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Abstract

Sequences of the mitochondrial genes, cytochrome oxidase 1 and II {COI and 

COII) were used to estimate the phylogenic relationships of five siblings and eight 

cytotypes of the Simulium arcticum complex from cytogenetically identified larvae.

These 13 taxa are all differentiated by unique Y chromosome inversions, and in the 

present study a phylogeny based on chromosome types was tested molecularly. Bayesian 

analysis showed that taxa are non-monophyletic, in that sequences of different taxa are 

more closely related than are those of the same taxon. I conclude that incomplete lineage 

sorting as well as interspecific gene flow may explain these findings. These molecular

data support and modify the model of chromosome speciation previously proposed by 

Rothfels and suggest that taxa within the S. arcticum species complex are likely in the

early stages of differentiation and speciation. This thesis forms the basis of the 

manuscript, Good Species Behaving Badly: Apparent Non-monophyly of Black Fly Sibling

Species in the Simulium arcticum Complex (Diptera: Simuliidae), submitted, January, 2010 to 

Molecular Phylogenetics and Evolution.
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Introduction

Black flies (Diptera: Simuliidae) are a powerful model for investigating the 

mechanisms of speciation. In many species complexes of black flies, larvae, pupae and 

adults each appear morphologically identical, but can be differentiated by cytogenetic 

investigation of the giant polytene chromosomes found within the salivary glands of 

larvae (Rothfels, 1956). These polytene chromosomes have acquired inversion mutations 

which are hereditary elements of the nuclear genome and have been shown to be 

independent units of mutation (Dobigny et al., 2004). Because of these hereditary 

elements, chromosomal inversions are considered taxonomic and phylogenetic indicators 

in black flies (Rothfels, 1979; 1981; 1989). Several species complexes have been 

described (Table 1). Commonly a sibling species, which is reproductively isolated from 

other siblings of the complex, maintains its distinctive chromosomal rearrangements 

while living in sympatry with other members of the same species complex. It is 

hypothesized that the speciation process may begin with an inversion in the same 

chromosome that determines sex; taxa having these Y-linked chromosomal inversions are 

initially referred to as cytotypes (Rothfels, 1979; Rothfels, 1989; Adler et al., 2004).

Ecological data have been used to support the status of black fly species within 

complexes. Preferences in times of larval emergence, stream elevation, and acid/base 

character of water, etc. are associated with various siblings (Shields et al., 2007a). For 

example, within the Simulium arcticum complex at the Blackfoot River, Montana, the 

cytotype S. arcticum IIL-9, occurs in late March and again in July and August, whereas 

the sibling S. negativum (a member of the S. arcticum complex) appears from May to July 

(Shields et al., 2007b). Similar emergence behavior has been observed in the S. arcticum
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complex at Wasilla Creek, Alaska (Shields and Procunier, 1982) and within the S. 

vittatum complex on the Avalon Peninsula (Adler and Kim, 1984). Elevation preference 

was noted between S. arcticum IIL-18 and S. apricarium, a member of the S. arcticum 

complex, within five drainages in western Montana, where S. arcticum IIL-18 was 

consistently found at higher elevations as opposed to the low elevation location of S. 

apricarium (Shields et al., 2007a). Brockhouse (1985) noted stream pH preference of 

cytotypes of the S. vemum complex of Britain, and Rothfels (1989) observed a similar 

pattern within S. vemum siblings in Norway.

Molecular studies have determined trends of divergence within Simuliids.

Internal transcribed spacer (ITS) loci of nuclear ribosomal RNAs were found to have 

varying lengths which could distinguish among some members of the S. damnosum 

complex (Brockhouse et ah, 1993; Kruger et ah, 2000; Mustapha et ah, 2005). Another 

sibling species of S. damnosum was identified through the use of cytological data coupled 

with molecular sequences of the 16S rRNA gene and a NADH dehydrogenase subunit 

(Higazi et ah, 2000). Pruess et ah (2000) showed that COII could be used to determine 

species-level relationships, but that it was less successful in resolving higher level 

relationships within the Cnephia black fly complex. Rivera and Currie (2009) found COI 

a powerful tool in species determinations of Nearctic black flies and found further 

evidence of the cryptic species complexes earlier described by cytogenetics. COI showed 

its worth in determining recently diverged lineages in the phylogenetic history of the 

subgenus Inseliellum, and for resolving basal relationships when combined with the 12S 

rRNA gene (Joy and Conn, 2001). Yet the 16S rRNA gene was found to be of limited use 

in studies of S. venustum and S. verecundum complexes (Xiong and Kocher, 1993).
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Cytogenetic studies of the S. arcticum complex have revealed considerable Y- 

chromosome diversity within Alaska (Shields and Procunier, 1982) and in the Pacific 

Northwest of the USA (Adler et al., 2004; Shields et ah, 2007a; Shields et ah, 2007b; 

