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ABSTRACT

Mitochondrial DNA Phylogenetic Analysis of Myrmecolacidae (Insecta: Strepsiptera)
Natalie Rose Halbert (Dr. James B. Woolley)
University Undergraduate Fellow 1998-1999

Texas A&M University, Department of Entomology

The relationship between Caenocholax fenyesi Pierce (Mytmecolacidae) males (host:
Solenopsis invicta) and females (host: Hapithus agitator) is examined. Further, the relationships
between several unidentified myrmecolacid females from Papua New Guinez are determined.

Methods were developed for extraction, amplification, and sequencing of mitochondrial DNA
(mtDNA) from Strepsiptera. High-resolution mtDNA sequences obtained by these methods were used
in the phylogenetic analysis of Myrmecolacidae. Phylogenetic Analysis Using Parsimony (PAUP) was
employed in the analysis of myrmecolacid family structurc using segments of the mitochondrial genes
Cytochrome Oxidase Subunit 1 (COI, 284 bases) and 128 rRNA (128, 272 bases).

Analysis of the COI region showed 30% variation between the C. fenyesi male and putative
female, 0.7% variation between two unknown myrmecolacid from West New Britain (WNB-A and
WNB-B), and 20% variation between the WNB unknown species and an unknown myrmecolacid
species from Popondetta (POP). Elenchus japonicus (Strepsiptera: Elenchidae) was used as an
outgroup to generate a phylogenetic trec of the COT region.

Analysis of the 128 region showed 37% variation between the C. fenyesi malc and putative

female, 0.3% variation between WNB-A and WNB-B, and 19% variation between a WNB-A/B and a



iii
third unknown species from West New Britain (WNB-C). Stichotrema dallatoraneum (Strepsiptera:
Myrmecolacidae) was also included in the 128 analysis for confirmation of a monophyletic
myrmecolacid family.

The high degree of variation between the C. fenyesi male and putative female sequences
indicate these individuals are not the same species. Additionally, this data provides evidence of at least

two unidentified species from Papua New Guinea (WNB-A/B, WNB-C, and POP).
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INTRODUCTION

Strepsiptera Background

Strepsiptera (Insecta), often referred to as “stylops,” are curious entomophagous parasitoids of
cosmopolitan distribution. They are curious not only for their biology but also for their host-parasitoid
relationships. Kathirithamby (1989) reports that Strepsiptera are exclusively parasitic in members of
seven insect orders such as Orthoptera, Hemiptera, ﬁymenoptera, and Diptera. Strepsiptera exhibit
extreme sexual dimorphism and unusual lifc cycles. The order Strepsiptera is divided into two suborders:
Mengenillidia and Stylopidia (Kinzelbach 1978).

Strepsiptera have only two free-living stages: the small, active adult winged male and the first
instar larva. The adult males have prominent compound eyes, elegantly branched antennac, “haltere-like”
fore-wings, and fan-shaped hind wings. They are short-lived (some live for only two hours), they do not
feed, and a breeding flight is their sole mission. With the exception of one family of Mengenillidia, the
bizarre adult females are neotenic. Mengenillidia females pupate outside their host, while Stylopidia
females remain permanently endoparasitic. Therefore, one must look for the host to find Stylopidia
females. Strepsipteran females produce live young called first instar larvae (or triungulins), who emerge
from the female and her host through a brood canal. Strepsipteran hosts carry the triungulins to their nest
of eggs or larvae. Once in the nest, the first instar Strepsiptera can enter the eggs or larvae of their host

(Kathirithamby and Johnston 1992). The endoparasitc Strepsiptera and the strepsipteran host mature

5 psip il Ity emerge from adult hosts. Triungulins are microscopic, ranging in
size from 0.08-0.30 mm. The size of adult male Strepsiptera is 1.6-6mm, while adult female Strepsiplera

are 2mm-2.6cm (Kathirithamby 1989).



Myrmecolacidae Background

Within the suborder Stylopidia, the family Myr lacidae is unique. My id males and
females not only have contrasting morphology and development, but they also parasitize different hosts.
Myrmecolacid males parasitize Formicidac (ants) while females infect Orthoptera (grasshoppers,
crickets). As a result of this extreme sexual dimorphism, it is difficult to correctly match males with
females of cach species (Kathirithamby 1989, Kathirithamby & Hamilton 1992). Of the 98 species of
Myrmecolacidae deseribed, only five have known females. Of these females, only 2 have been positively
identificd and matched to males. Free-living males caught in light traps have been used to identify 87

myr 1

id species. The remaining 6 species were identified from males found within their hosts
(Kathirithamby 1998). One approach used to pair males and females has been to compare the respective
first instar larvac found in the hosts. This evaluation gives tenuous and uncertain relationships since therc
is little taxonomic data on first instars. Information is additionally limited because the first instar larvae
are rarely found in the bost. On host entry, first instars moult to apodous second instar larvac
(Kathirithamby et. al. 1984). Therefore, comparisons of this nature are based on the shed cuticles of the
first instar rather than the entirc organism.

The fitness of any stylopized strepsipteran host is drastically affected as the male pupates and the
female nurtures her young. Examples of decreased fitness of the host include reduced wing length, cgg
number, gonadal weight, ovarian development, and feeding activity (Solulu et al. 1998). Unlike other
entomophagous parasitoids, host death occurs only afier the free-living male emerges from the puparium,

or after all the first instar larvae have emerged from the neotenic female.

