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Abstract 

When attempting to characterise communities by their phylogenetic diversity, 

Scarabaeinae provide an ideal model system. Historically three genes, cox1, 28S 

and 16S, have been widely used in phylogenetic studies for members of the 

Coleoptera and this is also the case for the Scarabaeinae. Two of these genes, 28S 

and 16S, are length variable. The alignment of nucleotide sequence data containing 

multiple insertion and deletion events is a notoriously difficult problem to resolve. 

Accurately doing so is important, as the accuracy of the alignment is thought to play 

a crucial role in determining phylogenetic tree topology. Therefore it is necessary to 

find a way to accurately align the sequence data before communities can be 

accurately characterised across a hypothesised phylogenetic tree. Little guidance is 

available on how the users of alignment programs should go about this task. In the 

following chapters an understanding of how alignment parameters act on the 

alignment of 16S data from Coleoptera species is reported along with a method for 

using members of the Clustal program family. The use of two scoring systems for 

judging the quality of alignments is also explored. Selecting alignments based on 

minimising overall alignment diversity appears to minimise synapomorphy and 

homoplasy, while maximising taxonomic consistency. Therefore, using the Shannon-

Wiener or Simpsons Index of diversity to score alignment quality may prove useful to 

phylogeneticists. 



 4 

 

 

 

 

 

 

I dedicated this thesis to my wife, Sara. 

Without her love, support and understanding, 

I could not have achieved this. 

 

 

 

 



 5 

Table of contents 

 

Chapter 1 

Characterising insect communities by their phylogenetic diversity and searching 

alignment parameter space at high density ………..…..…………………………..…. 20 

 

Introduction …………………………………………………………………….… 20 

 

Chapter 2 

Identifying the signature of interspecific competition in dung beetle communities 

between hypothesised sister species pairs of Scarabaeinae (true dung beetles) on a 

phylogenetic tree ………..…..………………..………………………………………..... 40 

 

Abstract ………..…………………………….……………………………………. 40 

Introduction ………………………………….…………………………………..... 40 

Materials and methods ……………..……..……………………….…………..... 42 

Results ………….…..…………………….………………….…………............... 45 

Discussion ……...…..………………………………………………………...…... 69 

Acknowledgements  ……………….…...…………………………..………….… 74 

 

Chapter 3 

Examinging the stability of cojoining species pairs hypothesised from length variable 

28S sequence data ………..…..…………………………………................................. 75 

 

Abstract ………..……………………………………………………………......... 75 

Introduction ……………………………………………………...……………...… 75 

Materials and methods ………………………………..……......….……………. 79 

Results ………….…..……………………………………………….…….……… 82 

Discussion ……...…..……………………………………………….……………. 96 

 

Chapter 4 

Exploring the effect of increasing taxonomic hierarchical level on the sensitivity of 

ClustalW 2.0.9 allignment parameters and the distribution of alignments within 

alignment space for Coleoptera 16S sequence data ……………………………….. 100 



 6 

 

Abstract ………..…………………………………………………..……..……... 100 

Introduction ……………………………………………………………....……… 101 

Materials and methods …………………………………….…….………..…… 105 

Results ………….…..……………………………………………….…………... 107 

Discussion ……...…..…………………………………………….……….…..… 118 

Acknowledgements ……………….………………………….……...…….…… 125 

 

Chapter 5 

Examining the intra-consistency and inter-consistency of three alignment programs 

with parameter space searched at high density ………...…………………...……… 126 

 

Abstract ………..………………………………………………………………… 126 

Introduction ……………………………………………………………………… 127 

Materials and methods …………………………………………...……….…… 130 

Results ………….…..……………………………………………….…………... 132 

Discussion ……...…..……………………...…………………………….……… 142 

Further research ……………….……………….……………………….……… 146 

Acknowledgements ……………….…………………..…………….……..…… 147 

 

Chapter 6 

The relationship between tree topology space and ClustalW 2.0.9 alignment 

parameter space examined at a high search density ………….…………………… 148 

 

Abstract ………..………………………………………………………………… 148 

Introduction ……………………………………………………………………… 148 

Materials and methods ………………………………………….………….….. 149 

Results ………….…..………………………………………...………….……… 152 

Discussion ……...…..……………………………………………………....…… 165 

Further work ……………….……………………………………….…...….…… 168 

 

Chapter 7 

Using the Simpson’s index and Shannon-Wiener index of diversity as measures of 

alignment accuracy ………..…..………………………..………………...………...…. 169 



 7 

 

Abstract ………..………………………………………………………………… 169 

Introduction ……………………………………………….……...……………… 170 

Materials and methods …………………………………...….………………… 176 

Results ………….…..………………………………...………………….……… 179 

Discussion ……...…..…………………………………...………………….…… 218 

Further work ……………….………………………………………….………… 224 

Acknowledgements ………………………………………………………..…… 224 

 

Chapter 8 

The relationship between alignment diversity, homoplasy and synapomorphy ..... 225 

 

Abstract ………..………………………………………………………………… 225 

Introduction ……………………………………………………………………… 226 

Materials and methods ……………………………………...………….……… 228 

Results ………….…..…………………………………………...……….……… 229 

Discussion ……...…..……………………………………………...…….……… 246 

Acknowledgements  ……………….………………………………...….……… 249 

 

Chapter 9 

The relationship between taxonomic consistency, alignment parameter space and 

alignment diversity score ………..…..…………………...……………………………. 250 

 

Abstract ………..………………………………………………………………… 250 

Introduction ……………………………………………………………………… 250 

Materials and methods ……………………………………………...….……… 251 

Results ………….…..…………………………………………………....……… 277 

Discussion ……...…..…………………………………………………………… 279 

Acknowledgements  ……………….……….…………………………...……… 295 

 

Chapter 10 

The effect of tiebreaking and sequence orientation for length variable sequence data 

on the size of alignment space and quality of alignments ………..…..……………. 299 

 



 8 

Abstract ………..………………………………………………………………… 299 

Introduction ……………………………………………………………………… 299 

Materials and methods ……………………………………………...….……… 301 

Results ………….…..…………………………………………………....……… 303 

Discussion ……...…..…………………………………………………………… 313 

Acknowledgements  ……………….……….…………………………...……… 315 

 

Conclusion ………..…..……………………………………………………………….... 316 

 

Further work ……………….…………………………………………….……… 322 

 

Bibliography………... ………..…..…………………………………………………..…. 323 

 

The following Appendicies can be found on the accompanying CD attached at the 

back of this thesis. 

 

Appexdices………... ………..…..……………………………………………………… 342 

Appendix 2.1  

Concatenated DNA sequence data for 28S, 16S and cox1 ……….……..... 342 

Appendix 2.2a-f  

Number and identity of Scarabaeformia species recorded per 

community……………………………………………………………………… 1459 

 

Appendix 3.1  

217 28S Scarabaeformia sequences  …….………..………………………. 1655 

Appendix 3.2a-e 

Cojoining species pairs found on 28S trees …………..……………….…... 1741 

 

Appendix 4.1 

Bash script for ClustalW alignment automation  ………….....………..…… 1756 

Appendix 4.2 

Bash script for comparing ClustalW alignments   ………..……..……….….1757 

Appendix 4.3 

212 Scarabaeinae and Aphodiinae 16S sequences  ………..……...….…. 1760 



 9 

Appendix 4.4 

202 Scarabaeformia, Staphyliniformia and Elateriformia 16S sequences  

…………………………………………………………………………………... 1764 

Appendix 4.5 

210 Coleoptera subfamily 16S sequences  ………..…………………….… 1768 

Appendix 4.6 

40,401 Scarabaeinae and Aphodiinae 16S alignments  and scores ……. 1772 

Appendix 4.7 

40,401 Scarabaeformia, Staphyliniformia and Elateriformia 16S alignments  

and scores ………………………………………………………………...…… 2481 

Appendix 4.8 

40,401 Coleoptera subfamily 16S alignments  and scores …………….… 3190 

 

Appendix 5.1 

Muscle automated alignment bash script  ………..………………………… 3967 

Appendix 5.2 

Bash script used to produce PRANK alignments  ………..…………..…… 3968 

Appendix 5.3 

PRANK alignment scores ……………………………………………...…..… 3969 

 

Appendix 6.1  

Bash script for the automation of PhyML ……………………….…….…..... 4168 

Appendix 6.2  

Bash script for the conversion of Clustal output files into phylip format  ... 4169 

Appendix 6.3  

Bash script automating the calculation of the symmetric difference between 

trees using ftreedistpair  ………………………………………….…..………. 4170 

 

Appendix 7.1 

Bash script for the calculation of the Simpson’s Index of diversity score .. 4171 

Appendix 7.2 

Bash script for the calculation of the Shannon-Wiener Index of diversity score 

……………………………………………………………………………….….. 4180 

Appendix 9.1 



 10 

Taxonomic consistency of groups within the Scarabaeinae and Aphodiinae 

16S dataset  ………………………..……………………………………….…. 4183 

Appendix 9.2 

Taxonomic consistency of groups within the Scarabaeformia, Staphyliniformia 

and Elateriformia 16S  dataset  ……………….…………………………….. 4409 

Appendix 9.3 

Taxonomic consistency of groups within the Coleoptera subfamily16S dataset  

………………………..…………………………………….………………...…. 4422 

 

 



 11 

List of tables 

 

Table 4.1 Average Clustal aligned scores for three datasets increasing in 

phylogenetic dissimilarity ……………………………………..……………….....….… 106 

Table 6.1 Numbers of species per tribe for which a DNA sequence was available 

…………………………………………………………………………………………..... 152 

Table 6.2 Cojoining species pairs found to occur in all 9008 trees ……………….. 153 

Table 6.3a Cojoining species pairs found in the strict consensus tree .................. 156 

Table 6.3b Cojoining pairs and sister taxa found in the majority rule tree …...…... 158 

Table 6.3c Cojoining groups of sister groups from the majority rule tree ………… 159 

Table 6.3d Cojoining groups of sister groups and their taxa from the majority rule 

tree ……………………………………………………………………………………..… 160 

Table 7.1 Alignment parameter settings and alignment lengths for minimum scoring 

Simpson’s and Shannon-Wiener Index of diversity alignments ………………….... 175 

Table 11.1 Number of Coleoptera species sequences available in Genbank for 8 

different genes ……………………………………………………………………..…… 319 

 

 



 12 

List of figures 

 

Figure 1.1 Phylogenetc tree of 12 Canthon species based on combined sequence 

data ......................................................................................................................… 28 

Figure 1.2 Phylogenetic trees of 12 Canthon species based on separate genes 

……………………………………………………………….……………….……............. 29 

Figure 1.3 Phylogenetic relationship between Temnoplectron aeneopiceum and 

Temnoplectron subvolitans ………………………………………………………...…… 30 

Figure 1.4 Phylogenetic relationship between Temnoplectron politulum and 

Temnoplectron reyi ……………….………………………………….........................… 31 

Figure 1.5 Phylogenetic relationship between 3 species of Dicranocara ………….. 32 

Figure 1.6 Secondary structure model of 16S domain 5 and 6 for Scarabaeinae 

species ……………………………………………………………………………………. 37 

 

Figure 2.1 Hypothesised relationships befween Scarabaeinae species ….……. 46-61 

Figure 2.2 Abundance of Eurysternus caribaeus and Eurysternus hamaticollis 

recorded in communities …………………………………………………….................. 63 

Figure 2.3 Abundance of Paragymnopleurus maurus and Paragymnopleurus striatus 

recorded in communities ………………………………………………………..………. 65 

Figure 2.4 Abundance of Liatongus militaris and Drepanocerus kirbyi recorded in 

communities …………………………………………………………………………….... 66 

Figure 2.5 Abundance of Metacatharsius opacus and Metactharsius exiguus 

recorded in communities ……………………………………………………..…………. 67 

Figure 2.6 Abundance of Onthophagus furcatus and Euonthophagus amyntas 

recorded in communities ………………………………………………………..………. 68 

 

Figure 3.1 Phylogenetic trees of 12 Canthon species based 28S and cox1 

……………………………………………………………………………………..……..… 77 

Figure 3.2 Possible Changes to cojoinging species pair relationships …….........… 80 

Figure 3.3 Phylogenectic relationships for 203 Scarabaeinae species ……..…. 82-83 

 

Figure 4.1 Distribution of Scarabaeidae dataset alignments across parameter space 

…………………………………………………………………………………………….. 109 

Figure 4.2 Distribution of Scarabaeiformia, Staphyliniformia and Elateriforia dataset 



