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Phylogenetic relationships among the subfamily Coregoninae 
as revealed by mitochondrial DNA restriction analysis 

L. BERNATCHEZ*, F. COLOMBANI AND J. J. DODSON~ 
Dkpartement de Biologie, Universite Laval, Ste-Foy, Canada GIK 7P4 

Mitochondria1 DNA (mtDNA) restriction analysis was used to assess phylogenetic patterns 
among 2 1 taxa of the subfamily Coregoninae. The genus Prosopium formed a very distinct group 
differing by 10% (sequence divergence estimate) from other species. Coregonus and Stenodus 
species were closely related, diverging by sequence divergence estimates of less than 5.6%. These 
species split into two major sister groups. One comprised all ‘ true whitefish ’ (subgenus 
Coregonus) and four cisco species (subgenus Leucichrhys). The most distant species within this 
assemblage was the Acadian whitefish (C. huntsmuni). The other group included all other cisco 
species and also the Inconnu (Stenodus leucichthys). These results supported a polyphyletic 
origin of the ciscoes, and did not support Stenodus as a sister taxon of the genus Coregonus. The 
levels of sequence divergence observed suggested that most extant coregonines radiated during the 
Pleistocene. 
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I. INTRODUCTION 
Coregonine fishes are members of the Salmonid family. They are represented by 28 
extant species divided into three genera: Prosopium, Stenodus and Coregonus 
(Reshetnikov, 1988). At present, the genus Coregonus is subdivided into two sub- 
genera; Coregonus, the sub-terminal mouthed and usually low gill-rakered, benthic 
feeding species (true whitefish), and Leucichthys, the terminal/supra-terminal 
mouthed ciscoes with high-gill raker numbers and pelagic feeding habits. Phylo- 
genetic reconstruction of coregonines has been hampered both by the scarcity of 
fossil records (Behnke, 1972) and their exceptional phenotypic plasticity (Mayr, 
1963). The use of morphological criteria to detect their systematic relationships 
has led to conflicting phylogenetic hypotheses (e.g. Norden, 1961; Behnke, 1970; 
Reshetnikov, 1988). Genetic studies have been restricted to comparisons of few 
species (e.g. Ferguson et al., 1978; Vuorinen, 1988; Bernatchez & Dodson, 1991). 
More recently, Bodaly et al. (1991) carried out an extensive survey of allozymic 
variation among Coregonus and Stenodus. 

In order to increase the probability that gene trees reflect the topology of the 
species tree which is the true evolutionary pathway of a taxon’s gene pool, phylo- 
genetic hypotheses deduced from many unlinked and independently transmitted 
loci must be compared. To this end, we undertook a phylogenetic analysis based 
on mitochondrial DNA (mtDNA) variation within the coregonine subfamily. 

11. MATERIALS AND METHODS 
A total of 927 fish representing 21 taxa were sampled between 1987 and 1991 (Table I). 

Mitochondrial DNA was purified and analysed according to Bernatchez et al. (1988). 
*Present address: Department of Zoology, University of Guelph, Guelph, Ontario, Canada GI  K 7P4. 
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TABLE I.  List of taxa sampled with their sample size (n) and origin 

Species n Origin 

Coregonus clupeaformis (Mitchill), lake 

Coregonus clupeaformis, Beringian race 

Coregonus lavaretus (L.) European whitefish 

Coregonus lavaretus pidschian (Gmelin), 

Coregonus nasus (Pallas), broad whitefish 

whitefish 

pidschian 

Coregonus huntsmani (Scott), Acadian 

Coregonus albula (L.), vendace 
whitefish 

Coregonus sardinella (Valenciennes), least 

Coregonus peled (Gmelin), peled 
Coregonus tugun (Pallas.), tugun 
Coregonus autumnalis (Pallas), Arctic cisco 
Coregonus autumnalis pollan, Thompson, 

