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Abstract 

 In previous work in the Birky laboratory, 241 clones of bdelloid rotifers collected 
throughout the globe were processed for their cox1 mitochondrial gene sequence (Birky et al. 
2005, 2010; Birky and Barraclough 2009). Phylogenetic analysis revealed 74 clades of bdelloid 
rotifers, each of which is a sample from an independently evolving species of asexual bdelloid 
rotifers as demonstrated using the K/! ratio. In this study, one member from each clade collected 
within the United States was selected to give a study sample of 63 individuals, representing 
unique species from various collection sites across the nation. Pairwise cox1 sequence 
differences between these individuals were calculated using the General Time Reversible model 
with invariant sites and a gamma distribution of rates on variable sites (GTR+I+G) as warranted 
by the Akaike Information Criterion (Posada and Crandall 1998) The exact collection sites as 
given by GPS coordinates were mapped out using Google Earth, and the pairwise geographic 
“Great Circle” distances were measured throughout the dataset. Using a rate of sequence 
dissimilarity on the cox1 gene in distantly related snapping shrimp (Knowlton et al. 1993), the 
pairwise sequence difference between individuals was calculated in conjunction with the 
geographic distance to yield an upper estimate of a dispersal rate for bdelloid rotifer populations. 
This average estimated dispersal rate for thirty pairs of bdelloid rotifers across the continental 
United States was given as 0.00061755 km/year or 617.55 km/million years. 
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Introduction 

 The bdelloid rotifers are a group of exclusively asexual microscopic animals, presumably 

persisting in this lifestyle for at least 30 million years based on their presence in amber of that 

age (Poinar et al. 1992). They are a ubiquitously distributed group of freshwater microbial 

eukaryotes (Robeson et al. 2010). Bdelloids fall within the phylum Rotifera, which contains both 

the obligatorily asexual bdelloids as well as the sexual monogononts. Due to the nature of 

reproduction in the bdelloid rotifers, and their ancient origins in time, the bdelloid rotifers are a 

fascinating and ideal model organism to study the effects of the loss of sexual reproduction, and 

the implications this may have on assigning the term species to independently evolving varieties 

(Birky et al. 2010). 

 In theory, the loss of sex in the bdelloids should result in a reduced effectiveness of 

natural selection on the organisms. This in turn should lead to an over-accumulation of 

detrimental mutations in the DNA, as there is no exchange of good or bad genes, commonly 

known as Muller’s rachet (Birky et al. 2005). Ultimately, the fitness of the asexual animals 

should decrease tremendously as the progeny clones lose the ability to fix advantageous 

mutations, thus becoming better adapted to a changing environment (Birk et al. 2005). 

Traditional species definitions use sexual reproduction as such a strong criterion on the basis of 

mutation accumulation and selection, are challenged by the existence of an obligatorily asexual 

species for millions of years. Theoretically an exclusively asexual lifestyle should inevitably 

drive a species to extinction, leaving no room for clusters of populations growing more similar to 

each other and independent of other evolving clusters. The latter situation is exactly the case for 

the bdelloid rotifers, however (Birky et al. 2005, 2010). Thus, the call for a redefined species 

concept is at hand, as no other concept allows for an independently evolving asexual lineage that 
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has persisted for millions of years to be labeled properly. One such species concept, known as 

the 4X rule, has been applied to both asexual bdelloid rotifers and various sexual eukaryotes 

(oligochaete worms, fungus, and marine flagellates), and revealed multiple clades representing 

species in the bdelloids as well as verifying previously known species in the sexual organisms 

using the same criteria (Birky et al. 2010). With so much theory and various species concepts the 

fundamental question of  what are species and how do they arise is at an all-time high in 

relevance to current biological understanding (Birky et al. 2005, 2010) Thus, the bdelloid rotifers 

are an interesting model organism to investigate the controversy of speciation without sex, as 

well as exploring the advantages and disadvantages of sexual reproduction (Birky et. al. 2005). 

 Despite the contradiction to common biological species theory and predictions following 

genetic mutation, drift and selection, Barraclough et. al. (2003) have shown using coalescent 

theory that an asexual lineage can in fact diverge into multiple, independently evolving clades 

due to adaptation to different niches, geographic isolation or a combination of both. These clades 

contain organisms with similar genotypes and phenotypes that are well separated from other 

clades (Barraclough et. al. 2003, Birky and Barraclough 2009). Birky concludes that despite 

many predictions concerning asexual survival, the ancient asexual lineage of bdelloid rotifers has 

undergone substantial speciation, driven by divergent selection, among other forces, and 

provides an opportunity to study diversification in a long-standing asexual group (Birky et. al. 

2005, Birky and Barraclough 2009).  