 13 

alignments across parameter space …………………...…………...………………... 110 

Figure 4.3 Distribution of Coleoptera subfamily dataset alignments across parameter 

space ……………………………………………………...……………………..………. 111 

Figure 4.4 Number of different alignments that can be recovered with a fixed 

extension penalty cost for three datasets ………………………….………….……... 113 

Figure 4.5 Number of different alignments that can be recovered with a fixed opening 

penalty cost for three datasets …………………………….……………………..…… 114 

Figure 4.6 Accumulation curves for the number of alignments found with increasing 

search density using two different search strategies ….…………………..……….. 115 

Figure 4.7 Alignment accumulation curves for three datasets varying in phylogenetic 

breadth ………………………………………..…………………………………...…….. 117 

 

Figure 5.1 Distribution of alignments across parameter space produced using the 

Muscle alignment program …………………..………………………………...… 133-134 

Figure 5.2 Distribution of alignments across parameter space produced using the 

alignment program PRANK ………………………………….……………………...… 135 

Figure 5.3 Distribution of alignment lengths for alignments produced using PRANK 

…………………………………………………………………………………………….. 137 

Figure 5.4 Distribution of alignment lengths for alignments produced using the 

alignment program ClustalW 2.0.9 ………………………………………………….... 138 

Figure 5.5 Distribution of alignment lengths for alignments produced using the 

alignment program Muscle …………………………………………..………………… 139 

Figure 5.6 Distribution of nucleotide pair matches and mismatches for Muscle, 

Clustal and Prank alignments ……………………………………………..………….. 141 

 

Figure 6.1 Strict consensus of 9008 trees for the Scarabaeidae dataset ………... 154 

Figure 6.2 Majority rule consensus of 9008 trees for the Scarabaeidae dataset 

……......................................................................................................................... 155 

Figure 6.3a Positions of 9008 trees within topology space ………………………… 162 

Figure 6.3b The distribution of topology space in terms of alignment parameter 

space ………………………………………………………………………………..…… 163 

Figure 6.4 Symetric distance between the tree topology recovered for alignment 

number 4245 and all other tree topologies …………………………………...……… 164 

 



 14 

Figure 7.1 Hypothetical sequence alignments representing a phenetically poor and 

good alignment …………………………………………………………………………. 175 

Figure 7.2 Distribution of Simpson’s Diversity score for 9008 alignments plotted 

against alignment length ……………………………………………………….……… 180 

Figure 7.3 Distribution of Shannon-Wiener Index of diversity scores for 9008 

alignments plotted against alignment length ………………………………………… 181 

Figure 7.4 Distribution of mean Simpson’s Index of diversity scores for 9008 

alignments plotted against alignment length ………………………………………… 182 

Figure 7.5 Distribution of Shannon-Wiener Index of diversity scores for 9008 

alignments plotted against alignment length ………………………………………… 183 

Figure 7.6 Distribution of Simpson’s Index of diversity scores for 9008 alignments 

across ClustalW 2.0.9 alignment parameter space ………………………………… 184 

Figure 7.7 Distribution of mean Simpson’s Index of diversity scores for 9008 

alignments across ClustalW 2.0.9 alignment parameter space …………………… 185 

Figure 7.8 Distribution of Shannon-Wiener Index of diversity scores for 9008 

alignments across ClustalW 2.0.9 alignment parameter space …………………… 186 

Figure 7.9 Distribution of mean Shannon-Wiener Index of diversity scores for 9008 

alignments across ClustalW 2.0.9 alignment parameter space …………………… 187 

Figure 7.10 Shannon-Wiener Index of diversity scores plotted against Simpson’s 

Index of diversity scores for the Scarabaeidae dataset …………….……………… 188 

Figure 7.11 Simpson’s Index of diversity scores for 10,436 alignments for an 

intermediate dataset plotted against alignment length ……………………………... 189 

Figure 7.12 Close-up of Simpson’s Index of diversity scores for alignments from an 

intermediate dataset plotted against alignment length ………………………...…… 190 

Figure 7.13 Mean Simpson’s Index of diversity scores for alignments from an 

intermediate dataset plotted against alignment length …………………………...… 191 

Figure 7.14 Distribution of Simpson’s Index of diversity scores for 10,436 alignments 

across ClustalW 2.0.9 alignment parameter space ………………………………… 192 

Figure 7.15 Distribution of mean Simpson’s Index of diversity scores for 10,436 

alignments across ClustalW 2.0.9 alignment parameter space …………………… 193 

Figure 7.16 Simpson’s Index of diversity scores for 14,590 different alignments from 

the Coleoptera subfamily dataset plotted against alignment length ………….…… 194 

Figure 7.17 Close-up of Simpson’s Index of diversity scores for alignments from the 

Coleoptera subfamily dataset plotted against alignment length …………………… 195 



 15 

Figure 7.18 Mean Simpson’s Index of diversity scores for 14,590 alignments from the 

Coleoptera subfamily dataset plotted against alignment length …………………… 196 

Figure 7.19 Distribution of Simpson’s Index of diversity scores for 14,590 alignments 

across ClustalW 2.0.9 alignment parameter space ………………………………… 197 

Figure 7.20 Distribution of mean Simpson’s Index of diversity scores for 14,590 

alignments across ClustalW 2.0.9 alignment parameter space …………………… 198 

Figure 7.21 Simpson’s Index of diversity score plotted in tree topology space for 

9008 trees produced from 9008 alignments ………………………………….……… 200 

Figure 7.22 The distribution of clades of similar tree topologies across ClustalW 2.0.9 

alignment space combined with Simpson’s Index of diversity scores suggested as a 

potential measure of alignment quality …………………………………….………… 201 

Figure 7.23 Relative gap length for the H1835 stem and loop region for the least 

diverse alignment recovered using the Simpson’s Index of diversity score for the 

Scarabaeidae dataset ………………………………………………………..…… 204-207 

Figure 7.24 Relative gap length for the H1835 stem and loop region for the least 

diverse alignment recovered using the Simpson’s Index of diversity score for the 

Scarabaeiformia, Staphyliniformia and Elateriformia dataset ………………… 209-212 

Figure 7.25 Relative gap length for the H1835 stem and loop region for the least 

diverse alignment recovered using the Simpson’s Index of diversity score for the 

Coleoptera subfamily dataset …………………………………….……………… 214-217 

 

Figure 8.1 Consistency Index score for 9008 consensus trees plotted against the 

length of each alignment used to produce the corresponding consensus tree 

……………………………………………………………………………………..……… 229 

Figure 8.2 Retention Index score for 9008 consensus trees plotted against the length 

of each alignment used to produce the corresponding consensus tree ……….…. 230 

Figure 8.3 Distribution of the number of steps per consensus across ClustalW 2.0.9 

alignment parameter space …………………………………………………………… 231 

Figure 8.4 Simpson’s Index of diversity score of 9008 alignments plotted against the 

number of steps in the consensus tree produced from that alignment …………… 232 

Figure 8.5 Shannon-Wiener Index of diversity score for 9008 alignments plotted 

against the number of steps in the consensus tree produced from that alignment 

…………………………………………………………………………………………….. 233 



 16 

Figure 8.6 Distribution of Consistency Index scores for consensus trees across 

ClustalW 2.0.9 alignment parameter space ………………………….……………… 234 

Figure 8.7 Consistency Index score of 9008 consensus trees plotted against the 

Simpson’s Index of diversity score for each corresponding alignment …………… 235 

Figure 8.8 Consistency Index score of 9008 consensus trees plotted against the 

mean Simpson’s Index of diversity score for each corresponding alignment 

………………………………………………………………………………………….…. 236 

Figure 8.9 Consistency Index score of 9008 consensus trees plotted against the 

Shannon-Wiener Index of diversity score for each corresponding alignment 

…………………………………………………………………………………………..… 237 

Figure 8.10 Consistency Index score of 9008 consensus trees plotted against the 

mean Shannon-Wiener Index of diversity score for each corresponding alignment 

………………………………………………………………………………………..…… 238 

Figure 8.11 Distribution of Retention Index scores from consensus trees across 

ClustalW 2.0.9 alignment parameter space …………………………………….…… 239 

Figure 8.12 Retention Index scores for 9008 consensus trees plotted against the 

Simpson’s Index of diversity scores for each corresponding alignment ………..… 241 

Figure 8.13 Retention Index scores for 9008 consensus trees plotted against the 

mean Simpson’s Index of diversity scores for each corresponding alignment 

…………………………………………………………………………………………….. 242 

Figure 8.14 Retention Index scores for 9008 consensus trees plotted against the 

Shannon-Wiener index of diversity for each corresponding alignment …………… 243 

Figure 8.15 Retention Index scores for 9008 consensus trees plotted against the 

mean Shannon-Wiener index of diversity  for each corresponding alignment 

…………………………………………………………………………………………….. 244 

Figure 8.16 Retention Index scores for 9008 consensus trees plotted against the 

Consistency Index score for the same consensus tree ……………..……………… 245 

 

Figure 9.1 Hypothetical tribal relationships within the dung beetles based on genitalia 

morphology from Zuino 1983 …………………………………………………..……… 253 

Figure 9.2 Hypothetical tribal relationships within the dung beetles based on genitalia 

morphology from Luzzatto 1994 …………………………………………………….… 254 

Figure 9.3 Hypothetical tribal relationships within the dung beetles based on 42 

morphological characters from Montreuil 1988 ……………………………………… 255 



 17 

Figure 9.4 Hypothetical tribal relationships within the dung beetles based on 

geometric morphological characters from Pretorius et al., 2000 ………………….. 257 

Figure 9.5 Hypothetical tribal relationships within the dung beetles based on 200 

morphological characters from Philips et al., 2004 ……………….………………… 258 

Figure 9.6 Hypothetical tribal relationships within the dung beetles based on 1124 

base pairs of cox1, tRNA-Leu and cox2 sequence data …………………………… 261 

Figure 9.7 Hypothetical tribal relationships within the dung beetles from Ocampo & 

Hawks 2006 …………………………………………………………………..………… 264 

Figure 9.8 Hypothetical tribal relationships within the dung beetles based on cox1 

from Forgie et al., 2006 ………………………………………………………………… 266 

Figure 9.9 Hypothetical tribal relationships within the dung beetles based on 16S 

from Forgie et al., 2006 ………………………………………………………………… 267 

Figure 9.10 Phylogenetic hypothesis giving the relationships between Scarabaeinae 

tribes for which there is general agreement ……………………………….………… 275 

Figure 9.11 Alternative phylogenetic hypothesis giving the relationships between 

Scarabaeinae tribes for which there is general agreement ………………………... 276 

Figure 9.12 Number of expected monophyletic clades actually recovered from 

consensus trees distributed across ClustalW 2.0.9 alignment parameter space for 

the Scarabaeidae dataset ………………………………………………………...…… 279 

Figure 9.13 Distribution of consensus trees in which the Oniticellini tribe was or was 

not recovered as a monophyletic clade within ClustalW 2.0.9 alignment parameter 

space for the Scarabaeidae dataset ………………………………………..………… 280 

Figure 9.14 Distribution of consensus trees in which the Onthophagini tribe was or 

was not recovered as a monophyletic clade within ClustalW 2.0.9 alignment 

parameter space for the Scarabaeidae dataset ……………………………..……… 281 

Figure 9.15 Distribution of consensus trees in which the Phanaeini tribe was or was 

not recovered as a monophyletic clade within ClustalW 2.0.9 alignment parameter 

space for the Scarabaeidae dataset ……………………………………..…………… 282 

Figure 9.16 Distribution of consensus trees in which the Scarabaeini tribe was or 

was not recovered as a monophyletic clade within ClustalW 2.0.9 alignment 

parameter space for the Scarabaeidae dataset …………..………………………… 283 

Figure 9.17 Distribution of consensus trees in which the Gymnopleurini tribe was or 

was not recovered as a monophyletic clade within ClustalW 2.0.9 alignment 

parameter space for the Scarabaeidae dataset ………………………..…………… 284 



 18 

Figure 9.18 Distribution of consensus trees in which the Sisyphini tribe was or was 

not recovered as a monophyletic clade within ClustalW 2.0.9 alignment parameter 

space for the Scarabaeidae dataset ……………………………………………..…… 285 

Figure 9.19 Distribution of consensus trees in which the Eurysternini tribe was or 

was not recovered as a monophyletic clade within ClustalW 2.0.9 alignment 

parameter space for the Scarabaeidae dataset ……………………..……………… 286 

Figure 9.20 Number of expected monophyletic clades recovered plotted against 

Simpson’s Index of diversity score for each alignment …………………………..… 287 

Figure 9.21 Number of expected monophyletic clades recovered plotted against the 

Shannon-Wiener Index of diversity score for each alignment ………………...…… 288 

Figure 9.22 Number of expected monophyletic clades recovered from each 

consensus tree plotted against the number of steps for the consensus tree 

…………………………………………………………………………………………….. 289 

Figure 9.23 Number of expected monophyletic clades recovered from each 

consensus tree plotted against the alignment length from the alignment used to build 

the tree ………………………………………………………………………………...… 290 

Figure 9.24 Number of expected monophyletic clades actually recovered from 

consensus trees distributed across ClustalW 2.0.9 alignment parameter space for 

the intermediate dataset ………………………………………..……………………… 292 

Figure 9.25 Number of expected monophyletic clades actually recovered from 

consensus trees distributed across ClustalW 2.0.9 alignment parameter space for 

the Coleoptera subfamily dataset …………………………..………………………… 293 

 