Caenocholax fenyesi (Myrmecolacidae)
Pierce (1909) originally described Caenocholax fenyesi from four males collected in Mexico by

Dr. A. Fenyes. Light trap collections of C. fenyesi in the United States show this species is found in 7 of



the southern states. C. fenyesi were first recorded stylopizing Solenopsis invicta Buren (red imported fire
ant) sexuals and workers by Kathirithamby and Johnston (1992) in College Station, Texas.

Imported fire ants were introduced jnto the United States in Mobile, Alabama in 1918 (Creighton
1930). Buren (1972) reported that S. richteri Forel was most likely introduced before S. invicta. Though
S. richteri is now only found in a small region of Misissippi and Alabama, S. invicta can be found in most

of the Southern United States. S. invicta has a devastatingly large economic impact on agriculture every

year, despite numerous chemical control method: Stylopization of S. invicta by pupal stages of C.
fenyesi causcs abnormal social behaviors such as isolation, unusual posture, and decreascd aggressiveness
(Cook 1996). The findings of Kathirithamby and Johnston (1992) and Cook (1996) suggest potential for
biological control of §. invicta by C. fenyesi.

Five strepsipteran females were found within two Hapithus agitator (Orthoptera, collected by Dr.
R. Wharton) hosts in College Station, Texas, The females were described as members of the family
Myrmecolacidae based on external morphological characters (Cook 1996). Cook (1996, et al. 1998)
further identified the females as Caenocolax fenyesi. This identification was based on comparisons of

male C. fenyesi first instars and first instars found in the putative females.

Stich all eanum (Myr lacidae)

Hofeneder (1910) was first to describe the female and first instar larvae of Stichotrema
dallatorreanum. Though the male member of this species has yet to be identified, female S.
dallatorreanum have been found in numerous leaf-eating tettigoniid hosts in Papua New Guinea (PNG),
as shown in Table 1. These hosts are economic pests of the oil palm (Elaeis guineensis), a significant
cash crop of PNG (Solulu et al. 1998). . dallatorreanum is primarily, if not exclusively,

parthenogenetic. 1f males do exist, they play a major role in genetic variation, since the specics must

reproduce both parthenogenetically and sexually.



Table 1. Known S. dallatorreanum Tettigoniid Hosts (Orthoptera) in Papua New Guinca

(As shown in Solulu 1997)

Host Species Distribution in PNG

Sexava nubilis Pak Island, Manus Province (Admeralty Island)
Sexava sp. Maprik, Shouten Island, East Sapik Province

Se decoratus Bubia, Morobe Province

Segestidea no i Popondetta, Oro Province

Phyllophora lanceolata Levage, West New Britain

Lesser katydid sp. Dami, West New Britain




An unknown myrmecolacid female whose orthopteran host is still undetermined has been
collected from Popondetta (POP). A similar orthopteran host stylopized with a myrmecolacid female was
found in West New Britain (WNB-C). Kathirithamby (unpublished) hypothesizes that these two females
are the same specics of Myrmecolacidae within the same species of orthopteran host. Another
undetermined orthopteran from West New Britain was found on two occasions to be stylopized with
unknown myrmecolacid females (WNB-A and WNB-B). These two individuals are believed to be the
same species (but different from POP and WNB-C) with a different host than POP/WNB-C

(Kathirithamby unpublished). The unknown species and their hosts are summarized in Table 2.

Table 2. Summary of Species of Strepsiptera Analyzed

Strepsipteran Species Host Species (order)
(family, sex)
Stichotrema dallatorreanum Segestidea novaeguineae (Orthoptera)
(Myrmecolacidac, female)
Elenchus japonicus’ Sogatella furcifera (Delphacid
(Elenchidae, male and female)
Caenocolax fenyesi Hapithus aggitatus (Orthoptera)
(Myrmecolacidae, proposed female)
Caenocolax fenyesi lenopsis invicta (Hy ptera)
(Myrmecolacidae, male)
Species from Popondetta Known but undetermined, same as WNB-C (Orthoptera)
(Myr lacidae, female)
Species from West New Britain-A&B Known but undetermined (Orthoptera)
(Myrmecolacidae, female}
Species from West New Britain-C Known but undetermined, same as Popendetta (Orthoptera)
(Myrmecolacidae, female)

T2 japnicus used as outgroup for analysis of the COI region (see Introduction, Phylogenctic Analysis)



Mitochondrial DNA in Population Studics

The preferential use of mitochondrial genes as opposed to nuclear genes in population and
phylogenetic studies is the result of many factors. The mitochondrial genome evolves 1-10 times faster
than the nuclear genome (Vawter and Brown 1986) and does not exhibit recombination. Therefore,

genetic variation is frequently detcectable between closely related species and even individuals of the same

species (Simon et al. 1994). Additional ad us cl istics of the mitochondrial genome
include maternal inheritance, small size, and highly conserved gene order and content. Further, mtDNA
tends to vary more between populations and less within populations than nuclear genes (Moritz et al.

1987). Figure | details the mitochondrial genome.

oo [
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Figure 1. Structure of the Animal Mitochondrial Genome

The mitochondria encodes 13 proteins, 22 transfer RNAs, and 2 ribosomal RNAs.