 In this study we analyzed the mitochondrial DNA sequences of the cox1 gene in 241 

individual bdelloid clones isolated from collection sites across the globe. 591 base pairs were 

isolated and amplified using PCR primers corresponding to sites 77-666 of the human cox1 

sequence (Birky et al. 2005, 2010). Phylogenetic analysis using PAUP* (Swofford, 1998) has 
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grouped these 241 individuals into 74 clusters or singlets. These sequences of individuals within 

these clades have been further analyzed and shown to be samples from independently evolving 

populations, i.e. evolutionary species of bdelloid rotifers (Birky et al. 2010). Furthermore, the 

supposed divergent selection due to adaptation to different niches in the environment that has 

produced these different clades would also yield individuals that differ in morphology, 

physiology or behavior; these differences have been observed via microscope among clones 

corresponding to the clades (Birky et al. 2005). It is also possible that the clades are evolving 

independently not because of adaptation to different niches, but rather due to physical separation, 

or perhaps a combination of both. It has been shown that at least some bdelloid species are 

adapted to different niches (Birky et al. 2005). It is now widely accepted that the identification of 

species should be done in collaboration with molecular data, and phylogenetic analyses of 

mitochondrial DNA (mtDNA) in asexual rotifers offers a unique and effective way to do just that 

with the bdelloids (Birk et al. 2005). Mitochondrial DNA is ideal for asexual species because all 

copies of the mitochondrial genome are identical at most sites, meaning a mtDNA gene can be 

amplified and sequenced without the to clone the amplification product first. With molecular 

phylogenetic data giving evidence to independently evolving species in conjunction with 

observing different phenotypic traits between clades, it is reasonable to conclude that each of the 

74 clades can be referred to as species. 

 One aspect of the biology of rotifers that has been poorly understood and is difficult to 

measure is the biogeography of the phylum. With two prevailing ideas concerning the 

biogeography of microorganisms being either the “everything is everywhere” concept or the 

observation of definable biogeographic constraints, regardless of size, the nature of the wide 

distribution (on all seven continents) of the bdelloid rotifers is an appealing area of study 
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(Robeson et al. 2010). In fact, while the elucidation of species from within asexual lineages of 

bdelloid rotifers has been clearly demonstrated, Robeson et al. (2010) state that an exact species 

definition is not necessary in order to use phylogenetic analyses to study special patterning and 

community diversity. It has been discovered that while communities of bdelloids may not be 

geographically isolated by significant barriers, distances within only 133 meters between 

bdelloids communities are sufficient to yield phylogenetically constrained populations composed 

of unique clades relative to other communities (Robeson et al. 2010). Thus, it is of interest to 

consider how quickly through time these bdelloids can disperse across space, allowing for the 

necessary divergence to occur that would produce such phylogenetically constrained clades.  

 Birky et al. have calculated an estimated dispersal rate from one pair of geographically 

distant bdelloid clades of approximately 613km/% sequence difference (Birky et al. 2005). This 

would indicate a rather rapid dispersal rate, capable of dispersing around the world multiple 

times since divergence (Birky et al. 2005).  In this study, we will utilize the rate of sequence 

divergence of the cox1 gene in two species of snapping shrimp separated by the isthmus of 

Panama (Knowlten et al. 1993) to calibrate the molecular clock, such that we can estimate a 

dispersal rate in units of distance over time. While this is not an ideal organism from which to 

extract such a rate of divergence, molecular clock data is scarcely available, and calibration with 

this distant relative is sufficient for our purposes. We have limited the dataset to one 

representative individual from each of the 74 species clades, and furthermore trimmed the 

species to those collected within the continental United States, resulting in a sampling of 63 

species from collection sites across the nation. By using phylogenetic analysis between species 

we were able to estimate dispersal rates for a few pairwise sets of genetic difference corrected for 

multiple hits (K) and geographic distance (G).  
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Methods 

 The methods of collecting, harvesting and sequencing each individual of the 64 different 

clades is outlined in Birky et. al. (2005). One representative clone from each clade was chosen to 

represent the species as a whole in order to reduce the dataset from 241 individual sequences to 

74 sequences, due to computational & time constraints. A 591 base pair DNA sequence from the 

mitochondrial cox1 gene, corresponding to sites 77-666 in the human sequence, was isolated and 

amplified from each individual using PCR (Birky et. al. 2005). Phylogenetic trees were created 

in PAUP* (Swofford, 1998) using the neighbor-joining algorithm. The data were analyzed using 

ModelTest 3.7 (Posada and Crandall, 1998) to determine an appropriate model to correct for 

multiple hits; both the Akaine information criterion (AIC) and hierarchical likelihood ration tests 

(hLRTs) selected the General Time Reversible model with invariant sites and a gamma 

distribution of rates on variable sites (GTR+I+G). Using this model, a genetic distance matrix 

was extracted, from which pairwise genetic differences, expressed as a decimal fractions, for 

each pair of species was compiled in columnar format. The differences corrected for multiple 

hits using the GTR+I+G model are denoted by K. 