Coregonus artedii Leseur, lake cisco 

Coregonus laurettae (Bean), Bering cisco 
Coregonus hoyii (Gill), bloater 
Stenodus leucichthys (Giildenstadt), inconnu 
Prosopium cylindraceum (Pallas), round 

cisco 

Irish pollan 

whitefish 

Prosopium williamsoni (Girard), mountain 

Prosopium spilonotus (Synder), Bonneville 

Prosopium gemmiferum (Snyder), Bonneville 

Prosopium abyssicola (Snyder), Bear Lake 

whitefish 

whitefish 

cisco 

whitefish 

457 Various (Bernatchez & Dodson, 

68 Various (Bernatchez & Dodson, 

205 Various (Bernatchez & Dodson, 

1991) 

1991) 

unpubl. obs.) 
4 Lapin River, Sos’va River (Siberia) 

17 Yukon River (Alaska), Mackenzie 
Delta (N.W.T.), Sos’va River 
(Siberia) 

3 Hebb L. (Nova Scotia) 

4 Bothnian Gulf coast, Pyhajarvi 
Lake (Fin1and);Niewlino Lake 
(Poland) 

1 Yukon River (Alaska) 

1 Finland* 
4 
2 Mackenzie Delta (N.W.T.) 
4 Lough Neagh (Ireland) 

Lapin River, Sos’va River (Siberia) 

141 Various (Bernatchez & Dodson, 
1990) 

1 Yukon River (Alaska) 
2 Lake Michigan (Michigan) 
1 Yukon River (Alaska) 
3 Hudson Bay (QuCbec); 

2 Alberta 

Musquacook Lake (Maine); 
Dezadeash Lake (Yukon) 

3 Bear Lake (Utah) 

1 Bear Lake (Utah) 

1 Bear Lake (Utah) 

*Peled is endemic to the Soviet Union and was introduced in Finland in 1965. 

Aliquots of mtDNA were digested separately with eight hexameric (Bum HI, Bgl I, Dra I,  
Hind 111, Pvu 11, Pst I, Sma I, Xmn I), four multi-hexameric (Ava I, Ban I, Hue 11, Hinc II), 
and one multi-pentameric (Ava 11) restriction enzymes. Because of the large number of taxa 
analysed and the large number of fragments observed in most restriction profiles, it was not 
feasible to map all sites. Therefore, we limited most analyses to the fragments themselves. 
Thus, each fish was assigned an observed mtDNA composite genotype based on the restric- 
tion profiles across all restriction enzymes. A presence/absence matrix of mtDNA frag- 
ments for each composite genotype constitute the raw data for further analysis. Sequence 
divergence between mtDNA genotypes was estimated according to Upholt (1977). The 
resulting distance matrix was used to construct a phenogram using both a constant 
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evolutionary rate and an unconstrained branch-length clustering method (Fitch & 
Margoliash, 1967; programs KITSCH and FITCH in the PHYLIP package, version 3.3, 
provided by J. Felsenstein). A phylogenetic network was generated from the presence/ 
absence matrix according to Wagner parsimony criteria by using MIX (from PHYLIP). All 
applications were run 10 times with a different taxa orderingeach time. Parsimony methods 
require that changes of characters appear independently. This requirement is violated with 
restriction fragment data because the gain or loss of a fragment affects the presence of other 
fragments. However, the overall redundancy or loss of information is expected to be 
negligible for large data matrices (Ovenden et al., 1987; Zink & Avise, 1990). Nevertheless, 
site differences among mtDNA genotypes were estimated from changes in fragment 
patterns where these could be accounted for by specific site gains or losses using the 
approach described in Bernatchez & Dodson (1991). This was done to estimate the 
potential bias inherent in using fragments as character states. Ten restriction enzymes and 
all species excluding the genus Prosopium and Coregonus tugun were analysed in this way. 

111. RESULTS 
LEVELS OF MTDNA SEQUENCE DIVERGENCE VARIATION 

All 13 restriction enzymes used produced variable patterns and resolved 80 
fragments per mtDNA genotype on average. A total of 139 haplotypes were 
identified. All species had a diagnostic genetic profile except P .  abyssicola and 
P .  spilonotus which shared an identical haplotype. The haplotype of C. hoyii fell 
within the intraspecfic level of variation of C. artedi as did C. lavaretuspidschian 
haplotypes within that of C. lavaretus. Averaged interspecfic divergence was 
highly variable and ranged from no detectable variation to 11.89% (Table 11). 
Genus Prosopium was highly divergent from either Stenodus (9-73 & 1-03%, range; 
7.94-1 1.13) or Coregonus species (9.69 f 1.25%, range; 7.73-1 1.98). Divergence 
between Stenodus and Coregonus species was much lower than (3-161fI0-6%, 
range; 2.30440) and not significantly different from the congeneric variation 
within Coregonus (3.0 1 1-45%, range; 0.35-5.62). Levels of intraspecific vari- 
ation within the three most extensively studied species were much lower than 
interspecific variation; C. artedii (0.52 f 0-22%), C.  clupeaformis, including 
Beringian race (0.77 +0.44%), C. lavaretus (0.66 f 0.28%). 