Shields et ah, 2009). Within this complex, nine sibling species and 21 cytotypes have 

been discovered (Table 2). Adler and Crosskey (2009) identified the S. arcticum 

complex as one of the most diverse groups of Simuliids, second only to the African 

native, S. damnosum complex. With this diversity in mind, an original attempt to use 

molecular genetics to determine phylogenetic relations among four members of the 5. 

arcticum complex was attempted by Spironello and Currie (pers. comm, and unpublished 

manuscript) in conjunction with the Shields laboratory at Carroll College. Larvae for that 

study were collected by Shields from presumed taxon-pure sites based on previous 

cytogenetic analyses (Shields, unpub.). Thus, cytogenetic analysis was not used to 

identify individual larvae to chromosome type in that initial molecular study. Also, it 

was assumed that Camoy’s fixative (1 part glacial acetic acid: 3 parts ethanol) which is 

conventionally used to preserve polytene chromosomes for later cytogenetic analysis 

could degrade DNA (Koch et al., 1998; Post et al., 1993). To circumvent this issue, the 

larvae used in the Spironello study were fixed in ethanol. Unexpectedly, non- 

monophyletic phylogenetic relationships (Figure 1) resulted from this analysis and we 

were unable to determine if non-monophyly was true or alternatively, if the ‘taxon pure’ 

status of the individuals used in the study was in question. Based on these results, the 

present study was initiated to attempt to construct phytogenies of cytologically identified 

individuals. A secondary objective of this study was to determine if molecular data could 

be obtained from specimens preserved in Carnoy’s fixative. If so, archived larval

10



collections at many laboratories of black fly researchers might be valuably analyzed 

molecularly. I hypothesized that the resulting phylogenetic relationships would be 

monophyletic regarding the relationships of sibling species and cytotypes. That is, 

siblings would occur in separate clades while individual cytotypes would branch off from 

their closest sibling relative.
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Table 1: Known black fly species complexes.

Species Complex Citation

S. arcticum Shields and Procunier, 1982; Adler et al., 2004

S. damnosum Dunbar, 1966; Vajime and Dunbar, 1975

S. venustum Rothfels et al., 1978

S. verecundum Rothfels et al., 1978

S. vittatum Rothfels and Featherston, 1981

Helodon onychodactylus Newman, 1983
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Table 2: Members of the Simulium arcticum species complex.

Taxon3 Status Reference
Szznw/zMzn apricarium (IIL-7) Species Adler et al., 2004
S. arcticum IIL-1 Species (formally 

unnamed)
Adler et al., 2004; Shields and 
Procunier, 1982

S. arcticum IIS-4 Species (formally 
unnamed)

Adler et al., 2004; Procunier 
1984

S. arcticum IIL-6 Cytotype Shields, unpublished
S. arcticum IIL-9 Cytotype Shields et al., 2007b
5. arcticum IIL-10 Cytotype Shields et al., 2007b
S. arcticum IIL-12 Cytotype Adler et al., 2004
S. arcticum IIL-13 Cytotype Shields, unpublished
5. arcticum IIL-14 Cytotype Adler et al., 2004
S. arcticum IIL-15 Cytotype Shields, unpublished
S. arcticum IIL-16 Cytotype Adler et al., 2004
S. arcticum IIL-17 Cytotype Shields, unpublished
S. arcticum IIL-18 Cytotype Shields et al., 2007a
S. arcticum IIL-19 Cytotype Shields et al., 2007b
S. arcticum IIL-21 Cytotype Shields, unpublished
S. arcticum IIL-22 Cytotype Shields et al., 2009
S. arcticum IIL-49,50,51,52 Cytotype Shields, unpublished
S. arcticum IIL-49,52 Cytotype Shields, unpublished
S. arcticum IIL-55 Cytotype Shields, unpublished
5. arcticum IIL-57,58 Cytotype Adler et al., 2004
S. arcticum IIL-68 Cytotype Shields, unpublished
S. arcticum IIL-73,74 Cytotype Shields, unpublished
S. arcticum IIL-84 Cytotype Shields, unpublished
S. arcticum IIL-85 Cytotype Shields, unpublished
S. arcticum sensu stricto (IIL-3) Species Adler et al., 2004; Shields and 

Procunier, 1982
5. brevicercum (IIL-standard) Species Adler et al., 2004; Shields and 

Procunier, 1982
S. chromatinum (IIL-11) Species Adler et al., 2004
S. negativum (IL-3,4) Species Adler et al., 2004; Shields and 

Procunier, 1982
S. saxosum (IIL-2) Species Adler et al., 2004; Shields and 

Procunier, 1982
S. vampirum (IIL-8; IS-10,11) Species Adler et al., 2004

aNames include unique chromosomal inversions defining taxa: 11= second chromosome, 
L=long arm, S=short arm

coREnE library;
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Figure 1. Results from the preliminary Spironello study. Maximum parsimony 

phylogenetic relationships among members of the S. arcticum species complex recovered 

with Bayesian methods. Numbers above nodes indicate Bayesian posterior probabilities 

