverted repeats were found in B. anynana,
and 25 clones contained a poly-A homopolymer of 10 or more base pairs.

Another observation in B. anynana that supports ME’s rather than recombination
is the independent inheritance of asymmetrical loci in an F2 cross, indicating that the
microsatellites in question are not closely linked (VAN’T HOF et al. 2005).

Examples of ME associated microsatellites in other Lepidoptera species are those

in the very common Bombyx mori BM1 elements, which are “surrounded by short
direct repeats (2-6bp)” (EICKBUSH 1995) and the similarities between Parnassius
microsatellite clones and a Drosophila retrotransposable element and a human
retrovirus (MEGLECZ et al. 2004).
At odds with the involvement of proto-microsatellite containing ME’s (WILDER and
HOLLOCHER 2001) are some very distinct polymorphisms that interrupt the
microsatellites in B. anynana. They manifest themselves in different loci or repeat
units (e.g. CA group 2, Appendix 3.10), indicating that the microsatellites must have
been present before the multiplication event, and hitchhiked in conjunction with the
flanking sequences.

Recombination as cause for repetitive sequences
There is also support for the involvement of recombination as a mechanism for part of
the observed repetitive sequences from the present dataset. Minisatellites are
generated trough recombination, and each minisatellite unit of a microsatellite-
containing minisatellite can be described as a microsatellite with flanking regions, just
as in a solitary microsatellite, only with much shorter flanks. On a larger scale, the
BA-CA3-E3 sequence shows two tandemly arranged units of approximately 100bp
each, that both include a CA, repeat (CAg and CA; respectively), which can also be
defined as microsatellites with flanking sequences. When similar microsatellite-
containing repeated units become much larger (i.e. larger than the cloned insert) it is
impossible to detect their higher order repetitive nature within the currently available
sequences. It is therefore possible that part of the repetitiveness is comparable to the
microsatellite-containing minisatellites, but with a much larger unit size. The BA-
CA3-BI1 sequence indirectly positions the ATG2A-uA sequence upstream of the main
ATG2A-uA alignment (Fig. 3.4), which may represent tandem arrangement. The fact
that the alignment ends after the ACAT, microsatellite in this sequence could be due
to an indel as described below, thus it is not unlikely that the ATG2A-uA sequence
actually recurs downstream of this sequence.

The asymmetrical sequence arrangements fit perfectly within the description of
UCO (i.e., where a chiasma occurs at two imperfectly aligned microsatellites with
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shared repeat units, leaving two new upstream-downstream combinations) (MEGLECZ
et al. 2004). There are, however, some discrepancies. One of the features in
Lepidoptera microsatellites is that they often possess indels of various sizes directly
adjacent to the microsatellite (FLANAGAN et al. 2002; REDDY et al. 1999). If such an
indel is too large to find a match within a sequence family, it may be misinterpreted as
a completely different flank. For example, the BA-CA3-E11 clone, belonging to CA
group 2, contains a 173bp deletion immediately after the microsatellite, and rejoins at
the end of the main alignment with a perfect match of 35bp (Appendix 3.10). Had the
deletion been 35 or more bases larger no matching sequence would have been found
and it might have been wrongly attributed to misaligned-microsatellite UCO. The fact
that there are instances where indels form an alterative explanation for the observed
asymmetries does not however rule out recombination as a contributory mechanism
for repetitiveness altogether.

Lepidoptera specific homologues

The comparison of B. anynana clones with GenBank resulted in a large number of
hits that were very strongly biased towards butterflies and moths. One could argue
that it is not surprising to BLAST Lepidoptera sequences and get Lepidoptera hits in
return. The issue here however, is that some regions seem to be very widely
conserved in Lepidoptera, and more importantly, they are associated with the very
phenomena we are exploring, namely multi-copy microsatellite flanking regions in
Lepidoptera. It seems therefore, that there is a shared mechanism involved in the
Lepidoptera that is reflected in the conservation of certain sequences. In particular, the
four LSCS seem to be so frequent and widely distributed in this group that they may
be key sequences for further investigation of these issues.