TOPOLOGY OF PHYLOGENETIC TREES 
The topologies of KITSCH and FITCH phenograms were almost identical. The 

concensus tree resulting from the Wagner parsimony analysis also had a concord- 
ant topology. One topological difference in species branching was observed 
between parsimony trees generated from site or fragment character-states. To 
facilitate comparisons with other studies, we present the KITSCH phenogram 
(Fig. 1). Cases of non-concordance between different analyses are identified in the 
following paragraphs. 

Prosopium species were highly distinct from other species. Within this genus, 
P .  cylindraceum was the most divergent, and little variation was observed among 
the three sympatric species of Bear Lake. All analyses demonstrated the poly- 
phyletic origin of the subgenus Leucichthys (cisco species). Thus, C.  artedii, C .  hoyii, 
C .  laurettae, C .  autumnalis and C .  autumnalispollan composed a distinct clade. The 
other ciscoes (C. peled, C. sardinella, C. albula and C .  tugun) clustered closer to 
members of the subgenus Coregonus than to the above cisco group. In FITCH 
and MIX trees, C. peled branched closer to other Coregonus species than to C. 
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C. lavaretus 
C, lavaretus pidschian 
C dupeofarmis 
(Beringian race) 

Coregonus orfedii 
C hoyii 

C, clupeo formis 
(Beringian race) 
C. clupeaformis 

C laurettae 
C autumnalis 
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C huntsmanil 
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% sequence divergence 

FIG. 1 .  KITSCH phenogram based on matrix of sequence divergence estimates ( p )  derived from mtDNA 
restriction fragment patterns observed among 21 coregonine taxa. For simplicity of presentation, 
details of intraspecific branchings (presented in Bernatchez & Dodson, 1990,1991; unpubl. obs.) are 
omitted. Vertical bars at the tips of branches indicate the level of intraspecific variation. 

sardinella and C. albula. Within this group, C. huntsmani was the most divergent 
species and represented a sister-taxon of a major clade composed of all other ' true 
whitefish ' and the four ciscoes. 

Stenodus was closely related to Coregonus species and no indication was found 
that it represents a sister-taxon of this genus. In all analyses, it formed with the 
cisco clade C. artediilhoyiilautumnalislautumnalis pollanllaurettae a sister group 
relationship to the other Coregonus species. This association was supported in 
90% of bootstrap repeats when applying BOOT (from PHYLIP package) to the 
tree derived from site character-states. When using a Prosopium species as an 
outgroup in MIX and FITCH, rooting was not observed on the Stenodus branch. 
In MIX, the root was located between C. huntsmani and all other species whereas 
FITCH was identical to KITSCH (Fig. 1). 

Differentiation among the C.  clupeaformis and C .  lavaretus complex is detailed 
elsewhere (Bernatchez & Dodson, 1991; unpubl. obs.). Briefly, this group was 
distinct but closely related to C.  nasus. C. lavaretus and C. clupeaformis outside 
Beringia were closely related but fixed for diagnostic mtDNA phylogenetic group- 
ings. Beringian race whitefish were composed of a distinct endemic mtDNA group 
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intermixed with a mtDNA group of C. lavaretus origin. Coregonus lavaretus 
pidschian from Siberia had haplotypes identical or very closely related to those 
observed in C. lavaretus from Europe. 