 GPS coordinates were used to record the exact location of each bdelloid clone collection 

site. Each of these coordinates were appropriately labeled and mapped using the Google Earth 

application (v6.0.2.2074) for Mac OS X. Pairwise distances between each collection site were 

extracted using the ruler function of Google Earth and expressed in kilometers (See Figure). 

Pairs were selected for analysis and dispersal rate calculation on the basis of observed distance 

between them as seen on Google Earth; any pair greater than 1500km was considered a 

candidate for dispersal rate estimation. The shortest distances across geographic space, corrected 
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for the curvature of the spherical globe, is denoted by G. The geographic distance between pairs 

was plotted as a function of genetic difference in (See Figure).  

 The genetic difference was converted from a decimal ratio to time using the estimated 

rate of sequence divergence in the cox1 mtDNA sequence from snapping shrimp, calculated by 

Knowlton et. al. (1993). This rate is stated as 2.6% sequence difference per 106 years of isolation 

(Knowlton et. al. 1993). Using this conversion ratio, dispersal rates were converted from km / % 

sequence difference to km / years. 
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Results 

Figure 1: Google Earth Collection Sites & Geographic Distances 

 
Figure 1: The yellow thumb-tacks mark the exact location of the collection sites. The number label represents the 
corresponding species collected (see Key). Red lines indicate the great circle distance between pairs studied.  
 

 
Figure 2: Blue diamonds represent the species pairs. Black line is a regression line of best fit 
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Figure 3: Bdelloid Rotifer Dispersal Rates 

Pair 
Difference K 
(% genetic) 

Distance G (km 
geographic) 

Dispersal Rate 
(G/K) km/% 

Dispersal Rate 
(G/t) km/yr 

Dispersal 
Rate (km/My) 

3,35 1.32588 2307.70 1740.5044 0.00045253 452.53 
3,51 1.63861 2628.08 1603.8472 0.00041700 417.00 

3,5 1.27049 2487.04 1957.5439 0.00050896 508.96 
3,20 1.48874 3401.72 2284.9658 0.00059409 594.09 
3,17 1.19765 3701.63 3090.7444 0.00080359 803.59 
4,35 0.77384 2310.49 2985.7464 0.00077629 776.29 
4,51 1.79171 2646.57 1477.1196 0.00038405 384.05 

4,5 1.07731 2524.66 2343.4852 0.00060931 609.31 
4,20 1.07390 3421.09 3185.6691 0.00082827 828.27 
4,17 0.61594 3718.11 6036.4808 0.00156949 1569.49 
8,35 1.39183 2331.48 1675.1184 0.00043553 435.53 
8,51 1.24258 2658.95 2139.8622 0.00055636 556.36 

8,5 1.04006 2525.77 2428.4849 0.00063141 631.41 
8,20 1.23361 3433.17 2783.0271 0.00072359 723.59 
8,17 1.52728 3731.91 2443.5009 0.00063531 635.31 

25,35 1.42986 2310.49 1615.8855 0.00042013 420.13 
25,51 1.57206 2646.57 1683.5044 0.00043771 437.71 

25,5 1.59888 2524.66 1579.0178 0.00041054 410.54 
25,20 1.78305 3421.09 1918.6731 0.00049885 498.85 
25,17 1.94392 3718.11 1912.6867 0.00049730 497.30 
27,42 1.75024 1522.88 870.0978 0.00022623 226.23 

27,5 1.05112 2028.57 1929.9129 0.00050178 501.78 
27,17 1.32366 2961.14 2237.0851 0.00058164 581.64 

48,2 0.87370 1143.43 1308.7215 0.00034027 340.27 
48,17 0.89715 3916.07 4365.0114 0.00113490 1134.90 
57,35 1.10748 2310.47 2086.2408 0.00054242 542.42 
57,51 0.86389 2646.55 3063.5266 0.00079652 796.52 

57,5 0.89614 2524.64 2817.2384 0.00073248 732.48 
57,20 1.43674 3421.07 2381.1337 0.00061909 619.09 
57,17 1.12288 3718.10 3311.2176 0.00086092 860.92 

Figure 3: Table displaying the various number values of genetic difference, geographic distance, and dispersal rate 
in different units. Notice the pair number key below for the species name. 
 