Sister chromatid association in Lepidoptera

The impression that the patterns described are peculiar to Lepidoptera raises the
question of what might distinguish them from other groups. One uncommon feature
present in all Lepidoptera is their holocentric chromosome arrangement, where
chromatids assemble over their entire length instead of being joined at a centromere.
Depletion of KLP-19, an essential microtubule motor, caused misalignment of
holocentric kinetochores in the cabbage moth, Mamestra brassicae (MANDRIOLI et al.
2003). This suggests a direct link between holocentric chromosomes in Lepidoptera
and UCO. However, a survey of other species with holocentric chromosomes,
including Caenorhabditis elegans, species of Hemiptera and certain plants did not
reveal similar microsatellite flank redundancies, while other species that did possess
them, such as some Coleoptera and Diptera, have centromere associated
chromosomes.

Over-representation of multi-copy microsatellites vs. under-representation of
unique microsatellites

The low ratio of single- to multi-copy microsatellites from various studies on
Lepidoptera has generally been interpreted as indicating high frequencies of the latter,
relative to other taxa. An alternative, or complementary, interpretation is that single-
copy microsatellites are scarce in Lepidoptera. This may also be reflected in the large
number of null-alleles reported in Lepidoptera, since if there are too few alternatives
to these suboptimal microsatellite loci, they are more likely to be utilized and
published. The Introduction cited data from (PRASAD et al. 2005), interpreted as
indicating that microsatellite densities are not unusually low in Bombyx mori,
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however, in this study the microsatellite densities obtained from more than 4400 in
silico detected loci (total density of one locus per 6.4kb) are not separately specified
as single- and multi-copy loci, which makes it difficult to determine whether multi-
copy microsatellites are unusually abundant or unique microsatellites scarce.

Conclusion

Our exploration of different hypotheses that may explain these unusual observations
provided no clear-cut mechanism, since there is support for both recombination and
ME’s being implicated in the multiplication events. Therefore, a combination of both
explains our observations best. The question remains as to whether we are dealing
with two separate processes, that both lead to redundancy, or if it is an integrated
mechanism.

Analysis of the repetitive microsatellite characteristics in B. anynana and other
Lepidoptera species revealed a number of Lepidoptera specific patterns that provides
a basis for further research on this subject. The four core sequences appear to hold
valuable information and may serve as a starting point for further investigations (e.g.
in situ hybridization), leading to a better understanding of the mechanisms involved,
and possibly in defining a new type of Lepidopteran Mobile Element. These findings
may not only lead to a more complete knowledge of micro- and minisatellites in
Lepidoptera, but may have general implications for understanding VNTR dynamics.
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APPENDIX 3.1

Summary of Lepidoptera microsatellite marker development publications.