Figure 10.1 Alignment length distribution of PRANK alignments when run 250 times 

under default settings using a random seed …………………………........ 303 

Figure 10.2 Alignment length distribution across PRANK parameter space …… 303 

Figure 10.3 Alignment length distribution with PRANK’s alignment parameters varied 

across the allowable parameter space compared against alignment length 

distribution produced under default settings with a random seed ………………… 304 

Figure 10.4 Muscle, ClustalW 1.83 and T-coffee alignment solutions where two 

equally optimal solutions exist ………………………………………… 306 

Figure 10.5 Muscle, ClustalW 1.83 and T-coffee alignment solutions given 4 

sequences in 5’-3’ direction and one optimal alignment solution ………………… 308 



 19 

Figure 10.6 Muscle, ClustalW 1.83 and T-coffee alignment solutions given 4 

sequences in 3’-5’ direction and one optimal alignment solution ………….……… 309 

Figure 10.7 Muscle, ClustalW 1.83 and T-coffee alignment solutions given 4 

sequences in both directions where one optimal alignment solution is possible 

……………………………………………………………………………….……………. 310 

Figure 10.8 Distribution of 8,353 alignments across ClustalW 2.0.9 alignment 

parameter space when the Scarabaeidae dataset is entered in the 3’-5’ direction 

…………………………………………………………………………………………….. 311 

Figure 10.9 Simpson’s Index of diversity score for 9008 ClustalW 2.0.9 alignments 

produced from the Scarabaeidae dataset aligned in the 5’-3’ direction plotted against 

alignment length with 8,353 alignments produced by aligning the same dataset in the 

3’-5’ direction …………………………………………….……………………………… 312 



 20 

Chapter 1 

 

Characterising insect communities by their phylogenetic diversity and searching 

alignment parameter space at high density 

 
Introduction to dung beetles 

 

The Scarabaeinae (Scarabaeidae), a subfamily of Coleoptera, include approximately 

5,000 described speceis belonging to 12 tribes, grouped into 234 genera (Hanski & 

Camberfort 1991). Two tribes, Canthonini and Dichotomini, are widespread 

particularly in the southern continents. Davis et al., (2002) found that these tribes 

alone contain more than half of the world’s Scarabaeidae genera. They also found 

four tribes with restricted geographic distributions - Phanaeini, Eucraniini, 

Eurysternini and Helictopleurini, restricted, respectively, to the Americas (the first 

three) and Madagascar (Helictopleurini).  

 

Frolov (2006) says that the classification of the subfamily is not yet well established. 

Some smaller tribes (i.e. Gymnopleurini, Eurysterini, Sisyphini) are very distinctive 

and there is little doubt about their monophyly, while others (i.e. Dichotomiini and 

Canthonini) are apparently polyphyletic. It appears that misinterpretation of some 

morphological characters (for example the shape of the male fore and hind legs and 

characters in male genitalia) may have produced incongruences in the taxonomic 

classification. Montreuil (2003a,b, 2004, 2005a,b,c,d) has started a more 

comprehensive taxonomic review of the two tribes. It therefore appears very likely 

that the classification will be modified in the near future as there is much research 

into the group's phylogeny. However, the results so far do not give grounds for 

sound classification (Frolov 2006). 

 

Why dung beetles 

 

Many members of the Scarabaeinae feed on the bacteria and fungi found in mammal 

dung and can be captured using dung baited pitfall traps. This sampling 

methodology is highly efficient in comparison to more active trapping methodologies 

that are required to sample communities of other groups of animals, for example 
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butterflies, mammals or birds (Gardner et al., 2008). For this reason, dung beetles 

provide a highly cost-effective and popular model system for biodiverisity surveys 

and research into competition and community structure (Gardner et al., 2008).  This 

means that within the Coleoptera dung beetles are thought to be one of the most 

well studied groups in terms of taxonomy, behaviour and ecology. 

 

The number of species with membership of a local community is rarely in equilibrium 

and may fluctuate considerably within a few hours, in terms of the number of taxa 

and number of individuals per taxa. However, at any one moment communities can 

be delimited and characterised according to the species they contain, ‘species 

turnover’ being said to occur between communities at the point where member 

species’ ranges no longer overlap or new member species’ ranges begin. In addition, 

community membership also fluctuates over longer time spans, increasing with the 

addition of new species (either through speciation events or human introductions), 

while extinction, biogeographic exclusion and hybridisation reduce the available 

species pool from which a community may be built. 

 

Keddy & Weiher (1999) state that the ability to characterise patterns found in 

communities is an important step in determining ecological assembly rules.  These 

assembly rules can then be used to “predict the composition of ecological 

communities from species pools” and so explain the structure of communities.  In 

attempting to do so, investigations have tended to focus on directly observable 

environmental and interspecific species interactions.  Keddy & Weiher (1999) go so 

far as to suggest that indirectly observable processes operating over longer time 

periods, such as speciation and extinction events, should not normally be considered 

relevant.  To them “community ecology is different from evolutionary ecology” - 

community ecology attempting to discover how communities are assembled from 

species pools, while evolutionary ecology investigates how species pools are 

formed. 

 

However, in making this distinction the findings of ecological studies may be flawed, 

as they fail to take account of historical events which can determine the 

morphological characteristics and ecological roles and strategies available in the 

species pool from which a community can potentially be composed.  This historical 
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information can be inferred from trends in phylogenetic data, identifying the level 

(local regional, continental, intercontinental) and time span (recent or distant past) in 

which general explanations for particular community patterns should be sought. 

 

If the absence of species using a particular role or strategy from a community is 

correlated with the presence of another species, explanations only taking account of 

present-day ecological factors may attribute this pattern to one species effectively 

excluding the other from the community through competition (Diamond, 1975).  

Similarly, co-existence or successful invasion into communities may be explained in 

terms of the degree of niche separation (M’Closkey 1978) between member species.  

However, strategies or behavioural roles tend to be dependent on morphological 

features which are themselves, ultimately, phylogenetically based.  As such, 

behavioural roles or strategies may be lineage specific, i.e. constrained to members 

of the same phylogenetic clade. Where species differing in lineage specific 

characters are found not to co-exist it is important to rule out the possibility that 

absence is not due to biogeographical restrictions acting on the clades to prevent 

dispersal.  Once eliminated, a case can then be made for competitive exclusion 

operating between species.  Alternatively, explanations may be sought for patterns in 

community structure of presence and absence of species sharing characteristics but 

belonging to different clades with independent evolutionary histories. In this case the 

presence or absence of such species is more likely to be due to a combination of 

short term biotic and abiotic interactions. 

 

Another consideration is the effect of biogeographical factors on the composition of 

dung beetle community structure.  Davis et al., (2002) have analysed 

biogeographical patterns of the Scarabaeinae on phylogenetic trees and found a 

mixture of dispersal and vicariance (physical barriers) patterns.  They defined six 

biogeographical regions as character states: Africa, Madagascar, the Neotropics, 

Australasia (including New Zealand and New Caledonia), Eurasia (Spain, Turkey), 

and the Oriental region (Nepal, Indonesia, Malaysia, Hong Kong). 

 

At a deep phylogenetic level, examples of biogeographical patterns include members 

of the tribe Eucraniini (thought to have originated through isolation from a 

Neotropical ancestor by the uplift of the Andes in the middle Miocene – a vicariant 
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event) (Ocampo & Hawks 2006) and the tribe Phanaeine (similarly, thought to have 

evolved in South America after separation from Africa during the late Mesozoic) 

(Philips et al., 2004). At a more intermediate phylogenetic level, explanations as to 

the composition of dung beetle community structure have included: competition and 

coexistence; through niche theory; dividing resources (typically dung) by altitude 

(Halffter et al., 1995), dung type (Estrada et al., 1993), habitat type (Davis 1994), 

time of day (eg. Nocturnal or diurnal); by range of diversity of available dung type 

(Davis et al.,2002); by area of unbroken habitat; or by food relocation behavior 

(Davis 1994). 

 

Dung beetles are classified into two major behavioural groups based on food 

relocation habits: tunnellers or rollers. Tunnellers dig a burrow below or very close to 

the dung source and transport dung to the bottom of the burrow. Rollers are able to 

build a ball of dung, which they roll for a (variable) distance before they bury it. A 

variation on rolling is shown by species of the flightless, southern African subgenus 

Scarabaeus (Pachysoma). They also make dung balls but, instead of rolling it, the 

dung ball is pulled and has been described as dragging by Scholtz (1989), Harrison 

& Philips (2003), Scholtz et al., (2004) and Forgie et al., (2005). 

 

Halffter & Matthews (1966) suggested a more complex classification of dung beetle 

feeding behaviour, splitting them into four major groups: feeding without burial 

(including dwellers), burial without overland transportation (ie tunnellers), overland 

transportation without formation of a ball and overland transportation with formation 

of a ball.  Overland transportation without formation of a ball can be further split into:  

Carrying or dragging a portion of dung (not a ball) backwards overland grasping it 

with the forelegs (Halffter and Matthews 1966); pieces of dung transported by being 

pushed overland, the beetle using its head and forelegs, but these pieces of dung 

are not made into ball shapes (Halffter & Matthews 1966; Halffter et al.,1974; Halffter 

& Edmonds 1982, Luederwalt 1914, Ocampo 2003, Ocampo & Philips 2005, Zunino 

et al.,1989); dung lifted with the foretibiae and carried overland to a preprepared 

burrow, the beetle using its middle and hind legs to run (Halffter and Matthews 1966; 

Zunino et al.,1991; Ocampo 2003, 2004, 2005; Ocampo & Philips 2005). 
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It has been proposed that in a given community there may be room for x tunnelers, y 

rollers and z dwellers. Despite many hypotheses being put forward to explain the 

composition and structure of dung beetle communities, the explanations for the 

relationships between members of communities have not been made based on a 

phylogenetic evolutionary perspective. A robust phylogenetic hypothesis for the 

members of dung beetle communities could make it possible to reveal the ecological 

assembly rules that determine dung beetle community composition and structure. 

 

If explanations of community structure are to be rigorously tested and (defendable) 

ecological assembly rules developed, clade membership for members of 

communities and the evolutionary history of clades must be accurately identified.  

Diverse interacting dung beetle populations can be readily sampled and have the 

potential to provide a well defined model community system particularly in time and 

space, both of which can be justifiably expanded.  This work investigates how the 

mixture of pre and post competition pools of dung beetle species making up dung 

beetle communities can be characterised in terms of their phylogenetic diversity, 

initially sampling communities from which the evolutionary history of species and 

clades comprising the pool (dung beetle phylogeny) can be built.  Molecular 

taxonomy is a particularly good tool for this purpose, not only allowing the accurate 

identification of present day species but dispelling the uncertainty or incorrect 

taxonomic assumptions of polyphyletic relationships in major lineages, e.g. the 

Coprini within the Scarabidae family (Inward, 2001) this having been used as a 

taxonomic dumping ground for newly discovered species which were difficult to 

morphologically assign (Krell, 2006). In addition phylogenetic data also allows the 

identification of historical dispersal and subsequent speciation events, along with the 

timing of these events using molecular clocks supported by paeleontenological and 

geographical data. 