PCR and DNA Sequencing

Polymerase Chain Reaction (PCR) is an in vitro enzymatic method of DNA amplification that
takes advantage of the temperature dependent properties of DNA replication. When DNA polymerase is
added to a buffered solution of synthetic oligonucleotide primers, the four deoxyribonucleotide
triphosphates (ANTPs: dATP, dTTP, dGTP, and dCTP), and template DNA, exponential synthesis of the
target fragment is possible. Modern PCR methods employ a thermostable DNA polymerase, such as Tag
polymerase. Taq polymerase is isolated from the thermophilic hot springs bacterium Thermus aquaticus
(Hillis et al. 1996). The thermostable propertics of 7ag polymerase enable it to withstand temperatures of
96C necessary to denature the template DNA.,

PCR occurs in three stages: denaturation, annealing, and extension. During the first stage, DNA
is denatured at high temperatures (~94C). Denaturation exposes the priming site for each strand. Next,
the temperature is lowered (typically 45-60C) to allow annealing of the primers to their complementary

site on the templ The li D ¢ is variable and depends on the length and basc

composition of the primers. An increase in temperature to 72C usually follows annealing, which allows

for DNA-primer hybrid stabilization and primer extension. During the ion phase, Taq poly
incorporates dN'TPs into an cxtension of the primers, thus creating a nascent strand complementary to the
template. Each cycle theoretically doubles the quantity of DNA in the PCR solution. A typical PCR
includes 25 to 40 cycles. In theory, PCR allows an immense quantity of a specific region to be produced
from a small amount of template DNA (Hillis et al. 1996).

Chain termination sequencing of the amplified target fragment by standard dideoxy chain
termination reactions involves incorporating dNTPs and labelled dideoxynucieotides (ddN'TPs) in primer-
directed DNA extensions. Dideoxynucleotides are identical to dNTPs except they lack a 37 hydroxyl
group. The polymerase terminates chain extension when a ddNTP is incorporated into the nascent chain.
In this study, each dANTP was labeled with a different dRhodamine dye so that individual nucleotides

could be detected by an argon laser.



Phylogenetic Analysis

Molecular data allows direct comparisons of relative levels of genetic differentiation among
groups of organisms. Phylogenetic analysis of such molecular data involves complex theories and
statistics (Hillis et al. 1996), but the underlying logic is quite simple. Parsimony analysis, the estimation
of a parameter based on the principle of minimizing the number of events necessary to explain the data, is
generally employed as part of phylogenetic studies. Further, methods such as bootstrapping are used to
determine the strength of particular phylogenetic trees. Bootstrapping measures the “robustness™ of
individual regions of phylogenetic trees by resampling the data.

Outgroups, or those taxa assumed to be phylogenetically outside of an ingroup, ar¢ commonly
employed in phylogenetic analysis. Use of an outgroup gives directionality to character state changes.
Outgroup comparison is only possible, bowever, if the resulting ingroup is monophyletic. The species
examined in this study all belong to the family Myrmecolacidae. To make the myrmecolacid sequences a
monophyletic ingroup, Elenchus japonicus was chosen as the outgroup for COI sequence analysis (see

Table 2). E. japonicus serves exceptionally well as an outgroup because this specics is outside, but

closely related to, the family Myr lacidae. E. japonicus | itizes Sogatella furcifera (Delphacidac)

and is a member of the family Elenchidae. The classification of Elenchidae as a sister group to
Myrmecolacidae is based on morphological characters such as antennal joints, female cephalothorax, and
brood canal openings (Kathirithamby 1989). Since a 125 sequence for E. japonicus was unavailable, the

solutions for 128 are unrooted.



OBJECTIVES

L To adapt existing molecular genetic techniques for use in extraction, amplification, and

sequencing of mitochondrial DNA from Strepsiptera;

1. To generate mtDNA sequences from
= (. fenyesi male and putative female
= 8. dallatorreanum
= Unknown species from Popendetta and West New Britain

= [ japonicus;

I To determine if the putative female and known male C. fenyesi are indeed the same species;

. To examine phylogenetic relationships among unknown species from Popendetta and West New

Britain.



MATERIALS AND METHODS

Species Collection and Preservation

Fire ant (S. invicta) colonies from Bee Creek Park in College Station, Texas in June and July
1998 were analyzed for the presence of male C. fenyesi. A minimum of 100 fire ants were dissected from
each colony. Male C. fenyesi were found in four of the six samplcd colonies in larval (late fourth instar),
carly pupal (with headcap formation), or late pupal (with full puparium) stages (Johnston unpublished).
Males and each host were preserved separately in 95% ethanol.

Dr. Jerry Cook of Texas A&M University generously donated a putative female C. feryesi and
unstylopized H. aggitatus (host of putative female) for our studies. The putative female C. fenyesi was
captured in a malaise trap in Lick Creek Park, College Station, Texas. Samples of Elenchus japonicus,
Sogatella furcifera (host of E. japonicus), Stichotrema dallatoraneum, Segestidea novaeguineae (host of
S. dallatorancum), the species from Popondetta, and the species from West New Britain were all
generously donated by Dr. Jeyaraney Kathirithamby of Oxford University. All samples were preserved in

95% ethanol.