Reference Species Poly- Mono- Hetz. Deff."  Multi locus
morphic __morphic flanks®
AMSELLEM et al. 2003 Lobesia botrana 7 0 YES n.s.
ANTHONY et al. 2001 Lycaeides melissa 4 0 YES n.s.
PALO et al. 1995 Melitea cinxia 2 0 YES YES
REDDY et al. 1999 Bombyx mori 15 0 YES YES
PRASAD et al. 2005° Bombyx mori 36 n.s. YES n.s.
WILLIAMS et al. 2002 Speyeria idalia 4 1 YES YES
ROUSSELET et al. 2004 Thaumetopoea pityocampa 5 0 NO n.s.
DALY et al. 2004 Biston betularia 14 n.s. YES YES
KLUTSCH et al. 2003 Reissita simonyi 14 n.s. YES ns.
CALDAS et al. 2002 Zale galbanata 5 ns. YES n.s.
CASSEL 2002 Coenonympha hero 7 n.s. YES n.s.
COATES and HELLMICH 2003 Ostrinia nubilalis 1 n.s. YES YES®
COATES et al. 2005 Ostrinia nubilalis 10 ns. YES YES
FLANAGAN et al. 2002 Heliconius erato 15 n.s. YES YES®
FLANAGAN et al. 2002 Heliconius melpomene 8 ns. YES YES
JIGGINS et al. 20057 Heliconius melpomene 18° 3 YES YES
HARPER et al. 2000 Lysandra bellargus 5 1 YES n.s.
WARDILL et al. 2004 Chiasmia assimilis 12 ns. YES ns.
BEZZERIDES et al. 2004 Utetheisa ornatrix 5 3 YES YES
IBRAHIM et al. 2004 Spodoptera exempta 8 n.s. YES n.s.
SCOTT et al. 2004 Helicoverpa armigera 5 ns YES ns.
TAN et al. 2001 Helicoverpa armigera 5 0 YES n.s.
Jietal. 2003 Helicoverpa armigera 5 n.s. YES YES
KEYGHOBADI et al. 1999 Parnassius smintheus 4 ns. YES n.s.
KEYGHOBADI et al. 2002 Parnassius smintheus 4 0 YES ns.’
MEGLECZ and SOLIGNAC 1998 Parnassius mnemosyne 3 n.s. YES ns.
PETENIAN ef al. 2005 Parnassius apollo 6 n.s. YES YES
PETENIAN et al. 2005 Euphydryas aurinia 5 n.s. YES YES
BOGDANOWICZ et al. 1997 Lymantria dispar 4 n.s. YES n.s.
KOSHIO et al. 2002 Lymantria dispar 3 0 n.s. n.s.
ENDERSBY ef al. 2005 Plutella xylostella 6 n.s. YES YES
FAURE and SILVAIN 2005 Busseola fusca 8 n.s. ns. ns.
FAUVELOT 2005 Drupadia theda 5 n.s. YES YES
FAUVELOT 2005 Arhopala epimuta 5 n.s. YES YES
ZHOU et al. 2005 Cydia pomonella 11 6 NO YES
FRANCK et al. 2005 Cydia pomonella 22 2 YES YES
DELPORT et al. 2005 Gonometa postica 6 n.s. YES" n.s.
VAN’T HOF et al. 2005 Bicyclus anynana 28 13 YES YES
GRACE et al. 2005 Plodia interpunctella 9 6 YES n.s.
ZEISSET et al. 2005 Maculinea nausithosus 11 n.s. YES n.s.
ZEISSET et al. 2005 Maculinea alcon 1 5 YES n.s.
Ji et al. 2005 Dendrolimus punctatus 10 0 YES YES

Appendix 3.1 presents 38 publications covering microsatellite marker development of
34 Lepidoptera species. Some publications cover multiple species, therefore, the total
“marker development efforts” is 42, resulting in 361 polymorphic markers, giving an
average of 8.6 markers per “marker development effort”.

n.s. = “not specified”

1 Hetz. deff. stands for heterozygote deficiency mentioned in the text as: Heterozygote deficiency, Null alleles, unexpected large
allele size differences, flank indels, flank mutations.

2 Mentioned in the text either explicitly or cryptically as: Multi-copy, multi-locus, duplicated locus, non-specific amplicons,
nonspecific amplification, multiband patterns, “Too many genotypes, at one locus or the other, to be accounted for by a

single mating”, “very similar sequences in the regions flanking microsatellite repeats”, redundancy, etc.
31

S

silico developed Microsatellites derived from more than 28 Mb consisting of random sequences, Z-chromosomal BAC
sequences, and non-redundant EST’s. Mononucleotide tracts and relatively short microsatellites (from 5 repeats) are
included in this study. This resulted in 198 microsatellite loci of which 36 were polymorphic. Whether or not the remaining
162 are monomorphic, or not considered polymorphic for other reasons, is not specified.

4 The title suggests two microsatellites, but in fact it is one microsatellite and one minisatellite.
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5 Redundancy in GenBank deposited sequences

6 “Primers were designed for 31, 18 and 11 unique repeat sequences”; “we identified those loci that amplified a single or double
band”

7 JIGGINS et al. 2005 refer to MAVAREZ & GONZALES 2004 as the reference wherein the microsatellite development is described.