 

Use of molecular data 

 

A challenge throughout molecular systematics is that phylogenies based on different 

sets of genes are not necessarily the same.  This has lead to the increasing 

popularity of analyses based on two or more genes. Gontcharov et al., (2004), 

Nickrent et al. (2000), Shaw & Allen (2000), Karol et al. (2001), Bowe, et al., (2000), 
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Mallatt & Winchell (2002), Nozaki et al., (2000), Hoef-Emden et al., (2002), Baldauf 

et al., (2000) and Bapteste et al., (2002) used multigene approaches to investigate 

the evolution of plants, animals, algae and eukaryotes.  

 

A related question is the appropriateness of the genes used to infer phylogenetic 

relationships. For insect molecular phylogeny and phylogeography studies, 

mitochondrial genes have been the most commonly used (Caterino et al., 2000; 

Avise, 2004). The advantages are that: they are assumed to vary in a neutral 

manner so their patterns of nucleotide variation can be used to infer the evolutionary 

histories of closely related species (Rand et al., 1994); they are (generally) easy to 

amplify; specific primers are available for many species; they lack introns (which are 

problematic in phylogenetic analyses); they are maternally (clonally) inherited (Simon 

et al., 1994); and, last but not least, these genes are estimated to evolve two to nine 

times faster than genes that code for nuclear proteins in insects (DeSalle et al., 

1987; Moriyama & Powell, 1997; Monteiro & Pierce, 2001).  

 

Currently it is common for mitochondrial and nuclear genes to be combined when 

resolving phylogenetic relationships for insects. Kluge’s (1989) principle of total 

evidence assumes that all molecular evidence has equal value when deciding which 

is the “true” phylogenetic hypothesis. This does not mean that all information is 

equally discriminating, but that this cannot be known a priori. Although mitochondrial 

genes are the most commonly used genes for resolution at the species level, nuclear 

genes provide more power for resolution at higher taxonomic levels (Hillis & Dixon, 

1991). However, this does lead to additional problems when analyzing the data, as 

the two classes of genes have different evolutionary constraints (Wiens, 1998; 

Kearney, 2002).  

 

A number of problems need to be overcome in order to understand the phylogenetic 

community structure: species delineation (species must be identified on the tree); 

identification of true cojoiners (relationships between pairs of cojoining taxa must be 

accurately identified); identification of sister species (if correctly identified are the 

cojoining species pair true sisters or do other species sit between them); effect of 

missing taxa (for non cojoining taxa are there other species sitting between them?). 
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Species delineation 

Species delineation is a two-stage problem.  Firstly, species are indentified using the 

DNA sequence.  Then they are identified, based on morphology, within their 

communities.  The unique identifier that connects the two is the species name.  This 

means that where morphospecies are found, no community relationships can be 

inferred for that species. Similarly, where there is no species name to accompany 

the DNA sequence – it becomes impossible to combine phylogenetic based 

information with observational data. There is a particular need to tie community data 

to the phylogenetic tree using the species name as the unique identifier, as 

sequences are not available for most community studies. 

 

However, Davis & Nixon (1992) say that the recognition of species may be difficult 

because diagnostic traits are lacking, or species divergences are very small.  This 

means that even where biologically distinct species are found, being able to 

delineate them will depend on the thoroughness of study and the interpretation of 

complex (sometimes variable) traits. They also suggest that the accuracy with which 

one is able to delineate species depends on the degree of sampling, due to local 

variation. 

 

 

How to delineate species 

Mutations accumulate in the mitochondrial cytochrome oxidase subunit 1 (cox1) 

gene sequence at a relatively rapid rate in comparison to the rate at which ‘species’ 

diverge.   As such cox1 has been identified as a good candidate gene for use in 

species identification (Hebert et al., 2003) and also for producing phylogenetic trees.  

When individuals within a family are sampled across broad geographical regions the 

phylogenetic trees produced tend to take on  highly structured branching patterns, 

with clusters of closely related genotypes separated from others by large distances.  

These clusters often correspond to species as identified by traditional taxonomic 

methods and the distances between clusters has come to be known as  Meyer & 

Paulay (2005)’s ‘barcoding gap’. Hebert et al., (2004) suggests that for cox1 

sequence data, interspecies sequence divergence is approximately one order of 

magnitude greater than the divergence found within species.  In order to delineate 
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species and measure species turnover between communities it is necessary to 

determine which genotypes correspond to which species.  

 

By using the ‘barcoding gap’ to group genotypes, DNA taxonomy (Tautz et al., 2003) 

has the potential to empirically delineate taxa based on sequence information alone.  

However this is not the same as using a cut-off divergence value to define molecular 

operational taxonomic units (MOTU’s) (Blaxter et al., 2005). However, MOTU 

groupings do not tend to correspond with species as they are commonly understood.  

Although MOTU can be fine tuned to identify well accepted species using ecological 

and other taxonomic data , a more variable threshold is required for delineating data 

sets comprised of large numbers of taxa making this approach impractical.  

 

 

Although cox1 sequence data for dung beetles is known to contain many 

parsimoniously informative characters, characters in the third codon positions are 

known to be saturated by homoplasy (Forgie et al., 2006). For this reason cox1 

sequence data should not be used alone, but additional data from other genes also 

combined with it.  

 

Monaghan et al., (2005) demonstrated that 12 species of dung beetles from the 

Canthonine tribe could be delineated into well-differentiated groups, each group 

being proposed to represent a species, using cox1 and 28S sequence data (figure 

1.1).  
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Figure 1.1. Phylogenetic hypothesis of relationships between 12 Canthon species 

based on combined 28S and cox1 sequence data adapted from Monaghan et al., 

(2005) 

 

A 1:1 correlation was found between morphologically identified species and 28S 

genotype, 12 genotypes being found. However, a 1:1 relationship was not found 

between morphologically identified species and cox1 sequence data. Instead 

Monaghan et al., (2005) identified 46 cox1 haplotypes grouped into 11 clusters and 2 

singletons (figure 1.2). 
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Figure 1.2. Parsimony trees for 12 species from the Canthonine tribe (a) using 28S 

sequence data and (b) using cox1 sequence data, adapted from Monaghan et al., 

(2005). 

 

Similarly Bell et al., (2007) sequenced individuals of four species of Canthonine. 

They proposed two of these, Temnoplectron aeneopiceum and Temnoplectron 

subvolitans, to be sister species. Cox1 sequence data, in this case 460 base pairs 

long, produced two distinct clusters, one for each morphologically identified species 

(figure 1.3), again variation between individuals being found within each cluster.  



 30 

 
Figure 1.3. Phylogenetic tree inferred using MRBAYES adapted from Bell et al., 

(2007) showing the relationships within between Temnoplectron aeneopiceum and 

Temnoplectron subvolitans based on 460 base pairs of cox1 sequence data. 

 

 

The other two species sequenced, Temnoplectron politulum and Temnoplectron reyi 

were also found to form two sperate clades.  However, the relationships produced by 
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sequence variation within the clade for Temnoplectron politulum caused the clade to 

be less distinct than that found for Temnoplectron aeneopiceum and Temnoplectron 

subvolitans.  

 
Figure 1.4. Phylogenetic tree inferred using MRBAYES adapted from Bell et al., 

(2007) showing the relationships within between Temnoplectron politulum and 

Temnoplectron reyi based on 460 base pairs of cox1 sequence data. 
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Deschodt, et al., (2007) examined the relationships between another three species 

of Canthonini, Dicranocara tatasensis, Dicranocara inexpectata and Namakwanus 

davisi specialising in the use of dung from rock hyrax (Procavia capensis) middens 

(communal toilets). Again, individuals from morphologically identified species were 

found to cluster into monophyletic groups, some variation occurring within each 

species group but a greater amount of variation being found between the groups the 

branches between these groups being said to correspond to species boundaries. 

 
Figure 1.5. Phylogenetic hypothesis for the genus Dicranocara adapted from 

Deschodt et al., (2007). Nodal support values are based on 1000 bootstrap 

replicates (neighbour joining above branches and maximum parsimony below 

branches). Branches representing within species variation are shown in red, 

between species variation in black. 
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The three species of Canthonini, Dicranocara tatasensis, Dicranocara inexpectata 

and Namakwanus davisi each form a monphylitic group with high bootstrap support, 

again supporting the ability of cox1 sequence data to allow dung beetle species to be 

uniquely identified, and potentially delineated, based on sequence data alone. 

 

Monaghan et al., (2005) state that it is acknowledged that it is difficult to distinguish 

between some species within the genus of Neotropical dung beetle (Canthon) based 

on morphological characters alone. DNA sequence data, therefore, has the potential 

to allow species boundaries to be identified, where morphological characters are less 

well able to define a species. 

 

The Generalised mixed Yule-coalescent (GMYC) model (Pons et al., 2006; 

Fontaneto et al., 2007) has been suggested as a tool for the delineation of species 

using protein coding genes such as cox1. It potentially enables the identification of 

long inter-specific branches and short intra-specific branches giving the potential to 

statistically differentiate the shifts in lineage branching rate from interspecific, long 

branches to intraspecific, short branches using maximum likelihood methods. 

 

Monaghan et al., (2009) used a revised version of Pons et al., (2006) and Fontaneto 

et al., (2007)’s Generalised mixed Yule-coalescent (GMYC) model, allowing a 

variable transition from coalescent to speciation branching patterns among lineages 

to be identified on a phylogenetic tree.  Unlike for the original model, this revised 

version allowed these transition points, representing species boundaries, to be 

identified using both 28S and cox1 sequence data. Monaghan et al., (2009) found 

97% congruence between the placement of species boundaries for trees built using 

the two genes. 16S sequence data was not used in this investigation, however it 

would be hoped that the GMYC model would behave similarly with the addition of 

other gene sequences. These increasingly more sophisticated ways of delineating 

species rely on an accurate tree topology and branch lengths for delineating species. 

For this reason even more care needs to be taken to ensure the tree, and so the 

alignment from which the tree is built from, are of high quality. 
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The following chapters contain information making inroads into solving the many 

problems that must be overcome before patterns can be identified in phylogenetic 

trees and so community structure be explained in terms of an evolutionary 

perspective. There are particular issues to be considered: the need to identify 

species; the need to accurately identify cojoiners; the need to identify sister species; 

the relationships upwards from sisters; and sister species stability. 

 

 

Alignment and its problems 

 

For phylogenetic studies the four nucleotides that make up the deoxyribonucleic acid 

(DNA) molecule, two purines, adenine and guanine and two pyrimidines, cytosine 

and thymine, are typically represented by four character states (A, C, G, T), the 

number and arrangement of these nucleotides varying within and between 

organisms. When comparing nucleotide sequences from organisms that share a 

recent common ancestor, the differences in base pair composition between the 

sequences can be explained through substitution events, and where the sequences 

differ in length, additionally through the insertion and or deletion of nucleotides. In 

phylogenetic analysis the identification of these insertion and deletion events and 

their representation by gap characters, can be problematic because the limited 

number of character states means that some characters are indistinguishable from 

identical but non-homologous characters found elsewhere along the sequence. The 

aim of global progressive pairwise multiple sequence alignment is to arrange two or 

more nucleotide sequences into a rectangular array, in which the columns represent 

predictions of homology between nucleotide positions. 

 

Alignment programs such as the family of Clustal alignment programs (Thompson et 

al., 1994), MUltiple Sequence Comparison by Log-Expectation (Edgar, 2004) 

Probablistic Alignment Kit (Löytynoja & Goldman, 2008) MAFFT (Katoh et al., 2002), 

Dialign (Morgenstern et al., 1998), T-coffee (Notredame et al., 2000), and Probcons 

(Do et al., 2005) are used to automate the prediction of which nucleotides are 

homologous and which are not. However, this calculation is inexact so the final 
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homology predictions may vary between programs and within them if various 

parameter settings are altered. POY 3.0.11 (Phylogeny Reconstruction via 

Optimization of DNA and other data) (Wheeler et al., 1996–2003) offers an 

alternative methodology to DNA sequence alignment. POY operates by testing 

phylogenetic hierarchies with the broadest possible set of evidence and employs the 

total evidence principle making as few a priori assumptions as possible. In doing so 

the process of multiple sequence alignment and tree building is combined into one 

using a dynamic homology approach. Therefore although POY can be made to 

produce an alignment, this data does not appear as might be expected, often 

containing very large numbers of gaps. 