 Great circle distances were measured in kilometers between thirty pairs of bdelloid rotifer 

species (see Figure 1). In figure 3 the collection pairs, corrected genetic sequence difference K, 

“Great Circle” geographic distance G, dispersal rate in kilometers per % sequence difference, per 

year, and per millions of years is given for each of 30 selected pairwise collection sites. Pair 

48,17 represents the longest available distance (3916.07km) to traverse, out of all 63 collections 

studied within the continental United States. This pair represents bdelloid rotifer populations 



13 

separated between Palm Canyon, Arizona to Sandwich, Massachusetts, and yields an estimated 

dispersal rate of 0.00113490 kilometers per year, or 1134.90 per million years. The quickest 

estimated rate of dispersal (pair 4,17), representing a maximum value of the data collected, was 

calculated to be 1569.49 km/My, the rate given for bdelloid rotifer populations separated 

between Tucson, Arizona and Sandwich, Massachusetts. The slowest estimated rate of dispersal 

(pair 27,42) was calculated to be 226.23 km/My representing a minimum value of the data 

collected, from populations separated between Shelf Lake, Wyoming and Chicago, Illinois.  The 

average dispersal rate across all species is 2375.2018 km/% difference, 0.00061755 km/year or 

617.55 km/million years. Figure 4 displays the species and clone name of each number displayed 

on the previous figures. 

Figure 4: Species Key 
# Species # Species # Species # Species 
1 Rou1.6 39 UIL1.4 30 MyBa1.6 67 Wai.1.3a 
2 Shmoo1.3 40 Mem1.5 32 Shmoo1.11 68 McBM1.11 

3 RamO1.8 42 Cre1.2 33 RamO1.6 70 RamM1.3 

4 Bird2.3 43 Trap1.1 34 Rat2.4 71 MyBa2.1 

5 Mem1.1 46 FlT2.1 35 MyBa1.1 72 Wlcx1.4 

8 BCB1.2b 47 Yet1.1 36 MyBa1.7 73 McBS1.2 

10 Glen1.10 48 Kofa1.4 37 SnoE1.5 74 SnoF1.3 

11 Rob2.8 49 Yet2.5 38 Ari1.2   

12 Wad1.7 50 Bird1.1 

13 Smok1.1 51 Gut1.1b1b 

14 LRatM1.1 52 Bel1.2 

16 SeaR2.1 53 Rou1.2 

17 WHc1.1 54 MedBP1.1 

18 Pim1.1 55 Rat2.3 

19 Rob2.10d 56 Kofa1.3 

20 Cent1.1 57 BirdT1.3 

22 SeaR2.2 58 Aqua1.1 

23 Shmoo2.6 60 Angl2.1 

24 Angl1.1 61 BCB1.2g 

25 Bird3.4 62 FlT3.3 

26 Bird2.4 63 Fin1.1 

27 Shelf1.3 64 SwT1.2 

28 HuH1.1 65 Trap1.2 

29 SnoB1.3 66 Bear1.1 
Figure 4: Key of collection site # and corresponding species clone name. Bold text represents those species for 
which an estimated dispersal rate between pairs was determined in this study. 
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Discussion 

 The average estimated dispersal rate of all thirty pairs of bdelloid species was calculated 

to be 2375.2018 km/% difference, 0.00061755 km/year or 617.55 km/million years. This 

estimated rate is much higher than that calculated by Birky et al. (2005) which was given as 

613km/% sequence difference, or 159.38 km/My. Though there is a wide variability within the 

given data none of the pairs approaches a dispersal rate this slow. The most likely reason for this 

is that this study has revealed estimations of maximum dispersal rates. This is reasonable to 

conclude because the distance measured between populations was done so as a straight line 

across space. A case in which an animal is able to traverse space in a linear direction undisturbed 

for thousands of kilometers is rare, if not impossible. Therefore the more realistic scenario is the 

movement of bdelloid rotifers across space in an irregular pattern of slightly different bearings 

moving in the same general direction, ultimately ending up where we have collected them now. 

 Nonetheless the dispersal estimates given in this study serve to provide future research 

with an idea of just how quickly bdelloid rotifer populations might travel across space, lending 

opportunity to establish geographically isolated lineages and possibly allowing for adaptation to 

different niches. Using the averages given, one can learn that species of rotifers dispersed 

throughout a range such as North America, with distances greater than 1500km between them, 

might have arose from a speciation event over two million years ago. With such a diverse spread 

of bdelloid species across the continental United States alone, certain lineages of bdelloids may 

contain specific phylogenetic advantages pertaining to the ability to travel across space, and are 

capable of dispersing across continents at a much higher rate than neighboring species. 

Additional studies are required to support this supposition. This variability of dispersal rates 

across independently evolving species of bdelloid rotifers gives new insight into the 
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biogeography of the group; something that is highly contingent upon and influenced by the 

effects of evolution over millions of years since the divergence event. Additional studies should 

be done to include a larger dataset, extracting estimated dispersal rates from all 63 available 

collections of bdelloid rotifer species in the United States alone. Insight with this kind of study 

might shed light on opportunities to do the same on other continents. Additionally, the method 

used in this study might be able to determine a more precise estimate of dispersal rate for an 

individual rotifer species by using mtDNA sequence from geographically separated individuals 

within the species. 
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