IV. DISCUSSION 
LEVELS OF MTDNA DIFFERENTIATION AMONG COREGONINES 

The estimate of 10% sequence divergence observed between the genus Prosopium 
and other species demonstrates their ancient separation. Yet, this value must be 
considered as a minimal divergence estimate. Thomas & Beckenbach (1989) 
demonstrated from direct sequencing that undetectable homoplasy in either 
restriction site or fragment analyses of salmonids lead to an increasing under- 
estimation of divergence above the 5% level. For instance, sequence divergence 
between cutthroat (Oncorhynchus clarki Walbaum) and rainbow (0. mykiss 
Walbaum) trouts estimated from site comparisons and corrected from sequencing 
data were nearly identical (4.74 v. 4.9%). The same estimates between rainbow 
trout and pink salmon were 8.76 and 16.3% respectively. If such underestimation 
at high genetic distances applies to coregonine data, divergence between Prosopium 
and other coregonines may be as high as 20%. The application of the 2% sequence 
divergence per million year molecular clock (Brown et al., 1979) largely used for 
fish mtDNA, would therefore suggest that Prosopium diverged in the order of 10 
million years ago, during the end of Miocene-arly Pliocene period. 

A second major conclusion is that radiation of extant coregonine species has 
occurred recently in evolutionary times. Average congeneric divergence esti- 
mates varying from 2.71 to 3.16% suggest that most species radiated during the 
Pleistocene. Low levels of genetic variation were also observed in allozyme studies 
and contrast with the level of morphological differentiation observed among 
coregonines. 

Another major finding is the demonstration of the genetic distinctiveness of the 
endangered Acadian whitefish (C. huntsmani). Morphological examination led to 
the suggestion that C.  huntsmani represents either an ancestral form or a post- 
glacial specialized phenotype of either a whitefish or cisco species (Behnke, 1972). 
The level of C. huntsmani mtDNA divergence from other species clearly demon- 
strates that it represents an ancient branch, at least as divergent as the genus 
Stenodus is. 

COMPARISON OF PHYLOGENETIC ANALYSES 
There was a high degree of congruence between different methods of analysis 

which suggests that the observed branching patterns are not spurious but reflect 
phylogenetic relationships. There was also a high degree of concordance between 
mtDNA trees and the allozyme tree presented by Bodaly et al. (1991). Eleven of 12 
comparable nodes were identical between phenograms of both studies. The most 
significant finding of these analyses is the polyphyletic origin of the cisco species 
which casts doubt on the taxonomic meaning of the subgenus Leucichthys. These 
results corroborate those of Ferguson et al. (1978). While previous morphological 
studies disagreed as to whether the ciscoes were differentiated enough to warrant a 
subgenus designation, all studies assumed they formed a monophyletic assemblage. 
Conversely, genetic data demonstrated that the ' cisco phenotype ' is the result of 
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convergent evolution (or retention of primitive morphology) in different genetic 
lineages. The ' cisco-phenotype ' in the distantly related Prosopium gemmiferum 
reinforces this view. 

The major point of discordance between mtDNA and allozyme data concerns the 
phylogenetic status of Stenodus. The present results suggested closer phylogenetic 
affinity between Stenodus and some cisco species than between this group and other 
coregonines whereas allozyme data suggested that Stenodus is a sister taxon of all 
Coregonus, although only slightly differentiated (Bodaly e t  al., 1991). However, as 
no outgroup taxon was available in the allozyme study phylogeneticpatterns cannot 
strictly be inferred. More rigorous comparisons of both data sets must await the 
use of an outgroup taxon in the analysis of allozyme data. Our findings are also in 
opposition to the classical taxonomic distinction of Stenodus based on its highly 
specialized predator morphology. However, previous authors (e.g. Norden, 
196 1) recognized that morphological differences observed between Stenodus and 
Coregonus do not involve the most phylogenetically significant characters. A care- 
ful re-examination of morphological patterns based on cladistic analysis may lead 
to a reinterpretation of the classical taxonomy (G. Smith, unpubl. obs.). Clearly, 
much more work needs to be carried out to solve this contradiction. 

In conclusion, the high congruence generally observed between mtDNA and 
allozymic patterns, coupled with the lack of congruence among morphological 
analyses and between such studies and genetic data suggest that genetic analyses 
are more likely to reveal phylogenetic patterns in the subfamily Coregoninae. 
Morphological patterns appear to be better indicators of adaptive processes than 
phylogenetic tracers. 
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