DNA Extraction

Optimal sample sizes for DNA extraction of each specimen are shown in Table 3. DNA was
casily extracted from female Strepsiptera, but DNA extractions from males proved more difficult. These
differences are likely due to the dimorphism between strepsipteran females and males. The limited size
and proteinaceous exoskeleton of the males explains the difficulties in DNA extraction. Females are
larger and composed of soft tissue, which more readily permits protein degradation and nucleic acid

extraction.



TABLE 3. Optimal Sample Sizes for DNA Extraction

Sample Size'
Male C. fenyesi All
Proposed Female C. fenyesi 25-35mg
Female E. japonicus 25-35
Male E. japonicus All
Female S. dallatoraneum 25-35 m,
Female Popondetta specics 25-35mg
Female West New Britain species (A, B, &C) | 25-35 mg
Strepsipteran Hosts 30-40mg

Sample sizo of “All” reflects entire organism; defined sizes are approximate

DNA extractions were performed using a QlAamp® Tissue Kit (QIAGEN® #29306). The tissue protocol

was used with the following exceptions and clarifications:

b}
2)

4

5)

6)

were rinsed to elimi excess ethanol and air dried in 1.5 mL microfuge tubes.
Samples were frozen in liquid nitrogen and pulverized (maximum 5 times) with pellet
pestle.

Proteinase K digestion was performed overnight (minimum 12 hours).

A 5 minute, 70C incubation of the QlAamp® spin column loaded with 100 uL deionized
H,0 preheated to 70C preceded elution.

DNA was eluted twice with 100 L. deionized H,O preheated to 70C (total elution
volume of 200 plL).

Extracted DNA was stored at -20C.

Selection of Gene Regions

Preliminary attempts at obtaining sequences by PCR of a region of the mtDNA 168 rRNA gene

produced unusable scquences, possibly due to nonspecific primers. Regions of the mtDNA 128 rRNA



and Cytochrome Oxidase Subunit I (COI) genes were chosen on the basis of their effectiveness in
preliminary studies. The 128 rRNA primers were designed by Dr. Scott Davis of Texas A&M University

for Polistes belligreans (yellow jacket) and cover a region of 400 bp.

128 rRNA forward 5'-TAC TAT GTT ACG ACT TAT-3’

12S rRNA reverse 5°-AAA CTA GGA TTA GAT ACC C-3’

The COI primer sequences are universal and have been shown cffective for lepidopterans,

dipterans, coleopterans, tt pterans, hemipterans, and h p (Simon et al. 1994). These

primers span a 440 bp region of the COI gene. The standasdized primer names given by Simon are shown

in parentheses.

COI forward (C1-J-1751) 5’-GGA TCA CCT GAT ATA GCATTC CC-3’

COl reverse (C1-N-2191) 5°-CCC GGT AAA ATT AAA ATA TAA ACT TC-3

Polymerase Chain Reaction

The PCR protocols for 128 and COI primers are shown in Table 4. All reactions had a total
volume of 50 uL. Table 5 illustrates the PCR thermal cycling protocols for 128 and COI primers
performed on a GeneAmp® PCR System 9700 by PE Applied Biosystems. The 128 annealing
temperature is considerably lower than the COI annealing temperature because the 128 primers have a

lower GC content and are shorter than the COI primers.



Table 4. PCR Protocols for 128 and COI Gene Regions

128 COI
Reagent Volume | Volume (uL)'

(L)'
Qiagen”® Taq PCR Master Mix 25 25
Template DNA 5 5
Forward Primer, 5 pmol/pL. 5 25
Reverse Primer, 5 pmol/uL 5 2.5
MgCl, 25mM 3 3
Water, distilled 7 12

" Total reaction volume is

S0,

2 Contains: 1.25 U Tag polymerase, 0.5XPCR Buffer (1.5 mM MgClz), 200 pM each dNTP
? Final amount of DNA/reaction: 0.5-Tpg

Table 5. PCR Thermal Cycling Protocols for 128 and COI Gene Regions

Cycles 128 COl1
1 94C, 3 min 94C, 3 min
20 ] 94C, 1min | 94C, | min
46C, 1 min 52C, 1 min
72C, 1 min 72C, 1 min
1 72C, 10 min | 72C, 10 min




DNA Sequencing

ABI Prism® BigDye™ Terminatior Cycle Sequencing Ready Reaction Mix was used in the
sequencing reaction. PCR products were ethanol precipitated and resuspended in distilled water to a final
concentration of 20 ng/pL. The sequencing reaction was performed using a GeneAmp® PCR System
9700 with the protocol given in Table 6. The total volume of each reaction was 6 ul.. Products of the

sequencing reaction were ethanol precipitated and sequ d ding to standard instructions for the

ABI Prism® 277 Sequencer.

Table 6. Sequencing Reaction Protocol

Reagent Volume (pL)
Big Dye® 2
Template DNA, 20 ng/pl.’ 2
Primer, 5 pmol/uL 2

T Required template: 10 ng/100 bp DNA

Data Analysis

Forward and reverse sequences were aligned and corrected using Sequencher 3.0 (Gene Codes
Corp. 1995). This generated a consensus sequence for cach sample. These sequences were aligned with
each other using CLUSTAL X (improved version of CLUSTAL V, Higgins et al. 1992) using a gap
opening of 10, a gap extension of 0.5, and a transition weight of 0.5. E. japonicus sequences were

included in the COI study as an p in phylogenetic analysis. Phyl ic Analysis Using

Parsimony (PAUP* 4.0b2, Swofford [999) was employed for parsimony analysis of the sequences.
PAUP identifics informative positions (i.e. base substitutions) and calculates hypothetical relationships

between taxa. A maximum parsimony method was used, which minimized the number of nucleotide



substitutions necessary to explain the data set. Maximum parsimony solutions were found by branch-and-

bound searches followed by bootstrapping to test the strength of relationships between taxa.