 

In the initial stages, multiple sequence alignment programs carry out a pairwise 

alignment step. The problem they are designed to solve is identical to the string-to-

string correction problem (Wagner & Fisher, 1974). The aim of this is to find a 

description of the minimum (most parsimonious) number of character changes 

required to convert one string of characters into another. Where characters are 

arranged opposite each other they are assumed to be homologus with one another, 

and, if not identical in state, predicted to be homologous with each other via a single 

mutation event. Where a character is found to be non-homologus to all characters in 

the other string a gap is opened at an expense defined by a fixed penalty. Where the 

character in one string is predicted to be homologous to a different character in the 

other string, another cost is incurred, however, where two characters are identical no 

penalty ensues. The costs are specified from values within a table and the sum total 

of all comparisons for two strings can be displayed as a route across a two 

dimensional array (Needleman & Wunsch, 1970) in which all possible comparisons 

between any pair of nucleotides are represented. The path taken through this array 

is selected to maximise a total match score, however, it is possible for many equally 

optimal pathways to exist for two sequences. 

 

Alignment programs such as Muscle (Edgar, 2004) and ClustalW 1.83 (Thompson et 

al., 1994) allow the user to specify the initial values for the gap opening and gap 

extension penalty costs. This potentially influences the number and length of internal 
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gaps during the first stage of the identifying homologous nucleotides and, for Muscle 

only, the length of terminal gaps. In the Clustal family of alignment programs the user 

specifies the initial average gap opening penalty cost and a linear penalty cost 

representing the cost of extending the gap for each additional nucleotide. Although 

these values are initially used, the greater the difference in length between two 

sequences being aligned, the more the gap extension penalty is automatically 

increased. This modification acts to favour the addition of multiple short gaps in the 

shorter sequence, rather than cause one or a few long gaps to be opened 

(Thompson et al., 1994).  

 

In Clustal the user defined initial gap opening penalty is also modified in a position-

specific manner (Thompson et al., 1994) making gaps more likely or less likely to 

occur at specific positions. This is done by generating a table of gap opening 

penalties for every position in the two sequences. Where a gap already exists the 

cost of opening another gap in the same location or extending a gap across this 

position is reduced, making it more likely that additional gaps are inserted where 

gaps already exist, when additional sequences are added to the alignment. If a gap 

does not occur at the specific position, but the position lies within 8 nucleotides of an 

existing gap, the gap opening penalty is increased. Thompson et al., (1994) chose to 

make Clustal work in this way to prevent gaps from occurring too close together.  

 

For Muscle the gap cost differs in a major way in that it is divided into two, one half of 

the penalty being attributed for opening a gap and the other half for closing a gap. 

Edgar (2004) suggests that it is this difference that prevents Muscle producing the 

left-aligned gaps with ragged right margins seen in ClustalW 1.83 (Thompson et al., 

1994) alignments. During the process of profile alignment the Muscle algorithm also 

produces position-specific gap penalties, by varying the cost of opening a gap. Again 

once a gap is opened the penalties for opening and closing gaps are reduced, 

drawing other gap positions to the same column as additional profiles are aligned. 

While the authors of these programs think of these modifications as a strength of the 

program Löytynoja & Goldman (2008) suggest that this leads to the overmatching of 

non-homologous nucleotides. In order to deal with this and other factors they 



 37 

consider to be problematic in the design of progressive pairwise alignment programs 

they developed an alternative alignment program PRANK (PRobablistic AligNment 

Kit), to  handle sequence data containing gaps. 

 

Domains 4 and 5 of 16S are one such region and are a popular choice of sequence 

for use in phylogenetic studies for Insecta. Sequences for over 3,000 different 

Coleoptera species are available on Genbank and much work has been undertaken 

on the secondary structure of the molecule.   

 

 

 
Figure 1.6 Region of domains 4 and 5 of 16S lying between the widely used primers 

16Sar and 16Sb2, adapted from the honey bee Apis mellifera, (Insecta: 

Hymenoptera) secondary structure model of Gillespie et al., (2006). Red nucleotides 

represent changes generally found for Scarabaeinae 16S sequence data. 
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Many secondary structure alignment programs have been written and used to align 

16S data, however, for the sequence recovered between the primer pair 16Sar and 

16Sb2, shown in figure 1.6 it can be seen that a large proportion of the stem regions 

within the sequence, particularly H1648 and H1764) is not paired, the corresponding 

stem region being absent as it lyes outside of the primers. Therefore use of these 

secondary structure programs is inappropriate, causing the proposal of many stem 

and loop regions highly dissimilar to those shown above.  In addition secondary 

structure alignment programs are of little use when aligning large loop regions. 

 

The default penalty values for most alignment programs are optimised for the 

alignment of protein coding genes, however, users are also able to select other 

values should they so wish.  When using global multiple sequence alignment 

programs to align variable length sequence data that require the representation of 

insertion or deletion events Kjer et al., (2007) suggest that the gap opening and gap 

extension penalty costs can have the greatest effect on the quality of the alignment 

recovered. The resulting alignments for RNA sequences are thought to be 

particularly sensitivity to parameter choice (Edgar & Batzoglou, 2006). In these 

cases the selection of alternative gap cost values can strongly affect the homology 

predictions and so the quality of the alignment recovered, however, how homology 

predictions are affected is not well understood and Kjer et al., (2007) suggesting that 

the resulting alignments are unpredictable. The ClustalW authors recommend  

variable length datasets should be explored, by varying input parameters that include 

the gap opening penalty and gap extension penalty, however, they recognise that it 

is not computationally possible to examine all possible parameter combinations. With 

the exception of a recommendation as to a better set of alignment parameters by 

Wilm et al., (2006) the literature contains little else on how to go about the 

exploration of datasets in or on how to measure the quality of alignments. Hall (2008) 

speculates that more than 99% of alignments are carried out using the default 

parameter settings as investigators are not aware of an easy way to assess whether 

modifying the parameters makes the alignment more or less accurate. Without doing 

so investigators visually inspect their data, making manual adjustment where 

possible which is neither an objective or reproducible method, so is unacceptable for 
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publication (Landan & Graur, 2007). In the following chapters an attempt is made to 

rectify both of these problems. 
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Chapter 2 

 

Identifying the signature of interspecific competition in dung beetle communities 

between hypothesised sister species pairs of Scarabaeinae (true dung beetles) on a 

phylogenetic tree 

 

Abstract 

 

Dung beetle communities may be comprised of a large number of species, 

coexisting despite the assumption that there is intense interspecific and intraspecific 

competition for a share of a dung pat resource. If true, interspecific competition is 

expected to be most intense between pairs of sister species, potentially leading to 

one of the pair competitively excluding the other from the community. This would 

mean the community would leave a signature pattern on a hypothesised 

phylogenetic tree of the Scarabaeinae. An examination of 296 dung beetle 

communities, with a total 1,255 species, including 513 morphospecies reveals the 

idea of a signature pattern to be an oversimplification. In reality, cojoining pairs of 

species hypothesized to be sister species are not simply present, or absent, in all 

communities where at least one is found.  Instead, they may be found coexisting 

together within communities at varying degrees of abundance while not coexisting in 

others. If competitive exclusion plays a role in determining the structure of some 

dung beetle communities, then this occurs in association with other environmental 

factors, which otherwise disrupt any such community signature pattern on the 

phylogeny.  

 

Key words: Dung beetle, sister species, interspecific competition, community 

structure 

 

Introduction 

 

Attempts have been made to make inventories of dung beetle species found within 

particular areas and explain the structure and composition of these communities in 

terms of body size (Davis 1994), dung exploitation behaviour or functional group 

(Davis 1994, Horgan 2005, Lopes et al., 2006), seasonality (Estrada et al., 1993, 
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Sowig & Wassmer 1994, Davis 1994, Errouissi et al., 2004,  Bertone et al., 2005, 

DeLoya et al., 2007), temporal separation such as diel flight activity (Estrada et al., 

1993) altitude (Halffter et al., 1995, Kikuta et al., 1997, Hortal-Munoz et al., 2000, 

Lobo & Halffter 2000, Medina et al., 2002, Celi et al., 2004, Errouissi et al., 2004, 

DeLoya et al., 2007), latitude (Hortal-Munoz et al., 2000) dung preference (Estrada 

et al., 1993, Davis 1994, Falqueto et al., 2005, DeLoya et al., 2007, Tskikae et al., 

2008), dung pat size (Peck & Howden 1894, Sowig & Wassmer 1994, Horgan 2005), 

time since dung deposition (Sabu et al., 2006) dung moisture content (Sowig & 

Wassmer 1994) soil type (Pinero & Avila 2004) association to different habitat types 

or vegetation (Davis 1994, DeLoya & Moron 1998, Amezquita et al., 1999, Hortal-

Munoz et al., 2000, Horgan 2001, Medina et al., 2002, Hernandez et al., 2003, 

Herrera et al., 2003, Schiffler et al., 2003, Duraes et al., 2005, Endres et al., 2007, 

Novelo et al., 2007) change to habitats through logging (Nummelin & Hanski 1989, 

Davis et al., 2001, Scheffler 2005), habitat fragmentation in forests (Klein 1989, 

Andresen 2003), habitat fragmentation in shrubland (Davis 1994), change in density 

of mammal fauna such as African elephants (Botes et al., 2006), cattle (Lumaret et 

al., 1992, Halffter & Arellano 2001, Horgan 2001), horses (Horgan 2001) sheep 

(Lumaret et al., 1992) and with vegetational succession (Howden & Howden 2001, 

Lopes et al., 2006) and climatic changes over time (Howden & Howden 2001). 

 
Despite the many attempts to reveal factors that allow niche separation along 

multiple dimensions and across multiple resource gradients that might allow the 

coexistence of species assumed to be strongly affected by interspecific competition 

(Feer & Pincebourde 2005), dung beetle community composition has not been 

explained from an evolutionary perspective based on a phylogenetic hypothesis. 

 

The regional species pool (Taylor et al., 1990) contains all of the species that may 

have the potential to hold membership of the community, those species that are not 

members of the regional species pool being excluded due to some factor. For 

example, on a continental spatial scale, being isolated by biogeographical factors 

such as the formation of barriers such as mountain ranges or oceans produced by 

continental drift. The signature pattern of these biogeographical factors on 

phylogenetic trees has been revealed for the Scarabaeinae (Kohlmann & Halffter 

1990, Monaghan et al., 2007) clearly revealing clades comprised of the potential 
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regional species pools available at a continental scale. Although this can provide a 

list of potential species for which a community within a region may consist, it does 

not provide an explanation of which species hold membership of the community, 

which species do not and why they do so. 

 

Gause (1934) proposed the competitive exclusion principle that states if ecological 

factors are constant two species that compete for the same resources cannot 

coexist. If one species has a slight advantage over the other then the species with 

the advantage will ultimately dominate the community. Either the weaker competitor 

will become extinct or must undergo an evolutionary or behavioural shift towards a 

different part of niche space as "complete competitors cannot coexist” (Hardin 1960). 

 

The physiology of organisms and the traits they exhibit have a genetic basis. 

Therefore it is assumed that the greatest degree of genetic similarity between one 

species genome and another species genome tends to occur between the genomes 

of sister species. Interspecific competition for resources should therefore be greatest 

between true sister species where they are capable of interacting sympatrically, their 

shared traits and specificity to habitat constraining them to the location through 

physiological requirements.  

 

Dung beetles are renowned for their use of dung pats as a food resource with up to 

61 species being recorded in a South African mixed woodland community by Van-

Rensburg et al., (1999). In this chapter an attempt to combine a hypothesised 

phylogeny for the Scarabaeinae with community composition data, reveals whether 

interspecific competition between hypothesised sister species pairs leaves a 

signature pattern on the dung beetle phylogenetic tree allowing an ecological 

assembly rule for dung beetle communities to be identified. 

 

Materials and methods 

 
Taxon sampling, DNA extraction, and DNA sequencing 

 

Taxa from four dung beetle communities were collected using pitfall traps baited with 

either human or pig dung, carrion traps baited with chicken liver and from flight 
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intercept traps, from Ivory Coast, Tanzania, South Bolivia (B62), North Bolivia (Los 

Volcanos), Boliva (Botanic garden) and from Arizona. Additional specimens were 

hand collected by others from Thiland, BCI Panama and directly from Tamarin dung, 

Peru. Details of the pitfall trapping methods and flight intercept traps are given in the 

standardised method for collecting Scarabaeinae dung beetles protocol developed 

by Scarabnet (2007). DNA was extracted from up to 5 members of each 

morphospecies using Qiagen DNeasy columns or Promega WizardSV extraction 

plates. For individuals longer than 5 mm flight muscle tissue was extracted from the 

thorax or muscle tissue was extracted from the leg. Alternatively for individuals less 

than 5 mm long, the whole specimen was used for extraction. 