(>0.50).
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Methods and Materials

Taxon Sampling and Chromosome Analysis

Larvae were collected on site and fixed in Carnoy’s fixative. The fixative was 

changed until it became clear (usually after four changes), and samples were stored on 

wet ice until return to the laboratory. Larvae were then sorted to the S. arcticum 

morphospecies (Currie, 1986) and heads were removed from the rest of the body and 

stored in separate 1.5 mL vials in Carnoy’s fixative for later molecular analysis. Thoraces 

and abdomens were used as a vehicle to transfer and stain polytene chromosomes and 

gonads in Feulgen (Rothfels and Dunbar, 1953). Chromosome maps for the S. arcticum 

complex (Shields and Procunier, 1982) were used to identify Y-chromosome inversion 

types. In total, the sampling of S. arcticum included 42 individuals from 13 taxa (Table 

3). Cytological identifications were verified independently by the author and GFS. Two 

females were included in the study: S. saxosum (IIL-2 inversion homozygote) and S. 

arcticum (standard sequence). Also included were two individuals of the S. malyschevi 

species group, S. murmanum. This species was chosen as an outgroup based on previous 

morphological, cytological, and molecular evidence (Adler et al., 2004; Conflitti et al., in

review).

Molecular Methods

Genomic DNA was extracted from the larval heads fixed in Carnoy’s using the 

methods of Collins et al. (1987). In testing the hypothesis of Carnoy’s fixative degrading 

DNA with time, larvae collected and fixed in 2003 (n=5), 2004 (n=10), 2006 (n=l), and
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2009 (n=37) were used. DNA of S. murmanum was extracted with the phenol- 

chloroform method of Liu et al. (2000). Since COI1 contained the most phylogenetic 

information in Spironello’s preliminary study, and since COI had been valuable in 

previous analyses (Joy and Conn, 2001; Pramual et al., 2005; Rivera and Currie, 2009) 

these two genes were selected for study. Fifty pL PCR reactions were conducted, 

consisting of 25pL GoTaq Master Mix (Promega Corporation), 4pL forward primer, 4pL 

reverse primer (see Table 4 for primer sequences), 2pL DNA diluted with TE buffer 

(lOmM Tris, ImM EDTA, pH 8), and 15pL water. Amplifications for CO11 were 

completed on a BioRad MyCycler PCR thermocycler using the temperature profile of 2 

min. at 94 °C, 45 sec. at the annealing temperature of 49 °C, 45 sec. at 72 °C, followed by 

40 cycles of 30 sec. at 94 °C (denaturation), 45 sec. at 49 °C (primer annealing), 45 sec. at 

72 °C (extensions) and then 4 min. at 72 °C for a final extension. The PCR temperature 

profile for the COI gene was modified from Rivera and Currie (2009) and proceeded as 

follows: initial 1 min. at 96 °C (denaturation), and 1 min. at 94 °C (denaturation), 1 min. 

at 57.4 °C (primer annealing) and 1.5 min. at 72°C (amplification) for 40 cycles, and 7 

min. at 72 °C (final amplification). Successful amplification was verified using 

electrophoresis through a 1.2 % agarose gel. Amplified samples were then purified using 

2 pL of ExoSAP-IT (USB) and the temperature profile provided by the manufacturer. 

Forward and reverse sequences of cleaned, amplified samples were produced by 

Macrogen Inc. in Seoul, South Korea.

Sequence Alignment and Statistic, and Phylogenetic Analysis
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Sequences were overlaid and edited using the CodonCode Aligner software. 

Conflitti completed further analysis of the sequences. PAUP* was used to examine 

nucleotide composition of the molecular dataset, of each gene, and of each codon 

position. A chi-square test of homogeneity of base frequencies across taxa was also 

performed on these data partitions. To assess nucleotide sequence divergence within and 

between taxa, pairwise genetic distances were calculated on the Kimura 2-parameter 

model. This model provides the best estimate of divergence when genetic distances are 

low as in recently diverged taxa (Nei and Kumar, 2000).