RESULTS

The abbreviations used for this study are given in Table 7. Fragment length microvariation was

observed for both gene regions. Out of 440 bp for the COI gene region, 284 bases were sequenced and

analyzed. Of these, the only sequence insertion/deletion sites were for bases 126-132 (see Table 8) between

E. japonicus (family Elenchidae) and all other sequences (family Myrmecolacidae). Table 8 shows CLUSTAL

sequence alignments for the COI region.

Table 7. Legend for Sequence Analysis

Abbreviation Species (sex)

WNB-A Species from West New Britain, undetermined (female)
WNB-B Species from West New Britain, undetermined (female)
WNB-C Species from West New Britain, undetermined (female)
POP Species from Popondetta, undetermined (female)

Sd Stichotrema dallatoraneum (fcmale) 4‘
Female Cf Caenocolax fenyesi (putative female)

Male Cf Caenocolax fenyesi (male)

Temale Ej Elenchus japonicus (female)

Male Ej Elenchus japonicus (malc)




Taxon/Node

Table 8. CLUSTAL Sequence Alignment for COI
Sequences for 2 284 bp COI region are shown for 7 samples. Dashes represent site losses

or gains and are automatically inserted by CLUSTAL to maintain sequence alignment.

111111l11122222222223333333333444444444455555J5555655666666677777
123456789012345678901234567890123456 78901234567890123456789012345678901234

WNB-B
WNB-A

pop

Female C.f.
Male C.f.
Male E.j.
Female E.J.

Taxon/Node

GTATTTAAGTTTCGG’]‘CTGTTAAAAGCATRGTAATTGCTCCAGCTAGTACTGGTAATGA‘TAATAAAAGGAGAAG
GTATTTARGTTTCGGTCTGT TARRAGTATAGTAATTGCTCCAGCTAGTACTGGTARTGATAATAANAGCAGARAG
GTATTTARATTACGGTCTGTTARGAGTATTGTAATAGCTCCTGCAAGARCAGGGAGGGATRARRGTAATAGT AR
GTATTTAAGTTTCGATCAGTTARTRATATTGTAATAGCTCCT GCTAGTACAGGAAGTGAT ATARRAGRAG
GTATTTARATTACGGTCAGTTARTARTATTGTARTAGCTCCTCCARCARCTGCGRGNAGARRGTARAAGAAGANT
GARTTARAATTTCGATCARATAATAGTATAGTAATTGCCCCAGCTAATACTGGTARAGATAARATTAATANGAT
GAATTAARAATTTCGATCAAATAATAGTATAGTARTTGCCCCAGCTARTACTGGTAARGATARRRT TRAATARGAT

1111111111111171711111231131311111111111111313111111
77777883888B888999?999999000000000031111111112222222222333?333333444444444
5678901234 ‘;67B901234567890123456789012345678901234567890123456789012345678

Taxon/Node

TGCTGTARTTGCTACAGATCABACARAATA. TTGATCTAGTGATATT TCGTATATTGAT

TGCTGTAATTGCTACAGATCARRCAARTAARGGGGTTT GATLTAGTGZ\TATTTGTGGAGCTCLTATATTGZ\TAG
TGCAGTGATTGCGACAGA'TCAAACGAATAAAGGTGTTTGATCTAGTGATATCCCGGGGGATCGTATATTAZ\TTG
TGCTGrAATAGCTACIGATCARACARATAATGGTGI TTCGTCTARTGTTATTCTTTCTGATCGTATATT TTG
NGCTGTAATAAGARTAGATCARACT! TTTTATCTATAGTA: TTTTTATGCTGTATGT TARTGR
TGAAGTTAATAARATAGATCARRTARRTAARGATARTTTTTTAAT TGGGAT -~~~ T-~GTTCTCATAT TGTARR
TGAAGTTARTAARATAGATCAAAT AAATARAGAT AATTTT TTAATTGGGAT -~~~ T-~GTTCTCATATTGTARR

11111111117111111111111111113211111113111111111111122222222222222222222222
4555555555566666666667777 88898 900000000001111111311222
901234567890123456/89012345678901234561890123456ISq01234567890123456789012

WNB-B
WNB-A

POP

Female C.f£.
Male C.E.
Male E.J.
Female E.j.