 

In order to expand the preexisting dataset the same gene regions and primers were 

chosen as used by Monaghan et al., (2007). Forward and reverse strands were 

sequenced using the same primers and a BigDye v.3.1 (ABI) sequencing reaction. 

Chromatograms were assembled and edited using Sequencher (Genecodes Corp., 

Ann Arbor, MI, USA). This additional sequence data was added to the unaligned 

preexisting data set used by Monaghan et al., (2007) and additional sequences 

downloaded from GenBank. 

 

The same species, as used by Monaghen et al., (2007), of Aphodiinae including 

three species of Aphodius, the presumed sister taxon of Scarabaeinae (Browne and 

Scholtz, 1999), were selected for use as outgroups in the analysis. 
 
 

Multiple alignment 

 

Each set of gene sequences were aligned seperately using ClustalW 1.8 (Thompson 

et al., 1994) performed under the default settings. IUB weight matrix default 

parameters of gap opening and extension penalties of 15 and 6.66, respectively. 

This produced three matricies (1566 16S sequences 570 base pairs long, 465 28S 

sequences 646 base pairs long and 1310 length invariable mitochondrial cox1 

sequences 840 base pairs long) which were concatenated to produce a combined 

matrix of 1943 sequences, 2056 base pairs long (Appendix 2.1).  
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Tree building 
 

Maximum-parsimony (MP) analysis was performed using PAUP* version 4.0b4a 

(Swofford 1998) using heuristic searches (TBR branch swapping) and a consensus 

tree of all equally parsimonious trees produced.  

 
 
Community membership 
 
The phylogenetic tree of the currently available DNA sequence data could not be 

used to infer patterns on itself as the limited sampling has the potential to introduced 

bias. Where collections were made the community members would have been drawn 

together by the biogeographical factors operating at the level of the regional species 

pool. Instead, independent data was extracted from community composition studies 

where actual numbers of each species of dung beetle collected were given. An 

examination of the literature reveals 61 papers (Aguilar-Amuchastegui & Henebry, 

2007, Amezquita et al., 1999, Andresen 2002, Andresen 2003, Andresen 2007, 

Anduaga 2004, Arellano et al., 2005, Avendano-Mendoza et al., 2005, Botes et al., 

2006, Beck & Howden 1984, Bertone et al., 2005, Celi et al., 2004, Davis 1994, 

Davis 1999, Davis et al., 2001, Davis et al., 2002, DeLoya & Moron 1998, DeLoya et 

al., 2007, Dong et al., 2006, Duraes et al., 2005, Endres et al., 2007, Errouissi et al., 

2004, Estrada & Coates-Estrada 2002, Estrada et al., 1993, Falqueto et al., 2005, 

Feer & Princebourde 2005, Fincher & Woodruff 1979, Fincher 1975, Halffter & 

Arellano 2001, Halffter et al., 1995, Hernandez et al., 2003, Herrera et al., 2003, 

Horgan 2001, Horgan 2005, Hortal-Munoz et al., 2000, Howden & Howden 2001, 

Kikuta et al., 1997, Klein 1989, Koller et al., 1999, Lobo & Halffter 2000, Lopes et al., 

2006, Louzada et al., 2007, Lumaret et al., 1992, Medina et al., 2002, Nielsen 2007, 

Novelo et al., 2007, Nummelin & Hanski 1989, Peck & Howden 1984, Pinero & Avila 

2004, Sabu et al., 2006, Scheffler 2005, Schiffler et al., 2003, Shahbuddin et al., 

2005, Slade et al., 2007, Sowig & Wassmer 1994, Spector & Ayzama 2003, 

Steenkamp & Chown 1996, Tskikae et al., 2008, Van-Rensburg et al., 1999, Verdu 

et al., 2007, Vidaurre et al., 2008, and Yu et al., 2003) examining dung beetle 

communities sampled using a pitfall trapping methodology. 
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Results 
 

The 61 papers examined reported the composition of 296 dung beetle communities, 

with a total 1,255 species, including 513 morphospecies as identified from 

morphological characteristics. These communities ranged from being comprised of 

large numbers of a single species (Kikuta et al., 1997) at a site 1750 meters above 

sea level in Borneo, to 61 species (Van-Rensburg et al., 1999) in a South African 

mixed woodland. On average 16.5 species were found per community, an average 

of 7.8 species per community being recorded as morphospecies. Of the 741 

described species identified, 311 species were recorded as being present in more 

than one community, the remaining 430 species only being recorded in one of the 

296 communities (Appendix 2.2a-f). 
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Figure 2.1. Strict consensus of 4161 maximum parsimony trees 40,393 steps long 

showing hypothesised phylogenetic relationships among all Scarabaeinae species 

for which sequences were available. Members of the Scarabaeinae are shown in 

black and members of the outgroup in  red. Where available the labels give the 
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GenBank or unique identification number, country, location, tribe (CA = Canthonini, 

CO = Coprini, DI = Dichotomiini, EC = Eucraniini, ER = Eurysternini, GY = 

Gymnopleurini, OC = Oniticellini, OP = Onthophagini, OT = Onitini, PH = Phanaeini, 

SC = Scarabaeini, and SI = Sisyphini) and species name if known. The tree is also 

divided into clades by horizontal grey lines all members of which belong to the tribe 

as given by the name on the right, however not all of these tribes are themselves 

monophyletic. 

 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

Of the 741 morphologically identified species collected in community studies, and 

338 species for which DNA sequences were available, a total of 86 species were 

found in both data sets. Of these 86 species five pairs were found to be cojoining 

species so are hypothesised to be potential sister species. The five cojoining pairs 

are Eurysternus caribaeus & Eurysternus hamaticollis, Liatongus militaris & 

Drepanocerus kirbyi, Metacatharsius opacus & Metacatharsius exiguus, 

Onthophagus furcatus & Euonthophagus amyntas and Paragymnopleurus maurus & 

Paragymnopleurus striatus. 
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Figure 2.2. Number of Eurysternus caribaeus (blue) and Eurysternus hamaticollis 

(red) dung beetles recorded from communities in which at least one of these two 

species was recorded (n = 53) from a pitfall trap (Amezquita et al., 1999, Andresen 

2002, Andresen 2003, Avendano-Mendoza et al., 2005, Celi et al., 2004, DeLoya & 

Moron 1998, Estrada & Coates-Estrada 2002, Feer & Princebourde 2005, Herrera et 
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al., 2003, Horgan 2005, Klein 1989, Koller et al., 1999, Louzada et al., 2007, Schiffler 

et al., 2003, Scheffler 2005 and Spector & Ayzama 2003). 

 

Eurysternus hamaticollis was recorded in 11 communities across Brazil, Colombia 

and French Guiana while Eurysternus caribaeus was found to have a wider 

distribution being recorded in 51 communities in Brazil, Colombia and French Guiana 

and additionally Bolivia, Guatemala, Mexico, Peru and Ecuador. Eurysternus 

hamaticollis was found without Eurysternus caribaeus in two communities while 

Eurysternus caribaeus was found without Eurysternus hamaticollis 42 times.  

 

Of the nine occasions where both Eurysternus caribaeus and Eurysternus 

hamaticollis were found to coexist as members of the same community Eurysternus 

caribaeus was found occurring in far greater numbers except on one occasion where 

Eurysternus hamaticollis outnumbered Eurysternus caribaeus individuals by almost 

3:1 (the community in Forest Patch 2, Colombia - Amezquita et al., 1999).  
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Figure 2.3. Number of Paragymnopleurus maurus (blue) and Paragymnopleurus 

striatus (red) dung beetles recorded from 11 communities in which at least one of 

these two species was recorded sampled using pitfall trapping methodologies (Davis 

1999, Davis et al., 2001 and Slade et al., 2007). 

 

On 10 of the 11 occasions Paragymnopleurus maurus was found to hold community 

membership it was found to coexist with Paragymnopleurus striatus, however 

Paragymnopleurus maurus was typically found to occur in greater numbers.
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Figure 2.4. Number of Liatongus militaris (red) and Drepanocerus kirbyi (blue) dung 

beetles recorded from communities in which at least one of these two species was 

recorded (n = 13) from a pitfall trap (Botes et al., 2006, Davis 1994, Davis et al., 

2002, Nielsen 2007, Van-Rensburg et al., 1999). Both species are only found to 

cooccur in one South African mixed woodland community sampled by Van-Rensburg 

et al., 1999.  
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Figure 2.5. Number of Metacatharsius opacus (red) and Metacatharsius exiguus 

(blue) dung beetles recorded from communities in which at least one of these two 

species was recorded (n = 15) from a pitfall trap (Botes et al., 2006, Nielsen 2007, 

Tskikae et al., 2008 and Van-Rensburg et al., 1999). Both species are only found to 

occur in one Botswanan community sampled using pig dung by Tskikae et al., 2008 

where a single individual of Metacatharsius exiguous was found with 87 

Metacatharsius opacus. 
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Figure 2.6. Number of Onthophagus furcatus (red) and Euonthophagus amyntas 

(blue) dung beetles recorded from communities in which at least one of these two 

species was recorded (n = 8) from a pitfall trap (Hortal-Munzo et al., 2000 and 

Lumaret et al., 1992). Both species are only found to occur in two communities 

sampled in France using pig dung by Lumaret et al., 1992.  A single individual of 

Euonthophagus amyntas was found by Hortal-Munzo et al., 2000 in an olive tree 

meadow at 400 metres above sea level in Portugal. However, in five other nearby 

communities sampled by Hortal-Munzo et al., 2000 only numbers of Onthophagus 

furcatus were recorded. 
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Discussion 

 

With the exception of one community, known as Plantation A sampled by Davis et 

al., (2001), Paragymnopleurus striatus was always found to co-occur with 

Paragymnopleurus maurus (figure 2.3). In this exception only a single individual of 

Paragymnopleurus maurus was recorded and it is probable that these species are 

not typically found in this type of habitat. If these two cojoining species (according to 

the combined gene phylogenetic hypothesis) are truly sister species the data 

demonstrates that in at least one case sister species are able to coexist within the 

same community and do not competitively exclude one another. In terms of an 

ecological assembly rule for these two species physiological constraints to the 

habitat appear to be stronger than any influence of interspecific competition that 

would be expected to lead to the competitive exclusion of one species. Instead in 

this case as both species coexist, the competitive exclusion principle predicts that an 

evolutionary or behavioral shift towards a different ecological niche took place, 

however, this does not reveal what this shift may be. 

 

For the cojoining species pair Liatongus militaris and Drepanocerus kirbyi both 

species are only found to cooccur in one South African mixed woodland community 

sampled by Van-Rensburg et al., (1999). Drepanocerus kirbyi was only recorded 

from South Africa while Liatongus militaris was found to have a wider range 

additionally being recorded from Tanzanian communities. In South Africa where the 

two species have the potential to coexist within mixed woodlands Liatongus militaris 

utilises omnivore dung while Drepanocerus kirbyi utilises herbivore dung. As was 

found for Paragymnopleurus striatus and Paragymnopleurus maurus this again 

suggests that the influence of physiological constraints to the habitat is stronger than 

any influence of interspecific competition. For the two species to coexist within the 

same location the competitive exclusion principle again predicts that an evolutionary 

or behavioural shift towards a different ecological niche must have taken place. In 

this case, additional ecological data is available and provides a potential answer as 

to what the shift in behaviour leading to a different niche might be. Where the two 

species occur together within South African mixed woodlands Liatongus militaris 

utilises omnivore dung while Drepanocerus kirbyi utilises herbivore dung. In this case 
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geographical barriers can be excluded, suggesting that competitive exclusion is 

responsible for this part of each communities structure. 

 

Metacatharsius exiguus appears to be mainly restricted to South African while  

Metacatharsius opacus is distributed across Tanzania and Botswana. On only one 

occasion the two species ranges were found to overlap in Botswana (Tskikae et al., 

2008) where a single individual of Metacatharsius exiguous was found with 87 

Metacatharsius opacus. The accompanying ecological data is insufficient to draw 

any conclusions as to how these species niches may differ however the distribution 

suggests that some physiological constraint may operate in conjunction with 

environmental conditions to produce a biogeographical barrier preventing the two 

species from interacting across their ranges. 

 

It is not possible to be sure that cojoining species pairs are truly sister species. 