Phylogenetic trees were constructed using Maximum Parsimony (MP) and 

Bayesian methods. MP analyses were also conducted in the Spironello preliminary 

study. The Akaile Information Criterion (AIC; see Posada and Buckley, 2004) within 

MrModelTest v2.2 (Nylander, 2004) was used to determine the best fitting evolutionary 

model for each molecular partition. Second codon positions in COI and COII were 

invariable, forcing a data partitioning, Bayesian mixture model analysis (Pagel and 

Meade, 2004). This method fits independent rate matrices (Qs) to dataset without a 

priori specification of molecular partitions. Twelve mixture models were assessed: six 

without gamma rate variability (denoted nQ; n varied between 1 and 6) and six including 

this parameter (denoted nQ + T; n varied between 1 and 6; T represents among-site rate 

variation under a gamma distribution with four rate categories). All mixture model 

Bayesian analyses were performed with BayesPhylogenies vl.l (Pagel and Meade, 2004) 

by Markov Chain Monte Carlo (MCMC) sampling for 5.0 x 106 generations. Each 

analysis consisted of a single run with random starting tree and six Markov chains 

sampled every 100 generations. Default settings were retained for all priors. The first
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25% of parameter estimates were discarded as burn-in. Then, stationarity was confirmed 

by plotting -In likelihood (-InL) scores against generation time. In all cases, a 50% 

majority-rule consensus tree was constructed from 37,500 post burn-in trees. Bayes 

factors were used to select the mixture model strategy that best explained the dataset 

following methods in the Spironello preliminary study.
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Table 3: List of samples with corresponding collection information.
Taxon3 Code Collection Locality Collection date
Simulium murmanum 01 Ontario, Canada n/a
S. apricarium G9B Gallatin River, Montana 04-19-2009
S. apricarium G9C Gallatin River, Montana 04-19-2009
S. apricarium G9I Gallatin River, Montana 04-19-2009
S. arcticum IIL-9 S9C Spokane River, Idaho 04-03-2009
S. arcticum IIL-9 S9F Spokane River, Idaho 04-03-2009
S. arcticum IIL-9 S9G Spokane River, Idaho 04-03-2009
S. arcticum IIL-9,20 S9I Spokane River, Idaho 04-03-2009
S. arcticum IIL-9,20 S9J Spokane River, Idaho 04-03-2009
5. arcticum IIL-10 US9A Upper Spring Creek, Montana 03-09-2009
S. arcticum IIL-10 US9E Upper Spring Creek, Montana 03-09-2009
S. arcticum IIL-10 US9F Upper Spring Creek, Montana 03-09-2009
S. arcticum IIL-18 LB45 Little Blackfoot River, Montana 03-28-2004
S. arcticum IIL-18 LB9A Little Blackfoot River, Montana 04-18-2009
S. arcticum IIL-18 LB9C2 Little Blackfoot River, Montana 04-18-2009
S. arcticum IIL-19 R9E Rock Creek, Montana 04-05-2009
5. arcticum IIL-19 R9F Rock Creek, Montana 04-05-2009
5. arcticum IIL-22 C9G Clearwater River, Montana 05-01-2009
S. arcticum IIL-22,24 C9H Clearwater River, Montana 05-01-2009
S. arcticum IIL-22,24 C9V Clearwater River, Montana 05-01-2009
S. arcticum IIL-73,74 W9A Wise River, Montana 04-11-2009
S. arcticum IIL-73,74 W9B Wise River, Montana 04-11-2009
S. arcticum IIL-73,74 W9I Wise River, Montana 04-11-2009
5. arcticum IIL-84 LB410 Little Blackfoot River, Montana 03-28-2004
S. arcticum IIL-85 LB41 Little Blackfoot River, Montana 03-28-2004
S. arcticum IIL-85 LB9B Little Blackfoot River, Montana 04-18-2009
S. arcticum IIL-85 LB9C Little Blackfoot River, Montana 04-18-2009
S. arcticum s.s. LB42 Little Blackfoot River, Montana 03-28-2004
S. arcticum s.s. R9R Rock Creek, Montana 04-05-2009
S. arcticum s.s. R9S Rock Creek, Montana 04-05-2009
S. arcticum s.s. IIL-23- 
24

C9S Clearwater River, Montana 05-01-2009

S. brevicercum LB43 Little Blackfoot River, Montana 03-28-2004
S. brevicercum LB44 Little Blackfoot River, Montana 03-28-2004
S. brevicercum LB47 Little Blackfoot River, Montana 03-28-2004
S. brevicercum LB9E Little Blackfoot River, Montana 04-18-2009
S. brevicercum LB9F Little Blackfoot River, Montana 04-18-2009
S. brevicercum LB9K Little Blackfoot River, Montana 04-18-2009
S. negativum B3 Blackfoot River, Montana 06-09-2009
S. negativum B10 Blackfoot River, Montana 06-09-2009
S. saxosum CE9A Cle Elum River, Washington 03-16-2009
S. saxosum CE9D Cle Elum River, Washington 03-16-2009
S. saxosum female CE9E Cle Elum River, Washington 03-16-2009
Standard female LB46 Little Blackfoot River, Montana 03-28-2004
3 All individuals are male unless indicated otherwise.
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Table 4: List of primers used in amplification and sequencing.