TTETAGTAATGARGT TTACGGCACCTAG. G TTCCGGCTAARTGA PAAARTTGCTANGTCT
TTGTAGTAATGAAGTTTACGGCACCTAGARTAGRGGAARTTCCCCCTARATGARGGGAGRARATTGCTARGTCT
TAGTTGTAATAARATTTACTGCCCCTAAGATAGAGGABATTCCCCCTAGATG TARAGRAARRAT TGCTARGTCT
CTGTIGTAATAABRATTAACTGCTCCTAGAATTGRTGAARCACCAGCTAAGT GRAAGAGAGRARATRGCTAART CA
TTGIAGRARTAARATTAATAGCCCCTARRATTGATGATAT TCCAGCGATATGTARGGARARRATAGRTAGATCG
TAGTAGTGATARDATTAATAGATCTTARRATTGARGARATACCAGCTAGGTGTART CTAAAGAT TATTARTTCT
TAGTAGTGATAABATTAATAGATCTTAAAATTGAAGARRTACCAGCTAGGTGTAATCTARAGATTATTARTTCT

22
£2222223333333333444444444455555555556666666666777777777788888

Taxon/Node 34567890123456789012345678901234567890123456789012345676301234
WNB-B ACAGATGCCCCTCCATGGECARTACCTGATGATAGT GGAGGATACARCAGTTCATCCIGTTCC
WNEB-A ACAGATGCTCCTCCATGGGCAATACCTGATGATAGTGGAGGATACACAGTTCATCCTGTTCT
POP ACTGAAGCCCCTCCATGGGCARTTCCTGCT GAGRGGGGAGGGTAGACTGTTCATCCAGTACC
Female C.f. ACTGAGGCTCCTCCATGTGCARTTGCTCCAGCGAGCGGAGGGTARRCTGTTCATCCTGGACT
Male C.f. ATAGEGGCTCCTCTCTGARRARTGTTGGAGGC TARAGGTGGATARATACT TCATCCTGTTCC
Male E.Jj. ATTGAATAGTCTGAGT GTCTTTGAGTTARAGT ABAT GGAGGATATAAT GT TCRCCCTCACCT

Female E.j.

ATTGAATAGTCTGAGTG1CT TTGAGTTARAGTARATGGAGGATATARTGTTCACCCTGACCT



There were 86 total base differences between the male and putative female C. fenyesi, representing a
total variation of 30% (adjusted for missing data). In comparison, there were 0 base differences between the
male and female E. japonicus and 2 base differences between the WNB-A and WNB-B samples. Base

differences and total variation betwecn samples for the COI region are shown in Table 9.

Table 9. Base Differences and Total Variation Between Taxa for a 284 bp COI Region
Base differcnces are shown below the diagonal, while total variation, or mean character

differences, are shown above the diagonal (adjusted for missing data).

1 2 3 4 5 3 7
1 WNB-B - 0.00704 0.20423 0.22183 0.31690 0.37410 0.37410
2 WNB-A 2 - 0.20423 0.21479 0.30986 0.37050 0.37050
3 POP 58 58 - 0.21479 0.33099 0.37410 0.37410
4 Female Cf 63 61 61 - 0.30282 0.37410 0.37410
5 Male Cf 90 88 94 86 - 0.39928 0.39928
6 Male EJ 104 103 104 104 111 - 0.00000
7 Female Ej 104 103 104 104 111 0 -

Branch-and-bound search by PAUP resulted in the tree shown in Figure 2. E. japonicus male and
female sequences were defined as a monophyletic sister-group to the ingroup. Bootstrapping support values
were generated for 1000 replicates using the 50% majority-rule and are also shown in Figure 2. The consistency
index for this tree is 0.8313.

Out of 400 bp for the 128 gene region, 272 bases were scquenced and analyzed. Table 10

shows CLUSTAL sequence alignments for the 128 region.
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Figure 2. COl Phylogenetic Trec Generated by PAUP

Branch lengths are shown as numbers on branches.  Arrows represent bootstrapping support values.
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Table 10, CLUSTAL Sequence Alignment for 128
Sequences for a 272 bp 128 region are shown for 6 samples. Dashes represent site losses

or gains and are automatically inserted by CLUSTAL to maintain sequence alignment.

11111111112222222222333333333344444444445555555555666666666677777777

Taxon/Node 1234567890123456789012345676890123456789012345678901234567 8901234567/8901234567

WNB-A GITTTAGTCTATECAGAGGARTCTGTCCTATARTTGATARTACRCGT TATRE TATACTTGAT I TTGTARATTCAGTT

WNB-B GTTTTAGTCTATTCAGAGGAATCTGTCCTATARTTGATARTACACGT TATAT TATACT TGATTTTGTARATTCAGTT

WNB-C GTCTTARTCTTTTCAGAGEAATCTGCCCCGTARTCGATAGTACACGT TARATGCTACATAGT TTTGTAART ~CAGCT

Female Cf ATCTCATTCCATTCAGAGGAACCTACCCCGTGATTGATAGTACACGATTAGCT TTACTTARTTTATTT ~ TT

sd ATTTTAATCAGTT TAGAGGATTCTGTTAT TTA-——~GATAAT TCACGT TATAARTART TTARTTTARTAR -

Male Cf GTTATAATCARTTTAGAGGATTCTGTTAT TTA-——GAANATACACGATTARTTTAATITAAT T TTATTA-—~——

11111111111112111111111173111111211771131111121231111111

778888886888999999995900000000001111111111222222222233333333334444444 44455555

Taxon/Node §90123456789012345678901234567890123456789012345678901234 56789012345678901234