Instead these are hypothesised as potentially being sister species based on currently 

available information, however if the phylogenetic tree is correct it is possible to rule 

out any of the other 336 known taxa and many unidentified taxa as being the sister 

species of either member of each pair. Irrespective of how closely related the 

cojoining pairs Eurysternus caribaeus & Eurysternus hamaticollis, Liatongus militaris 

& Drepanocerus kirbyi, Metacatharsius opacus & Metacatharsius exiguus, 

Onthophagus furcatus & Euonthophagus amyntas and Paragymnopleurus maurus & 

Paragymnopleurus striatus are, the data shows that under some circumstances both 

members of each cojoining species pair are found to coexist within the same 

community, while in other communities they do not. Where only one member of the 

cojoining species pair is found to hold membership of a community it is possible that 

under these conditions the species found to be present may have some advantage 

allowing it to outcompete and competitively exclude the other species. Alternatively 

some unknown factor may have been in operation acting as a barrier preventing the 

other species from reaching the community at the point in time when the community 

was sampled.  

 

The idea of identifying all the members of an entire dung beetle community and 

applying this community to a hypothesised phylogenetic tree to reveal a pattern, the 

signature of which can then be interpreted in an attempt to explain the structure of 



 71 

the community in terms of factors such as competitive exclusion or physiological 

constraint to a habitat or dung type is naïve. Depending on which one of the 53 

communities either Eurysternus caribaeus or Eurysternus hamaticollis was found to 

occur in is examined, it could be argued that (1). Eurysternus caribaeus competively 

excludes Eurysternus caribaeus, (2). Eurysternus caribaeus competitively excludes 

Eurysternus caribaeus, (3). Eurysternus caribaeus and Eurysternus caribaeus 

coexist (a). in roughly equal numbers, (b). coexist but Eurysternus caribaeus 

dominates, outcompeting but not excluding Eurysternus hamaticollis or (c) with 

Eurysternus hamaticollis dominating, outcompeting but not excluding Eurysternus 

caribaeus. This example demonstrates that the explanation given for the structure of 

a community based on a phylogenetic hypothesis has the potential to contradict the 

explanation for the presence or absence of the same species in other communities 

or within the same community at the same location at another point in time. 

 

Although it is expected that the degree of interspecific competition should be 

greatest between sister species there are other wider interactions between multiple 

dung beetle species, all taking a share of the dung resource. On average 16.5 

species were found per community, with up to 61 species being recorded by Van-

Rensburg et al., (1999) in a South African mixed woodland. In addition there are also 

may other potential competitive interactions with other species such members of the 

Aphodiinae subfamily or more distantly related order Diptera, some of which also 

utilise dung pats. Despite the more distant phylogenetic relationships, wherever 

other organisms require a share of the dung (an identical resource) the degree of 

competition may be similar so masking the expected pattern. If ecological assembly 

rules are to be found for dung beetle communities, then the wider interactions with 

other groups utilising dung should also be taken into account. 

 

 

Standardisation of the community data 

 

Many factors varied between the pitfall trap sampling methodologies used in the 61 

papers selected for use. This makes the definition of these 296 “communities” more 

flexible than one might wish, however since 2007 a standard sampling methodology 

has been agreed by members of Scarabnet (Scarabnet 2007) many of whom have 
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authored the papers examined. Had a standardised pitfall trapping methodology 

been used the definition of the 296 communities would have also been standardised, 

however it is not clear how this might have affected the relationships between 

cojoining species pairs hypothesized to be sister species. It is suggested that use of 

the standard pitfall trapping methodology may have lead to larger numbers of rare 

species being recorded as members of the community. If competitive exclusion was 

acting strongly between sister species pairs found at the same location, it might be 

expected that one species would dominate the community, while the other was only 

recorded as one or two individuals. More thorough sampling might allow 

biogeographical barrier explanations to be ruled out allowing cases to be made for 

other factors determining community structure and composition. 

 

Accounting for morphospecies 

 

On average 16.5 species were found per community, it not being possible to identify 

an average of 7.8 species per community so being recorded as morphospecies by 

the authors. In total 513 morphospecies were recorded. Without a name for these 

morphospecies it is not possible to combine the currently available DNA sequence 

data with the community data for these species, so we cannot know how these 

morphospecies would have mapped onto the hypothesiesed phylogenetic tree. None 

of the partially identified morphospecies were closely related to the 5 pairs of 

cojoining taxa, so these should not have disrupted the hypothesised relationships 

found between each pair. 

 
Limited DNA dataset 

 

The dung beetles are comprised of over 5000 named species. Sequence data was 

only available for 338 morphologically identified species however all available 

sequence data was combined in the concatenated dataset, as sequences from 

unidentified species could sit between two known species demonstrating that they 

were not sisters. Given that less than one tenth of the known dung beetle species 

were included it is likely that other species may be placed closer to one or other of 

the two hypothesised sister species. However, without data for these additional 

species this cannot be known. It may be that the limited sampling of communities for 
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DNA sequence work may have biased the sampling towards common and 

widespread species that are either highly successful competitors or successfully 

exploit a different niche to the majority of the less widespread species. 

 

 
Discussion of the tree 

 

A number of concerns arise from the combined gene tree (figure 2.1). Among 

Scarabaeinae researchers there is a strong consensus that the Aphodiinae 

subfamily are the sister taxa to the Scarabaeinae subfamily both forming separate 

monophyletic groups based on morphological and DNA sequence data. Therefore 

the Scarabaeinae should have been recovered as monophyletic however nine 

separate outgroup clades fall within the Scarabaeinae subfamily making it appear to 

be highly polyphyletic. 

Two of these clades are particularly problematic. The first, a large clade containing 

members of different tribes and the outgroup drawn together from African (Ivory 

Coast, South Africa), South America (Belize, Bolivia, Columbia, Ecuador) and Asia 

(Vietnam) species. Secondly a small clade comprised of Onthophagini, Canthonini 

and members of the outgroup from Australia, Bolivia, Ecuador Madagascar and 

South Africa. Even for those tribes expected to be polyphyletic, members of the 

same tribe tend to cluster together, further clustered by region. In the problematic 

parts of the tree this is not the case and so these parts of the tree are clearly 

incorrect. The five cojoining pairs were not found within the areas of concern and it is 

thought that the similarity of closely related cojoining species should cause them to 

be strongly drawn together irrespective of any potential problems with other 

sequences used elsewhere in the tree. 

 

For some of the historic data where more than one gene was available, at least one 

of these gene sequences may have been contaminated by DNA from another 

species of Coleoptera. Where this was suspected the sequences were not 

concatenated but left separated. Despite these concerns, generally the majority of 

the members of each tribe are placed in large monophyletic clades, the species 

within these clades being found to occur in similar regions of the world as expected 

(and previoiusly found by Kohlmann & Halffter 1990 and Monaghan et al., 2007) 
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revealing the potential regional species pools (Taylor et al., 1990) available at 

continental level isolated from one another through biogeogrphical factors. 

 

Despite the considerable limitations of the available data undertaking this work has 

demonstrated that the original question oversimplifies the problem. Species of dung 

beetle that have the potential to competively exclude one another are not always 

present or always absent from a community. It is not possible to translate a pattern 

created by species presence and absence onto a phylogenetic tree to explain how 

communities are structured. Instead at best a pattern can be translated for one 

community, but the explanations given for parts of this community’s structure may 

contradict the explanation given for another community. If competitive exclusion 

plays a role in determining the structure of some dung beetle communities, then this 

occurs in association with other environmental factors. These environmental factors 

disrupt any community signature pattern on the phylogeny, so should be taken into 

account when attempting to explain community structure. 
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Chapter 3 

Examining the stability of cojoining species pairs hypothesised from length variable 

28S sequence data 

 
Abstract 

The methodological sections of phylogenetic studies commonly report the use of a 

version of Clustal for sequence alignment under default settings, followed by a tree 

building stage using a version of Paup*. Here, the appropriateness of this widely 

used methodology is examined for length variable sequence data using a set of 28S 

Scarabaeidae sequences.  Results demonstrate that the exclusion of a single 28S 

sequence from this dataset significantly changes both the number of cojoining 

species pairs found on a phylogenetic tree and the identity of members of cojoining 

species pairs. These changes are not restricted to impacting on relationships 

between cojoining pairs within the tribe that the excluded sequence belongs to, but 

can also be spread throughout other tribes across the tree. Having carefully 

controlled the tree building stage, differences in the number and identity of cojoining 

species pairs, i.e. differences in tree topology, can be attributed to differences in 

predictions as to which base pairs are homologous at the sequence alignment stage. 

Therefore, drawing conclusions about the identities of cojoining species pairs, based 

solely on 28S sequence data, is not appropriate using ClustalW under default 

settings. Instead, where 28S sequence data is to be used to propose a phylogenetic 

hypothesis, an alternative alignment methodology is required. 

 

Introduction 

 

In the previous chapter, the identity of cojoining species pairs was examined in 

combination with community composition data in an attempt to draw inferences 

about how dung beetle communities may be structured. The correct identification of 

cojoining species pairs is of critical importance to the overall aim of characterising 

communities by their phylogenetic diversity. Sole et al., (2007) stated that obtaining a 

good phylogenetic tree depends on the taxa sampled, methods of analysis and the 

resolving ability of datasets. The genes chosen and/or morphological characters 

scored are particularly important. Therefore, in order to know if the relationships 

between the cojoining species pairs identified are robust, it is necessary to 
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understand how stable these pairs are and, if they are not stable, identify the factors 

causing their instability and so the uncertainty in the tree topology of the 

Scarabaeidae. 

 

Those proposing hypotheses for the phylogeny of the Scarabaeinae have noted that 

“the classification of the subfamily is not yet well established” (Frolov 2006). Instead, 

there is considerable uncertainty and instability in the relationships hypothesised 

between tribes (Frolov 2006, Forgie et al., 2006,  Monaghan et al., 2007,  Philips et 

al., 2004). Morphological character sets have been criticised by Forgie et al., (2006) 

for being based on small amounts of data that may have generated inaccurate or 

biased phylogenetic reconstructions. Where larger datasets of morphological 

characters have been used (Pretorius et al., 2000 and Philips et al., 2004) these 

studies have reported finding a high degree of character homoplasy. Hills (1987) 

suggested that this was particularly problematic for the Scarabaeinae subfamily, 

where similar environmental influences shared by so many species are thought to 

have produced considerable convergent evolution. Even within species, the 

existence of major and minor male forms demonstrates that the degree of 

morphological plasticity is high. As such, dung beetle morphology appears to be very 

flexible, and this may allow rapid shifts in morphological character states following 

changes in behavioural strategies. 

 

DNA sequence data is also not immune from problems. Uncertainty also exists for 

relationships between tribes hypothesized based on sequence data. It has been 

suggested that the instability found may be due to how length variable sequence 

data containing insertion and or deletion events has been handled (Monaghan et al., 

2007).  It is possible that the ability to shift between different behavioural strategies 

combined with rapid changes in morphology has enabled the Scarabaeidae to 

rapidly radiate following the quantity of available mammal dung passing some 

threshold. As such they are prime candidates to suffer from incomplete lineage 

sorting. 

 

Despite instability of relationships at tribal level in hypothesised trees being well 

known, little attention has been paid to examining the stability of the relationships 

within dung beetle tribes at the level of cojoining species pairs. Monaghan et al., 
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(2005), provides an exception to this, briefly discussing incongruence in tree 

topology between two hypothesised trees, one based on cox1 and the other on 28S 

sequence data for 13 species of Canthonini (figure 3.1). 

 

 
Figure 3.1. Maximum parsimony trees for Canthon sp, adapted from Monaghan et 

al., (2005), branch lengths for each tree being shown here on the same scale. A tree 

produced from 28S data is shown on the left while the cox1 tree is shown on the 

right. 

 

When both trees (Monaghan et al., 2005) are shown on the same scale (figure 3.1) it 

can be seen that the internal branches of the 28S tree are considerably shorter than 

those within the cox1 tree. 

 

Both Canthon sp 9 & Canthon sp 10 are found to form a cojoining pair relationship in 

both trees, however Canthon sp 4 and Canthon sp 5 form a cojoining pair based on 

28S data while an alternative pairing between Canthon sp 4 and Canthon sp 6 is 

identified based on cox1 sequence data. Canthon sp 7 and Canthon sp 11 are also 

found to form a cojoining pair based on cox1 sequence data, these two species 

being positioned considerably further apart based on 28S sequence data. 
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Clearly there is incongruence between the cojoining species pair relationships found 

for different genes such as 28S and cox1, but this raises the question of the stability 

of the cojoining species pairs hypothesised from each gene.  Monaghan et al., 

(2007) suggests that the length variation in sequence data was a major factor in 

creating uncertainty about the tree topology for dung beetles.   