8 This paper describes 23 loci, of which five have been previously published.

9 An identical sequence is mentioned

10 Authors claim that observed heterozygote deficiency is not due to null-alleles, but due to population size fluctuations.
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APPENDIX 3.2

Primers used in the experiment to confirm the presence of
specific sequences in genomic DNA (Experiment I)

Primer designation

Clone in Fig. 2 & 3 Primer sequence (5°-3”) GenBank acc. #
T oo
BA-ATG! * CTGEAGTGGACGTCCATCGG AY 785062
BA-ATGI08 w CCGTCAAAAACGTCTATIGC Do25280
BA-ATG3 " CTGCAGTGOACGTCCATCGG. AYT85064
BAATG212 §§ TGGCTCAGGATCGTGACGTTT DQ225283
BAATG212 & GGTTGCCACAAAGCTAATGA DQ225283
S
BA-ATGR1S SE ATTTAGGTATITGCGTACTCGT Do225287
BA-ATG244 o FIGAGTTTCTTATCGGCTCT DQ225299
BA-ATG244 lok GOACGTCCATCGGCTOATAT DQ2252%9
BA-ATG248 ik CTGCAGTGGACGTCCATCGG DQ22527S
N S
BA-ATG20S 5k ATCTTCCACGACTCGCTTCA DQ25283
woer M Gscromoftsiecni
matam B cemOOmOcTIGCGO
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APPENDIX 3.3

Primers used in the experiment to examine the proximity of homologues
(experiment II).

Sequence family

Primer designation

Primer sequence (5°-3)

AAT group 1
ATG group 2A upstr.A-dstr.A
ATG group 2B upstr.F-dstr. A
CA group 1
CA group 2

CA group 3

AAT-grl-upstr
AAT-grl-downstr
ATG-gr2A-upstr
ATG-gr2A-downstr
ATG-gr2B-upstr
ATG-gr2B-downstr
CA-grl-upstr
CA-grl-downstr
CA-gr2-upstr
CA-gr2-downstr
CA-gr3-upstr
CA-gr3-downstr

TCAAATGGACACGCAACTTTACC
AGCGCTTGACGAAGATAGTGTTAG
TCACTGTTGAGCTCGAGTCTCC
CTAAAGTAGTCCCAACTAGGC
CCGGTAGGGTGGTAACTAGCC
TCTTGCAAGGACTTCCTCGAGC
TGCACTGCGGCTACTGA
GATAGCCCAGTGGATACGGA
CGTGATAACAGCCCGCATTA
ATCCGCCGTGCAACCAC
CTGGATTAACACATAGGCT
CAAAACCTTAAAATATACAGGT
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APPENDIX 3.4

List of species with relevant Blast hits matching sequences from the
Bicyclus anynana enriched libraries.

Species

Insect group

GenBank accession #

Antheraea mylitta
Arctia caja

Bicyclus anynana’
Biston betularia
Bombyx mori

Bombyx mandarina
Chiasmia assimilis
Choristoneura fumiferana
Choristoneura murinana
Coenonympha hero
Cydia pomonella
Euphydryas aurinia

Galleria mellonella
Heliconius cydno
Heliconius melpomene
Helicoverpa armigera

Helicoverpa zea
Heliothis virescens
Hyalophora cecropia
Hyphantria cunea
Lymantria dispar
Manduca sexta
Ostrinia nubilalis
Papilio helenus
Papilio xuthus
Pararge xiphia
Parnassius apollo
Plutella xylostella
Reissita simonyi
Saucrobotys futilalis
Utetheisa ornatrix
Zale galbanata
Anastrepha suspensa
Anopheles gambiae
Diabrotica virgifera
Apis mellifera
Pheidole pallidula

Lepidoptera / Moth
Lepidoptera / Moth

Lepidoptera / Butterfly
Lepidoptera / Moth
Lepidoptera / Moth

Lepidoptera / Moth
Lepidoptera / Moth
Lepidoptera / Moth
Lepidoptera / Moth
Lepidoptera / Butterfly
Lepidoptera / Moth
Lepidoptera / Butterfly

Lepidoptera / Moth
Lepidoptera / Butterfly
Lepidoptera / Butterfly
Lepidoptera / Moth