Gene Ta(°C)a Primer
Name

Primer sequence (5’-3’) Reference

con 57.4 LCO1490 GGTCAACAAATCATA
AAGATATTGG

Folmer et al., 1994

HCO2198 TAAACTTCAGGGTGA
CCAAAAAATCA

con 49 TL2-J-3034 ATTATGGCAGATTAG
TGCA

Simon et al., 1994

TK-N-3785 GTTTAAGAGACCAGT
ACTTG

aPrimer annealing temperature.
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Results

Amplification of Carnoy’s Fixed Samples

Extraction and amplification of DNA from larval heads fixed for two to three 

months, and fixed for three, five and six years were attempted. All the COI and COII 

genes of the 2009 samples (n=37) were successfully amplified. Amplification of samples 

from 2003 (n=5), 2004 (n=10), and 2006 (n=l) was also attempted. Of these samples 

fixed for at least one year, only the 2004 samples were successfully amplified. DNA 

extracts from 2003 and 2006 had negative spectrophotometric absorbencies at 160 nm. 

Two attempts to reamplify DNAs of these individuals were unsuccessful. All 47 

amplified samples were sequenced for both COI and COII, but five of the 2004 samples 

yielded only COI or COII, but not both. These singly sequenced individuals were 

excluded from further analysis, leaving 42 samples in the study.

DNA Sequence Data

The relationships within the S. arcticum species complex were reconstructed 

based on COI and COII mitochondrial gene sequences from cytologically verified larvae. 

Sequence alignments contained 1,284 positions, with COI making up 587 bases and COII 

the other 697. Of these sequences, COI had a lower A + T composition (65.4%) than 

COII (70.0%) with the prevalence of A + T bias existing in the third codon positions 

(Table 5). Total A + T composition was 67.9%, which is consistent with the high 

composition found in other insect studies (Clary and Wolstenholme, 1985; Nardi et al., 

2001).
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Stationarity was assumed because all tests of homogeneity of base frequencies 

across taxa resulted in no significant p-values (Table 5). Intraspecific pairwise sequence 

divergence based on the Kimura 2-parameter model ranged from 0.00-4.06% for COI and 

0.00-4.17% for COII. Similar interspecific divergence values (0.00-4.79% COI', 0.00- 

4.32% COII) were found when the outgroup, S. murmanum, was removed from the 

dataset. Identical sequences for COI and COII were shared within and between taxa of 

the study. Identical COI alleles were shared among S. arcticum s.s., S. brevicercum, IIL- 

18, and IIL-22; between S. negativum and IIL-18; between S. saxosum and IIL-85;

between IIL-18 and IIL-85; and between IIL-19 and IIL-73,74. Identical COII alleles 

were shared among S. arcticum s.s., S. brevicercum, IIL-9, IIL-22, and IIL-85; among 5. 

arcticum s.s., standard female, IIL-9, and IIL-18; and among IIL-19, IIL-73.74, and IIL- 

84. The pairwise distances between ingroup and outgroup taxa varied from 9.30-11.50%

for COI and 8.25-9.75% for COII.

Maximum Parsimony and Bayesian Analysis

Alignment of COI and COII sequences consisted initially of 1,284 positions, of

which 1,208 molecular characters were excluded from maximum parsimony (MP) 

analyses (1,114 were constant and 94 uninformative). The 76 informative molecular 

characters were analyzed under the parsimony criterion, resulting in 288 topologies with 

a length of 148 steps (CI: 0.6284; HI: 0.3716; RI: 0.8703; RC: 0.5469). In the Bayesian 

analyses, twelve mixture models were compared that varied in the number of rate 

matrices (Q= 1 -6) and the inclusion of gamma rate variability (T; Table 6). As the 

number of rate matrices increased from one to six (excluding the gamma parameter),
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improvements in arithmetic mean -InL scores plateaued at 3Q and 4Q. Similarly, -InL 

values reached a maximum at 4Q + T when gamma rate variability was included in the 

model. In comparing equivalent mixture models, incorporating rate heterogeneity was 

found to not always improve arithmetic mean -InL scores. Of the twelve mixture models 

analyzed, 4Q + T yielded the greatest arithmetic mean -InL score and was considered the 

null model for the data set. The 21n Bayes factor differences between 4Q + T and 

models IQ, 2Q, 5Q, IQ + T , 2Q + T, 3Q + T, and 6Q + T was either close to, or greater 

than ten, indicating strong evidence against these alternative hypotheses (Kass and 

Raftery, 1995). Of the remaining three alternative models (3Q, 4Q, and 6Q), 3Q and 6Q 

have fewer parameters than the null and are positively supported based on the 21n Bayes 

factor. Although 6Q shows slightly greater 21n Bayes factor difference from the null 

model, 3Q was chosen as the preferred Bayesian hypothesis of relationships of the 5. 

arcticum complex because it had fewer model parameters and a greater arithmetic mean -

InL score.