WNB-A TGTATACCTCCGTCATAAGATTATCCTTGGAGGGTARTAATTTTCTTAATTTTT TATGTCAGGTCRA

WNB-B TGTATACCTCCGTCATARGATTATCCT TGGAGGGTAATRRTTTTCTTAATTTT TGATAGRAGRATATGT CAGGTCAR

WNB-C TGTATACCGCCGTCATARGATTATCTTTTTAGAGAAGGARI TT TCTTARTATTT -~ TRCGATAGTATGTCAGGTCAN

Female Cf GTATATCTCCGTTATCAGAAARTCTTTTTAGAGTTATART TTTCTTGATT TATARTTAT TATTTCAGGTCAA

sd TTTATATCGTTGT TATAAAARRATATTTTAATATT TAAARATTTT TARTARATT -~ TARTTTRAATAT TTCAARTCAR

Male Cf TTTATATCGTTGT TATAAGARRATATT TTAATATTTTTARAT TTCTAA-AAAT T-~TTTATTAATATTTCAARTCAR
711111111117111112111111111111211131121131111
55555666666666677777777778888ﬂBBBS8999999999900000000001111111111222222222233

Taxon/Node 5678901234567990123456789012345678‘301234b678901234567890123456'/890123456 18901

WNB-A GETGCAGCTARTAAT TAAGTTTGAGATGGATTACARTATARTTATATA -~ ~CATGGAAGTTATACTGRAART - TGTA

WNB-B GGTGCAGCTAATAGT TAAGT T TGAGATGGAT TACAATATARTTATATAT G- CATGGARGTTATACTGARRAT - TGTA

WNB-C GGTGCAGTTTATAAT TATGA( TCGATTACAATAAARTTATTTA- - - TATGGATTNTATGTTGTARTA-TATA

Female Cf GGTGCAGCTTATART TARGAG— TGGGTTCCAATAGGTTTTTGTTTACARCGGATTTGCTAGTGARATACTATT

sd AATAARATT TATAATTAARRATTA- BTRGATTATATTA-~CTTARATT -~ ~—ATTTA-ATACTARTGAATT TARATT

Male Cf GATTTAATTTATAATTAAAGATTA-ATGGATTACAATA-~RAATATARA -~~~ ~ATTGGCATTARAATTTARTATTTTA
33333333444444444455555555556666666666777

Taxon/Node 23456789012345678901234567890123456789012

WNB-A ACTGAAGGTGGATTTGAARGTARARTTGT TATATTATGATA

WNB-B ACTGRAGGTGGATTTGARAGTARARTTGT TATATTATGATA

WNB-C AATGARGGTGGATTTGARAGARAACCTGGTARNTTATGATA

Female Cf AATGRAGGIGGATTTGATAGTART-TTAACATATTTAGTIT

sd ARTARRARARAATTTAAARAGTAATARTARAT TATATTITAT

Male Cf ARTAARATTGGATTTAATAGTBATTATAT TALATATTTAAT
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The region from bases 203-206 was omitted from PAUP analysis due to alignment ambiguity.
Elimination of this region, however, did not change the tree generated and had a minimal impact on the analysis
of the 128 region. Of the remaining 268 bases, there were 93 total base differences between the male and
putative female C. fenyesi, representing a total variation of 37% (adjusted for missing data). Base differences

and total variation between samples for the 128 region are shown in Table 11.

Table 11. Base Differences and Total Variation Between Taxa for a 268 bp 128 Region

Base differences are shown below the diagonal, while total variation, or mean character

differences, are shown above the diagonal (adjusted for missing data).

1 2 3 4 5 €
1 WNBA - 0.00375 0.1%011 0.28571 0.38889 0.34127
2 WNBB 1 - 0.19392 0.28958 0.39286 0.34524
3 WNBC 50 51 - 0.26848 0.41434 0.35458
4 FemaleCf 74 75 69 - 0.39200 0.37200
5 Sd 98 a9 104 98 - 0.21825
6 MaleCf 86 87 89 93 55 -

Branch-and-bound search by PAUP resulted in the unrooted tree shown in Figure 3. Bootstrapping
support values were generated for 1000 replicates using the 50% majority-rule and are also shown in Figure 3.

The consistency index for this tree is 0.8815.
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Figure 3. 128 Phylogenetic Tree Generated by PAUP

Branch lengths are shown as numbers on branches.  Arrows represent bootstrapping support values.
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CONCLUSIONS

General Considerations

Phylogenetic analysis showed the sequence data to be clean and the trees stable. The
consistency index (CI) is a measure of the signal/noise ratio in the data (sum of the minimum
number of steps required divided by the length of the tree). Therefore, a high CT indicates a tree
based on low homoplasy, or very consistent daw., The consistency index for COT was 0.8313,
while that of 123 was 0.8815. These are high CI values, showing that the data is relatively free of
conflicting phylogenetic signals.

Bc pi the rc of phy! ic trees, or how strong the evidence

is for two branches to lay in a given orientation. High bootstrapping values indicate a robust tree.
For instance, the boostrapping support value for COI between the male C. fenyesi and the upper
branch is 98. Thercfore, 98% of the random samplings gave a tree with the male C. Sfenyesi
separate from the upper-portion of the tree (containing the putative female C.fenyesi). The
bootstrapping values were high for every pair of branches except that for COI between the

putative female C. fenyesi and the upper branch (bootstrapping support value of 52). Therefore,

only 52% of the time did random give the ori ion of the two i d branches
(lengths 23 and 15) as shown.