Lepidoptera / Moth
Lepidoptera / Moth
Lepidoptera / Moth
Lepidoptera / Moth
Lepidoptera / Moth
Lepidoptera / Moth
Lepidoptera / Moth
Lepidoptera / Butterfly
Lepidoptera / Butterfly
Lepidoptera / Butterfly
Lepidoptera / Butterfly
Lepidoptera / Moth
Lepidoptera / Moth
Lepidoptera / Moth
Lepidoptera / Moth
Lepidoptera / Moth

Diptera / Caribbean fruit fly
Diptera / Malaria mosquito
Coleoptera / Corn rootworm
Hymenoptera / Honey bee

Hymenoptera / Mediterranean ant

AF530471

AJB09352; AJ809356; AJB09371; AJ809378;
AJB09379; AJ809380; AJB67352; AJ867362;
AJB67383; AJ867384

AY766157

AY190966; AY190967; AY190974; AY485266

AF226688; AB014342; AB023085; AB023115;
AB032718; AB035269; AB048355; AB052774;
ABO052773; AB063490; AB080675; AB090307;
AB090308; AB101293; AB104488; AB126052;
AB159445; AB159446; AB159447; AF541967,;
AYO083677; AY172027; D10742; D12523; D16230;
D16233; D66906; D78138; D86623; M24370;
J04829; M76430; X04226; X02223; Z14101; Z14101;
Z15048; Z15048

AY172028; AY 172028

AY552796
CFU12917
AF177645; AF177646; AF177647; AF177662
AF499099
AY700111

AY491786; AY491815; AY491833; AY491848;
AY491849
M73793; L22534; M73793

AY429264
AY429262; AY429263

AF271059; AF492474; AJ504787; AJ627416;
AY382615; AY497338; AY714875; AY714876
M80588

AF072458
L13971; M60914; M63846

U86877

AF004228; AF198385

AF527635; AF527636; AY789465; U03989
004223

ABO13152

AB182634

AF214612

AY491896; AY491940

AY696174; AY696175

AY250748

AY497537; AY497538

AY603695

AF484812

AY520439

XM_308573

AY738541

XM_397014

AF426753

"Inter- or intra library hits of Bicyclus anynana are not included in this table. Bicyclus
anynana AY766157 is an independently deposited sequence.
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APPENDIX 3.5
Lepidoptera Specific Core Sequences (LSCS)

LSCS1
ATCATCAGCCTATAGCAGTCCACTGCTGGACATAGGCCTCTCCA

LSCS2
ATGTGCAGGTTTCCTCACGATGTTTTCCTTCACCG

LSCS3
AAAATTTAGCCTATGTTACTCGGGAATAGTGTAGCTTTCCAACAGTGAAA
GAATTTTTCAAATCGGTTCAGTAGTTTCTGAGCCTATTCATTA-CAAA,-
TCTTTCCTCTTTATAATATTAGTATAGAT

LSCS4

TTATTGGAACGAAGTTCCTTATCGCGCGTTGCGAAAGGGGGCTAGACGGA
AAAAATTAAGACCAAAAGTTGTCACGACACTTTTT
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B. anynana BA-ATG027 DQ225276
B. anynana BA-CAl4 AY785078
B. anynana BA-ATGl AY785062
Ostrinia nubilalis U04223
Lymantria dispar AF198385
Hyphantria cunea U86877
Arctia caja AJ809356

Arctia caja AJ809379

Arctia caja AJ867352

Arctia caja AJ867383

Arctia caja AJ809352

Arctia caja AJ809378

Arctia caja AJ809380

Bombyx mori AB023085

Bombyx mori AB023115

Bombyx mori AB063490

Bombyx mori AY172027

Bombyx mori D12523

Bombyx mori AB014342

Bombyx mori AB048355

Bombyx mori AB104488

Bombyx mori AB159447

Bombyx mori D16233

Bombyx mandarina AY172028
Choristoneura fumiferana U12917
Euphydryas aurinia AY491786
Euphydryas aurinia AY491815
Euphydryas aurinia AY491833
Euphydryas aurinia AY491848
Euphydryas aurinia AY491849
Galleria mellonella M73793
Helicoverpa armigera AJ504787
Helicoverpa armigera AJ627416
Helicoverpa armigera AY497338
Helicoverpa armigera AY714875
Helicoverpa armigera AY714876
Plutella xylostella AY696175
Chiasmia assimilis AY552796
Diabrotica virgifera AY738541
Galleria mellonella AY579371
Manduca sexta U03989 601-1170
Parnassius apollo AY491896
Choristoneura murinana cluster
Consensus LSC1