Figure 2 shows the 3Q Bayesian tree along with BPP (Bayesian Posterior 

Probability) and BSS (Bootstrap Support) values from our MP analysis. The parsimony 

strict consensus topology shows less resolution than the 3Q Bayesian tree and conflicts in 

the position of six individuals (S. apricarium G9C, S. apricarium G9I, S. arcticum s.s. 

LB42, 5. arcticum s.s. R9S, S. saxosum CE9D, and cytotype IIL-22.24 C9V). The nodes 

associated with these conflicting relationships are poorly supported. The majority of 

nodes lack BSS and significant BPP (>0.95). The nodes that received moderate (75- 

89%) or high (90-100%) BSS also acquired high BPP values (0.93-1.00). The specimens 

analyzed fall into one of three clades. Both individuals of S. negativum and IIL-18
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LB9C2 form the clade at the base of the tree (BSS=100%; BPP=1.00). Twelve 

individuals, including 5. apricarium G9B, S. brevicercum LB9E, S. saxosum CE9A, and 

IIL-84 LB410 along with all representative individuals of IIL-10, IIL-19, and IIL-73, 74 

form a second clade. The third and largest clade consists of the remaining taxa and has 

high support (BSS=96%; BPP=0.98). Ingroup monophyly was supported by a BPP of 

1.00 but lacked BSS. These results suggest that the taxa are non-monophyletic.

24



Table 5: Nucleotide composition and tests of homogeneity of base frequencies across 
taxa.

Partition A C G T % A+
T

Chi-squarea P

COI and 
COII

0.31122 0.17413 0.14682 0.36784 67.9 1.78 1.00

COI 0.27198 0.18181 0.16449 0.38172 65.4 3.15 1.00
COI 1st
codon

0.28718 0.17961 0.30256 0.23065 51.8 0.15 1.00

CO/2nd
codon

0.12755 0.28061 0.15306 0.43878 56.6 0.00 1.00

COI 3rd
codon

0.40128 0.08519 0.03856 0.47496 87.6 22.76 1.00

COII 0.34427 0.16766 0.13193 0.35614 70.0 2.32 1.00
COII 1st
codon

0.32338 0.18945 0.21552 0.27165 59.5 0.19 1.00

CO//
2nd
codon

0.26180 0.20172 0.13305 0.40343 66.5 0.00 1.00

CO//3rd
codon

0.44798 0.11167 0.04721 0.39314 84.1 10.74 1.00

aDegrees of freedom for all tests was 126.
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Table 6: Likelihood scores (-In) and Bayes factor results for each mixture model.

Mixture model Arithmetic mean Harmonic mean 21n Bayes factor
IQ 3239.66 3309.14 252.14
2Q 3103.54 3188.25 10.36
3Q 3101.68 3180.71 -4.72
4Q 3101.178 3183.10 0.06
5Q 3105.35 3189.53 12.92
6Q 3106.26 3180.58 -4.98
iq + t 3133.24 3196.89 27.64
2Q + r 3110.12 3192.16 18.18
3Q + r 3102.29 3187.99 9.84
4Q + r 3096.92 3183.07 —
5Q + r 3106.31 3182.76 -.062
6Q + r 3107.64 3198.61 31.08

Bayes factors refer to the difference between 4 Q + T (null hypothesis) and each 
alternative mixture model. Interpretation of 21n Bayes factors is as follows: 0-2 = 
equivalence of the null and alternative models; >2-10 = positive evidence for the null 
model; > strong evidence for the null model; <0 = evidence for the alternative model 
(Brandley et al., 2005; Kass and Raftery, 1995).
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Figure 2. Phylogenetic relationships among members of the S. arcticum species complex

recovered with Bayesian methods. Numbers above nodes indicate Bayesian posterior 

probabilities (>0.50).
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Discussion and Conclusions

DNA from Carnoy’s Material

Carnoy’s fixative is used in preserving entire polytene chromosomes for 

cytogenetic study. However, previous studies have suggested that Carnoy’s fixative 

degrades DNA, leaving molecular genetic information unobtainable (Koch et al., 1998; 

Post et al., 1993). Molecular analyses based on morphologically indistinguishable black 

fly sibling species that are identified only on the basis of chromosome banding patterns 

would require larval dissection in the field in order to preserve heads and thoraces in 

ethanol for molecular analysis, and abdomens in Carnoy’s for cytogenetic analysis. Early 

attempts at molecular analysis with Carnoy’s fixed material were successful (Xiong and 

Kocher, 1991; Xiong and Kocher, 1993) and a recent study was also successful in 

extraction, amplification, and sequencing of DNA (Pramual et al., 2005). However, 

confusion existed as to whether Carnoy’s fixative actually degraded DNA with time 

(Koch et al., 1998; Post et al., 1993). Therefore, the present study tested whether 