As in all sequence analysis, the validity of this analysis is compromised by the possibility
of contamination. Though sterile techniques were used when handling these samples, therc is
always a risk of contaminating samples with human, viral, or other DNA. Inthe case of
parasitoid organisms, the most likely cause of contamination is the host. For this reason, DNA

“from hosts of £. japonicus, C. fenyesi male, C. fenyesi pulative female, and S. dallatorreanum

was amplified and sequenced. The sequencing results were not clean enough at the time of
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publication to include in this study. However, comparisons of host and respective parasite partial
sequences proved that the samples were not contaminated by host DNA.

1f the putative female C. feriyesi (or any other samplc) were contaminated, we would
expect the branch to be highly diverged from the phylogenetic tree (long branch). We do not see
such a branch, however. The fact that the putative female C. fenyesi branch lies in the middle, not
the outside, of both trees adds proof of true, uncontaminated sequences.

The 128 alignment was not as clean as that of the COI region. The alignment might be a
real artifact of the high variability of the 128 region. However, to avoid the possibility of
ambiguous phylogenetic branch positions and lengths, a four base pair region was omitted from
the PAUP analysis (bases 203-206, sce Table 10). The branch positions were unaffected by this

deletion, and the change in branch lengths was minimal.

Caenocolax fenyesi

Comparisons of total nucleotide variation reveal that the male C. fenyesi and the putative
female are probably not the same species. The male C. fenyesi and putative female sequences
vary at 86 bases in the COI region (30% of the total) and at 93 bases in the 128 region (37% of
the total), as shown on Tables 9 and 11. In addition, the male C. fenyesi and putative femalc do
not appear as a monophyletic group in either the COl or 128 phylogenies (Figures 2 and 3); thus,
there is no evidence that they share nucleotide substitutions that the other species do not. The
discrepancy in total percent variation between the two mitochondrial genes results from multiple
factors. Although the 125 gene evolves at about the same rate as the average for the entire
mitochondrial genome (Simon et al. 1990), the 128 primers used in this study were specifically
designed to cover a region of high variability. Further, the cytochrome oxidase I gene is known
10 be highly conserved among mtDNA regions (Hillis et al. 1996). These factots are consistent
with the higher overall variation observed in the 128 region for the male C. fenyesi and putative

female.
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The high amount of variation between the male C. fenyesi and the putative female is

consistent with variation between other species in this study. For instance, the variation between

S dallatorreanum and WNB-A is 39% for the 128 region, which is of the same magnitude as the
37% variation observed between the male C. fenyesi and the putative female. This suggests that
the putative female is not of the species C. fenyesi.

The phylogenetic analysis does, however, support the hypothesis that the female in
question is of the family Myrmecolacidae. This-is especially evident in the COI tree (Figure 2),
since the sequence of the female (putative) falls between the male C. fenyesi and the POP/WNB
branch. Since we know that both C. fenyesi males and POP/WNB are myrmecolacid, we deduce
that any species which falls within this part of the tree will be a myrmecolacid. The 128 tree
(Figure 3) further demonstrates that the female (putative) falls in the middie of the known

myrmecolacid species.

Papua New Guinea Myrmecolacid Species

WNB-A and WNB-B are the same species of Myrmecolacidae, as seen in the 12S and
COl variance tables and trees. The COI region shows a 0.704% variance, while the 128 region
shows a 0.375% variance between WNB-A and WNB-B. Kathirithamby’s hypothesis
(unpublished) that these two organisms are the same species is strongly supported by this data.

The 128 unrooted phylogenetic tree illustrates strong divergence of S. dallatorreanum,
WNB-C, and WNB-A/B. [t appears that these three groups are separate species (as thought by
Kathirithamby) and that WNB-C is morc closely related to WNB-A/B than S. dallatorreanum.
Further, we note that S. dallatorreanunt from PNG is more closely related to C. fenyesi of North
America than to other Myrmecolacidae from PNG.

As predicted by Kathirithamby (unpublished), POP and WNB-A/B arc different species.

The COI tree illustrates this point. The total variance between POP and WNB-A is 20.4%, as is



26

the variance between POP and WNB-B. At this point, there is not sufficient data to support the

relationship of POP and WNB-C.

Future Research

To learn more about possible biological control of S. invicta by C. fenyesi, we must
identify the C. fenyesi temale. Since C. fenyesiis a myrmecolacid species, we expect to find the
female within an orthopteran host. We also need to identify the male of our putative
myrmecolacid female (originally presumed C. fenyesi female). The later may be a more feasible
endcavor, since free-living males can be caught in light traps.

The use of both C. fenyesi and S. dallatorreanum as biological contro] agents is an
undeniable possibility. The negative effects of these parasites on their host (decrease fitness)
provide a natural means of pest control. However, proposing to use these parasites as biological
control agents is presumptuous without knowledge of the mate, mating process, and sexual
characteristics of each,

Cutrently, there are at least two undescribed species of myrmecolacid from Papua New
Guinea (WNB-A/B, POP, WNB-C). Further mtDNA phylogenetic analysis will unravc] the
relationship between POP and WNB-C. These new species need further investigation and
taxonomic identification.

This endeavor began as a pilot project to determine if DNA could be effectively
extracted, amplificd, and quantitatively compared in Strepsiptera. The results satisfactorily prove
that mtDNA phylogenetic analysis is a suitable means of determining relationships between and
among species of Strepsiptera. Likewise, the sole use of morphological characters to identify

members of this peculiar order of insects is not necessarily an accurate means of classification.
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