Appendix 3.6
LSCS1 alignment
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B. anynana BA-ATG202 DQ225282
B. anynana BA-AAT1 AY785058

B. anynana BA-uA-284 EF114667
B. anynana BA-uA-266 EF114668
B. anynana BA-ATGl AY785062

B. anynana BA-CA3-B0l EF114669
Choristoneura fumiferana CFU12917
Cydia pomonella AY700111
Hyalophora cecropia L13971
Hyalophora cecropia M60914
Hyalophora cecropia M63846
Manduca sexta AF527635
Manduca sexta AF527636
Manduca sexta AY78965
Parnassius apollo AY491940
Plutella xylostella AY529118
Papilio xuthus AB182634
Biston betularia AY190967
Biston betularia AY485266
Consensus LSC2

Appendix 3.7

LSCS2 alignment
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B. anynana BA-TACA105

Reissita simonyi AY250748
Anastrepha suspensa AY520439
Bombyx mori AB032718

Bombyx mori AB126052

Bombyx mori AY083677

Bombyx mori AB159446
Helicoverpa armigera AY382615
Helicoverpa armigera AF492474
Helicoverpa armigera AY714876
Helicoverpa zea M80588
Antheraea mylitta AF530471
Bombyx mandarina AB055223
Saucrobotys futilalis AY497537
Saucrobotys futilalis AY497538
Utetheisa ornatrix AY603695
Biston betularia AY190974
Galleria mellonella L22534
Consensus LSC3

B. anynana BA-TACA105

Reissita simonyi AY250748
Anastrepha suspensa AY520439
Bombyx mori AB032718

Bombyx mori AB126052

Bombyx mori AY083677

Bombyx mori AB159446
Helicoverpa armigera AY382615
Helicoverpa armigera AF492474
Helicoverpa armigera AY714876
Helicoverpa zea M80588
Antheraea mylitta AF530471
Bombyx mandarina AB055223
Saucrobotys futilalis AY497537
Saucrobotys futilalis AY497538
Utetheisa ornatrix AY603695
Biston betularia AY190974
Galleria mellonella L22534
Consensus LSC3

Appendix 3.8

LSCS3 alignment
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B. anynana BA-TACA112

Arctia caja AJ809371

Arctia caja AJ867384

Bombyx mori AB052774
Antheraea polyphemus APU95026
Bombyx mori AB159445

Bombyx mori AB101293
Coenonympha hero AF499099
Consensus LSC4

Appendix 3.9

LSCS4 alignment

160 170 180 190 200

240 250

‘GACCTCTCTGATCACGGGTCAGTTT TTT
\\\\\\\\\\\\\\ mwnn g.aaaac.cgegtgaggtgtyg. . .a.ttgttag.attat.a.
||||||||||| gatc.g.aaaac. nnaanawaawawa...w ttgttag.attat.a.

t.ttta.atta. tatt.a.
ccge.g.g.cacgtogacet. tt.a. tag.agggtat.cc. . . .gate. t.a.
toac.a.a.t.a.a.aagt.c..acctactac. .gcctagtgecta. ttaaa.ta. .a.
T.A.

TAGGCGGAT.

260
ATTAAGACCTAA

290 300 310 320

||||||| TGTAAGCCGTGCGGCGTGCGCGTC
St g
o L
111aT50E T Gk etGacs ] 1 1AAE E tal degitiat
\\\\\\\\\ gt.agatttttat.ctcaacc.tt..tatgcta.a

...a.atcc. .cattctgace. .t.aac.t.ta.gogettat
...aaatcc. .cattctgace. .t.aac.t.ta.gtga.a.t
...C......aagctat.....