Carnoy’s fixed material could be used for up to five years after original fixation. In the 

present study DNA was attempted to be extracted and amplified from specimens stored 

for two to three months, three, five, and six years. All DNA from 37 individuals fixed 

within two to three months successfully amplified and was sequenced for the two 

mitochondrial genes of interest. Moreover, DNA from all ten specimens originally fixed 

in 2004 and maintained in Carnoy’s for five years were successfully isolated and 

amplified. However, only five samples gave complete sequences for both COI and COII 

genes. The other six samples from 2003 (n=5) and 2006 (n=l) were not successfully
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amplified. Because larvae fixed in Carnoy’s for five years provided authentic DNA 

sequences, I conclude that insect larvae fixed in Carnoy’s for up to five years can provide 

useable genetic information for molecular analysis. This observation is significant 

because it suggests that Carnoy’s fixed black fly larvae collected previously and held in 

laboratory collections still could provide DNA for analysis.

Non-monophyletic relationships within the Simulium arcticum Complex

This study included 42 individuals representing 13 taxa within the S. arcticum complex 

and S. murmanum as an outgroup (Table 3). The specimens of the S. arcticum complex 

fell into three major clades (Fig. 2). Like the Spironello preliminary study (Fig. 1), this 

MP tree supports non-monophyly among the S. arcticum siblings. Therefore, I reject my 

original hypothesis that siblings would occur in separate clades while individual 

cytotypes would branch off from their closest sibling relatives. Moreover, it is possible 

that the non-monophyly of S. arcticum taxa in the original Spironello analysis (Fig. 1) 

was biologically accurate. Of course, we are unable to unequivocally determine this since 

individual larvae of that study were not chromosomally identified. However, larvae 

subsequently collected from the original four sites used in the Spironello study have 

remained taxon-pure (Shields et al., 2007a; 2007b; 2009 and Shields, unpub.).

Species level non-monophyly in mitochondrial phylogenies can result from gene 

paralogy, imperfect taxonomy, inadequate phylogenetic signal, incomplete lineage 

sorting of alleles, and/or introgressive hybridization between taxa (Funk and Omland, 

2003).
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Gene Paralogy

Phylogenies constructed from loci with paralogous alleles (which occur due to 

gene duplications) can appear to be non-monophyletic. An indirect way of examining if 

gene duplication has occurred is the more frequent presence of nonsynonymous 

substitutions, indels, frameshifts, and stop codons (Funk and Omland, 2003). These 

patterns were not found within the present dataset, ruling out gene paralogy as the cause 

of non-monophyly among S. arcticum taxa.

Imperfect Taxonomy

Chromosomal inversions have been accepted as taxonomic indicators in black 

flies (Rothfels, 1979; Rothfels, 1981; Shields and Procunier, 1982; Rothfels, 1989; Adler 

et al., 2004). They are also a reliable mode of distinguishing among members of the S. 

arcticum species complex, which means that species-level identifications are 

representative of the nuclear genome and are supported by ecological data (Shields et al., 

2007a; Shields et al., 2007b). As alluded to earlier, non-monophyly of taxa of the S. 

arcticum complex in the Spironello study might have been caused either by lack of purity 

assumed in the original collections or by the fact that taxon diversity may have changed 

from initial collections to the time of sampling for DNA studies. However, in the current 

study each individual was cytologically verified independently by the author and Gerald 

F. Shields. The non-monophyletic result from this current study mirrors the result from 

the preliminary study by Spironello. This leads to a rejection of imperfect taxonomy as 

the cause of species-level non-monophyly.
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Inadequate Phylogenetic Signal

To achieve an adequate phylogenetic signal, gene evolution must occur quickly 

enough to accumulate phylogenetically informative characters between species. If 

speciation occurs at a greater rate than gene evolution, phylogenies will likely disagree 

with previously determined species boundaries. Generally, mitochondrial genes evolve 

more rapidly than most nuclear loci, mitigating the risk of inadequate phylogenetic 

signal. However, mtDNA, particularly coding regions, can be insufficient in 

reconstructing relationships between recently divergent species (Funk and Omland, 

2003). In the present study, combined data from rapidly evolving genes were used in an 

attempt to further limit inadequate phylogenetic signal. Also, COI and COII have proven 

effective in previous studies of recently diverged taxa in black flies (Joy and Conn, 2001; 

Pramual et al., 2005; Pruess et al., 2000; Rivera and Currie, 2009).

The majority of nodes in the phylogeny showed a lack of BSS and BPP; however 

there were nodes which were more strongly supported. For example, IIL-18 LB9C2 with 

the two S. negativum received a high BSS (100%) and a significant BPP (1.00; Fig 1). 