53



APPENDIX 3.6 — 3.9 DETAILS

Lepidoptera specific core sequence (LSCS) 1-4 alignments based on iterative
blastn hits. The top row is the Bicyclus anynana sequence that was used for the initial
blast search against the NCBI database. Below are the blast hits aligned against the B.
anynana sequence with species and GenBank accession number specified. A dot (.)
indicates a nucleotide that is identical to the top row, a dash (-) indicates a gap (indel).
The bottom rows contain the aligned LSCS. Only the middle section of the alignment
that includes the conserved region is shown.
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Appendix 3.10A

CA group 2 alignment first half
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Appendix 3.10B

CA group 2 alignment second half

BA-CA3-A3 PAAATGTCAT: TTTATAATGCGGGCTGTTATC
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APPENDIX 3.10 DETAILS

Alignment of Bicyclus anynana sequences showing various degrees of similarity
in flanks and microsatellites in different loci. The microsatellites vary both in repeat
number and in composition, with some being compound CA+CT while others have
exclusively CA repeats. The bottom two sequences originate from the GA library,
wile the rest were in the CA library. Dots and dashes as in the previous alignments.
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APPENDIX 3.11
LSCS3 is potentially incorporated in B. anynana by horizontal gene transfer.

After the contents of this chapter were published in Heredity, a number of
bracovirus sequences have become available in GenBank (e.g. acc # EF710635.1 &
EF710642.1) that shed new light on one of the Lepidoptera specific core sequences
(LSCS). These bracovirus sequences have a nearly-perfect match with LSCS3 (blast
results in Fig 3.6). The homologous region includes a CAAA¢ repeat that fully
coincides with the CAAA¢ in LSCS3.

Bracoviruses are double-stranded DNA viruses incorporated in the genomes of
parasitic wasps as pro-viral sequences (DREZEN et al. 2003) that act as mutualistic
endosymbionts. They enhance parasitoid survival in caterpillars, by suppressing the
host’s immune system (DESJARDINS et al. 2008; DESJARDINS et al. 2007; FLEMING
1991; LAVINE and BECKAGE 1995; WYDER et al. 2003).

The sequence found in B. anynana cannot be a contaminant of the enriched library
by a parasite because (i) bracoviruses do not replicate in host tissue (ii) adult material
was used for library construction and (7ii) the adult came from a laboratory stock that
has been maintained in a controlled, parasitic wasp free environment for many years.
Therefore it is most likely part of the B. anynana genome, which would indicate
horizontal gene transfer from parasitic wasp to the butterfly. In-situ hybridization on
chromosomes confirmed the incorporation of these viruses in the wasp genomes
(BELLE et al. 2002), and this technique could also be used to demonstrate genomic
incorporation in Lepidoptera.
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o Jee 1EF710635.11 Cotesia sesamiae Eitale bracevirus clene BAC 2004, complete sequence
Length=113692

Score = 211 bits (114}, Expect = 8e-32

Identities = 140/152 (D2%}, Gaps = 4/152 (2%}

Strand=Plus/PFlus

Query 3 ARTTTAGCCTATGTTACTCGGGAATAGT GTAGCTTTCCARCAGTGARAGRATTTTTCARR 62

PETRRRREEer benne e reennnr e vl e e el
Sbjct 103395 AATATAGCCTATGICACTCGGGGATAGTGTAGGITITCARCAGTE, GRATTTITCARA 1034534

Query €3 TCGEITCAGTAGITICTGAGCCTATTC-AT -—-TACAARCARACARACARACARAACARRC 118
PRERRRREERRRRRn Prnnneenen i PRRRRLERRERRRRnrrenrennn 1
Shjct 103455 TCGGTTCAGTAGTTTCGGAGCCTATTCAATGCARACARLCARACARACARLCARACARTC 103514

Query 119 ARATCITTCCTCITTATAATATTAGTATAGAT 150
FECRRRRREREEE e
Sbject 103515 RRATCTTTCCTCTTTATAATATTAGTATAGAT 103544

). L |EF710642.1] Cotesia sesamiae Mombasa bracovirus clone BAC 14612, complete
quence
Length=10403%

Score = 196 hits (106}, Expect = 2=-47
Tdentities = 135/148 {01%)}, Gaps = 5/148 (3%}

Strand=Plus/Minus

Query 3 BATTTAGCCTATGITACTCGGGAATAGT GTAGCTITTCCARCAGTE, GRATTTITCAAR &2

PR RRRERERnn e veenr e tee Peer e e e
Shjct @&a34%8 AATATAGCCTATGTCACTCGGGGATAGTGTAGGTTTTCALCAGTGARAGRATTTTTCARL #A2EY

Query €3 TCEGIICAGTAGITICIGAGCCTATTCAT TACARACARACARACARACARACARACAR-- 120
FERRRRRRRERREr v e o i e e e e e e e
Sbjct 88288 TCGGTTCAGTAGTTTCGGAGCCTATTCAATGCARACARACARACARACARACARACAATC RR229

Query 121 A--TCTTTCCTCTTTATAATATTAGTAT 1446
PRRRRLERRRRRnnnneen i
Sbjct 88228 ARATCTITCCTCTTITATARTATTA-TAT 88202

o Jee 1ac230123 Bicyclus anynana clone BA_Baf4Bll, complete sequence

Length=12517&

Score = 180 bits (102}, Expect
Identities = 136/152 (89%}, Gaps
Strand=Plus/Plus

4e-45
47152 (2%}
fuery 1 ARAATTTAGCCTATGTTACTCG-GGAATAGTGTAGCTTTCCARCAGT GARAGAATTITTC 58

FECRRRRRRRRRrnnnnr e v v re reeeeerr v
Sbjct 111795 AARATTTAGCCTATGITACTTGIGG-ATAATGTAGCTITTCGARTGETGARA ITIT 111853

Query &0 ARATCGGTTCAGTAGTTTCTGAGCCTATTCATTACAAACARACARACARACARACARACE 118
PRERRREE TR PRRer e e e e e e e e e e e et
Sbijct 111854 ARATCGGTCCAGCAGTITTTTGAGCCTATTCATTACAAACARACAAACARACATACARACA 111813

Query 120 AR-TCTITCCTCTTTATAATATTAGTATAGAT 150
PO PR PR eeeeenennni
Shjct 111814 AAGTTTTTC-TCTTTATAATATTAGTATAGAT 111944

ST Jert: | FR340425.1 64G08_HaBAC fin, Helicoverpa armigera BAC, pupae DNA

Length=103563

Score = 182 bits (98}, Eapect = 6e-43
Identities = 138/156 (8%}, Gaps = 8/156 (5%}
Strand=Flus/Plus

guery 1 ARRATTTAGCCTATGTTACTCG-GGAATAGTGTAGCTTTCCARCAGTGARRGRATTTTTC 50
FEERE RRReeennnnnnn ie rer penne et re inereeneen i
Sbhjct 4767 RRRATATAGCCTATGTTACTCGTGG-ATAATGTAGCTTTCGRATGGTGARAGAATGTTTA 4825

Query &0 ARATCGGTICAGTAGTITCTGAGCCTATTCATT---A-CARACARACARACARACAAACA 1153
PRERREE TRRRnener reeenenenennnnnl (BN RN R NN R
CAAACARACARACAAAC

Sbjct 4826 AARACGGTCCAGTAGTTTTTGAGCCTATTCATTACARCC 4885

Query 116 ARCARA-TCTTTCCTCTTTATARTATTAGTATAGAT 150
PRRREE 0 Rennennn e
Sbjct 4886 AACARAGT-TTTCCTCTITATAATATTAGTATAGAT 4920

Figure 3.6 The first four NCBI blastn hits returned for LSCS3. Low complexity
filtering was disabled to include the CAAA repeat in the alignment. The two
bracoviruses have higher e-values than the two Lepidoptera hits that follow, even
though LSCS3 was based on lepidopteran sequences. The full list of blast results
consists exclusively of butterfly, moth and bracovirus sequences.
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