This observation may be informative and supportive of cytogenetic data, at least for 5. 

negativum, since the sex-linked inversion in S. negativum occurs in the long arm of 

chromosome I and not in the long arm of chromosome II, which is the case for the 

majority of the other taxa of S. arcticum. The pairing of cytotypes IIL-19 (R9E) and IIL- 

73,73 (W9I, W9A) also was significantly supported (BSS=64%; BPP=0.92). The 

phylogenetic trees appear to show true species-level non-monophyly. However, I cannot 

unequivocally reject inadequate phylogenetic signal with full confidence as the cause of 

the non-monophyly.
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Incomplete Lineage Sorting

Other advantages of using a combination of COI and COII mtDNA genes and a 

nuclear background are to avoid the effects of single-locus incomplete lineage sorting and 

a dataset based on haploid and maternally inherited genes. Lineage sorting is predicted to 

be achieved more rapidly with mtDNA. However incomplete sorting can still be found 

within mitochondrial alleles of recently diverged taxa (Funk and Omland, 2003). This is 

possible if chromosomal inversions occur on a shorter timescale and before mtDNA 

sorting (as expected by the Rothfel’s Chromosome Model of Speciation, Fig. 3). Rapid 

divergence of both siblings and cytotypes within the 5. arcticum complex occurs through 

sorting of chromosomal inversions. This is further supported by the occurrences of 

identical mtDNA sequences shared by siblings from separate geographical locations. For 

example, S. arcticum s.s. and S. brevicercum from the Clearwater River and Little 

Blackfoot River, respectively, shared identical sequences. A more demonstrative example 

is the sharing of sequences among S. arcticum s.s. and cytotype IIL-22 from the 

Clearwater River with COII sequences of 5. brevicercum and IIL-85 from the Little 

Blackfoot River and IIL-9 from the Spokane River. I conclude that incomplete lineage 

sorting, in part, may have caused the observed species-level non-monophyly.

Introgressive Hybridization

Another potential cause of non-monophyletic phylogenies is gene flow between 

species and cytotypes. Mitochondrial DNA reflects the heterospecific origin of its 

mitochondrial genome because of the lack of recombination. The entirety of a
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mitochondrial sequence transfers from generation to generation as a single block (Smith, 

1992; Funk and Omland, 2003). Chromosomal data obtained in the cytogenetic 

identification provide a nuclear background by which phylogenies can be evaluated to 

recognize mitochondrial introgression (Funk and Omland, 2003; Smith, 1992). One 

example of introgressive hybridization is found with the sympatric 5. arcticum s.s. and 

IIL-22 of the Clearwater River, which share identical COI and COII sequences. This is 

supported by the cytogenetic equilibrium of this sibling-cytotype association at the 

Clearwater (Shields et al., 2009). Other examples of sympatric taxa with identical alleles 

exist within the dataset, many of which support introgressive hybridization of siblings 

and cytotypes as described by previous cytogenetic equilibrium studies (Shields et al., 

2007a; Shields et al., 2007b). In one particular case, the sibling species, S. saxosum and 

5. arcticum s.s. have been producing apparent hybrids at the Coeur d’Alene River, Idaho, 

for at least five years (Shields and Kratochvil, in review). The Coeur d’Alene River is on 

the eastern and western edges of the ranges for S. saxosum and S. arcticum s. s., 

respectively (Adler et al., 2004). The instances of siblings and cytotypes from distant 

locations sharing identical mtDNA could also be explained by gene flow between taxa, 

considering that adult S. arcticum have been shown to be capable of traveling long 

distances (Fredeen, 1969; Chametski and Haufe, 1981). Cytogenetic data support the 

possibility of interspecific gene flow between members of the 5. arcticum complex, 

which suggests that this is a potential cause of the non-monophyletic phylogenies

observed here.

Speciation of Black Flies
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This study suggests that mtDNA phylogenies are uncoupled from species-level 

monophyly of chromosomally differentiated 5. arcticum taxa. However, incomplete 

lineage sorting supports the chromosome based model of speciation for simuliids as 

originally suggested by Rothfels (1989, Fig. 3). The model suggests that polymorphic sex 

chromosomes initiate divergence within a population. The unique sex-linked 

chromosomal differences, like those found in members of the S. arcticum complex, may 

represent this initial stage of speciation. Chromosome rearrangements act as barriers due 

to their exemption from recombination which promotes reproductive isolation. 

Differences in habit and emergence times developed through assortative mating fortify 

this isolation. At this stage, the chromosomally differentiated types go through mating 

“trials” (Rothfels, 1989). These mating trials may be reflected in the species-level non- 

monophyly observed in the molecular phylogenies observed here. The non-monophyly is 

also consistent with what would be expected for recently diverged taxa with incomplete 

sorting of genes, and importantly, members of the S. arcticum complex analyzed here 

uniquely possess the chromosome background by which the molecular data might be 

correctly interpreted. This background is useful in understanding both the existence and 

the cause of the non-monophyly. The patterns in the S. arcticum phylogeny apparently 

show the beginning stages of chromosome based speciation.
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Figure 3. A modified version of the Rothfels’ Chromosome Model of Speciation.
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