 

If the relationships between cojoining species pairs are insensitive to the addition or 

removal of the sequences for species, not otherwise thought to sit between the 

cojoiners, then the species pairs are found to be robust. If they are not robust then 

either the methodology enabling the construction of the phylogenetic trees is (at least 

in part) inappropriate or, alternatively, the gene region selected is inappropriate for 

answering the question being postulated. 

 

The following work examines the impact of the exclusion of the sequence of a single 

species on a phylogenetic tree’s topology in terms of cojoining pairs of species. This 

was done through an initial examination of the stability of cojoining pair relationships 

using length variable 28S sequence data. Particular emphasis is placed on 

identifying cojoining species pair relationships that are insensitive to the addition or 

removal of a sequence and those cojoining species pair relationships that are 

altered. 

 

In addition, an examination has been carried out of whether the removal of a single 

sequence for a species within one tribe of the Scarabaeinae can influence cojoining 

species relationships within another tribe or whether unstable relationships are 

restricted to relationships with closely related species, sharing the same tribal 

membership. 
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Materials and methods 

 

Taxon sampling 

217 28S sequences were selected, (as used by Monaghan et al., 2007)  including 14 

outgroup sequences, each  taxa  representing a single morphologically identified 

species (Appendix 3.1). 

 

Multiple alignment 

In order to examine the effect each sequence plays in shaping the topology, each 

taxa was removed from the data set separately, resulting in 217 different unaligned 

input files each containing 216 taxa. All 217 unaligned sequence files of 216 taxa 

and one of all 217 taxa were aligned using ClustalW 1.8 (Thompson et al., 1994) 

under default settings. IUB weight matrix default parameters of gap opening and 

extension of 15 and 6.66 respectively. This methodology is identical to that used by 

Emlen et al., (2005) for Scarabaeinae 28S sequence data, and is similar to that used 

by Ocampo & Hawks (2006), although here the alignments are not altered by manual 

adjustment based on a visual inspection. In this way a total of 218 different alignment 

files were produced. 

 

Tree building 

A maximum parsimony analysis was performed using Paup* version 4.0b4a 

(Swofford 1998) using heuristic searches (TBR branch swapping) limited to run of 1 

hour, holding a maximum of 100,000 trees in memory. A strict consensus tree of up 

to 100,000 trees was produced from each set of equally parsimonious trees 

recovered. 

 

Expected cojoining species pairs 

Expected cojoining species pairs are defined here as all of the cojoining pairs 

recovered in the consensus tree created using the entire dataset of 217 taxa. Where 

one of member of these cojoining taxa was the taxa removed, the expected cojoining 

species relationship was revised, by deleting the terminal branch from the topology, 

and recording the identity of a new cojoining species pair if created. Removal of a 

taxa results in one of three possibilities (figure 3.2). 
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Figure 3.2. Changes in cojoining species relationships. 

 

 

 

In example 1 removal of Species 3 which is not a member of a cojoining species 

pair, should have no effect on the cojoining relationship between Species 1 & 

Species 2. No change is expected in either the number of cojoining pairs found or in 

terms of the identity of the members of the cojoining species pair. 

 

In example 2 removal of Species 1, a member of a cojoining species pair with 

Species 2, removes this cojoining pair, Species 2 forming a polytomy with Species 3 

and Species 4. The expected change is then for the number of cojoining species 

pairs to be reduced by 1 however no change should be expected in terms of the 

identity of any other cojoining species pairs. 

 

 

In example 3 removal of Species 1, a member of a cojoining species pair with 

Species 2, removes this cojoining species pair but creates a new pairing with 

Species 3. No change occurs to the number of species pairs found, however the 

identity of members of the species pair is altered. 

 

In example 4 removal of Species 1 resolves a polytomy. In this case a cojoining 

species pair is created increasing the number of cojoining species pairs by 1. 

 

Scoring cojoining species pairs 

For each of the 217 trees comprised of 216 taxa the number of cojoining species 

expected to have been found was scored along with the actual number of cojoining 

species pairs found. In addition the number of cojoining pairs for whom both 
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members were expected to be found together was scored and the number of 

cojoining pairs for which the pairing was not expected was scored. 

 

Statistically analysis 

The one-sample Kolmogorov-Smirnov test and the non parametric statistic Wilcoxon 

Signed-Rank Test for paired data were carried out using PASW Statistics release 

18.0.0 (SPSS, Inc., 2009, Chicago, IL, www.spss.com). 
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Results 
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Figure 3.3 Strict consensus tree of 3005 maximum parsimony trees 1205 steps long 

showing hypothesised phylogenetic relationships among 203 Scarabaeinae and 14 

outgroup species as used by Monaghan et al., (2007). Members of the outgroup are 

shown in red, while the tip branches for cojoining species pairs are shown in blue.  
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Expected cojoining species pairs 

40 cojoining species pairs were identified from the tree (figure 3.3). These species 

pairs are; 

 

(1). Anachalcos convexus & Anachalcos suturalis,  

(2). Anonthobium tibiale & Pseudonthobium sp 1, 

(3). Arachnodes sp 2 & Arachnodes splendidus, 

(4). Ateuchus chrysopyge & Ateuchus ecuadorensis. 

(5). Bubas bison & Bubas bubalus, 

(6). Caccobius binodulus & Onthophagus championi, 

(7). Caccobius schreberi & Onthophagus clypeatus,  

(8). Canthon lamprimus & Canthon sp 1, 

(9). Catharsius molossus & Catharsius philus, 

(10). Cleptocaccobius convexifrons & Milichus apicalis, 

(11). Coprophanaeus sp 1 & Coprophanaeus telamon corythus, 

(12). Cyptochirus ambiguus & Euoniticellus intermedius, 

(13). Deltochilum carinatum & Deltochilum gibbosum, 

(14). Dichotomius boreus & Dichotomius sp 2, 

(15). Digitonthophagus gazella & Phalops ardea, 

(16). Drepanocerus bechyne & Liatongus militaris, 

(17). Epirinus aeneus & Epirinus sp 2, 

(18). Epirinus hilaris & Epirinus sp 1, 

(19). Eudinopus dytiscoides & Megathoposoma candezei, 

(20). Eurysternus angustulus & Eurysternus plebejus, 

(21). Eurysternus hamaticollis & Eurysternus sp 1, 

(22). Gymnopleurus sp 1 & Gymnopleurus virens, 

(23). Hansreia affinis & Monoplistes sp 1. 

(24). Helictopleurus quadripunctatus & Helictopleurus sp 1, 

(25). Helictopleurus sp 2 & Helictopleurus steineri, 

(26). Heliocopris andersoni & Heliocopris hamadryas, 

(27). Lepanus nitidus & Lepanus ustulatus, 

(28). Metacatharsius opacus & Metacatharsius troglodytes exiguous, 

(29). Odontoloma pusillum & Odontoloma sp 1. 

(30). Onthophagus babirussa & Onthophagus obscurior, 
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(31). Onthophagus consentaneus & Onthophagus vulpes, 

(32). Onthophagus mije & Onthophagus mulgravei, 

(33). Paragymnopleurus maurus & Paragymnopleurus sp 1, 

(34). Pseudignambia sp 1 & Pseudignambia sp 2, 

(35). Saphobius setosus & Saphobius squamulosus, 

(36). Sarophorus costatus & Sarophorus tuberculatus, 

(37). Scarabaeus galenus & Scarabaeus sp 1, 

(38). Sceliages brittoni & Sceliages hippias, 

(39). Temnoplectron finnigani & Temnoplectron politulum, 

(40). Tiniocellus sp 1 & Tiniocellus spinipes, 

 

 

Cojoining pairs expected to be created 

Of the 40 species pairs found, the removal of the branch representing one member 

of any pair, while maintaining the rest of the full 28S dataset trees topology (figure 

3.3), has the potential to cause the remaining member to form a new pairing with 

another species. Of the 80 times this possibility could arise, a new species pair was 

predicted to occur on 25 occasions. On the remaining 55 occasions removal of one 

member of a species pair would instead result in the formation or further expansion 

of a polytomy. The 25 occurences where the formation of a new species pair would 

be expected are caused by; 

 

(1). The removal of Canthon lamprimus would cause Canthon sp 1 & 

Scybalocanthon pygidialis to become a cojoining species pair. 

(2). The removal of Canthon sp 1 would cause Canthon lamprimus & 

Scybalocanthon pygidialis to become a cojoining species pair. 

(3). The removal of Catharsius molossus would cause Catharsius philus & 

Catharsius sesostris to become a cojoining species pair. 

(4). The removal of Catharsius philus would cause Catharsius molossus & 

Catharsius sesostris to become a cojoining species pair. 

(5). The removal of Epirinus sp 1 would cause Epirinus hilaris & Trichillum sp 1 to 

become a cojoining species pair. 

(6). The removal of Epirinus hilaris would cause Epirinus sp 1 & Trichillum sp 1 to 

become a cojoining species pair. 
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(7). The removal of Eurysternus sp 1 would cause Eurysternus caribaeus & 

Eurysternus hamaticollis to become a cojoining species pair. 

(8). The removal of Eurysternus hamaticollis would cause Eurysternus caribaeus & 

Eurysternus sp 1 to become a cojoining species pair. 

(9). The removal of Helictopleurus quadripunctatus would cause Helictopleurus sp 1 

& Helictopleurus rudicollis to become a cojoining species pair. 

(10). The removal of Helictopleurus sp 1 would cause Helictopleurus 

quadripunctatus & Helictopleurus rudicollis to become a cojoining species pair. 

(11). The removal of Ignambia fasciculata would cause Onthobium sp 1 & 

Onthobium cooki to become a cojoining species pair. 

(12). The removal of Lepanus nitidus would cause Lepanus ustulatus & 

Paronthobium simplex to become a cojoining species pair. 

(13). The removal of Lepanus ustulatus would cause Lepanus nitidus & 

Paronthobium simplex to become a cojoining species pair. 

(14). The removal of Metacatharsius opacus would cause Metacatharsius 

troglodytes exiguus & Onthophagus sp 5 to become a cojoining species pair. 

(15). The removal of Metacatharsius troglodytes exiguus would cause 

Metacatharsius opacus & Onthophagus sp 5 to become a cojoining species pair. 

(16). The removal of Odontoloma sp 1 would cause Dicranocara deschodti & 

Odontoloma pusillum to become a cojoining species pair. 

(17). The removal of Odontoloma pusillum would cause Dicranocara deschodti & 

Odontoloma sp 1 to become a cojoining species pair. 

(18). The removal of Onthophagus consentaneus would cause Onthophagus 

rubicundulus & Onthophagus vulpes to become a cojoining species pair. 

(19). The removal of Onthophagus vulpes would cause Onthophagus rubicundulus & 

Onthophagus consentaneus to become a cojoining species pair. 

(20). The removal of Paragymnopleurus maurus would cause Paragymnopleurus sp 

1 & Paragymnopleurus striatus to become a cojoining species pair. 

(21). The removal of Paragymnopleurus striatus would cause Paragymnopleurus 

maurus & Paragymnopleurus sp 1 to become a cojoining species pair. 

(22). The removal of Pseudignambia sp 1 would cause Aptenocanthon sp 1 & 

Pseudignambia sp 2 to become a cojoining species pair. 

(23). The removal of Pseudignambia sp 2 would cause Aptenocanthon sp 1 & 

Pseudignambia sp 1 to become a cojoining species pair. 



 87 

(24). The removal of Sceliages brittoni would cause Pachylomerus femoralis & 

Sceliages hippias 1 to become a cojoining species pair. 

(25). The removal of Sceliages hippias would cause Pachylomerus femoralis & 

Sceliages brittoni to become a cojoining species pair. 

 

Additionally, were the branch representing any one of the other 137 species have 

been removed from the tree for the full 28S dataset (figure 3.3) while otherwise 

maintaining the trees topology, polytomies would be resolved into bifuricating 

species pairs in the following way. 

 

(1). Removal of Aleiantus sp 1 would cause Aleiantus sp 2 & Aleiantus sp 3 to form 

as cojoining species pair. 

(2). Removal of Aleiantus sp 2 would cause Aleiantus sp 1 & Aleiantus sp 3 to form 

as cojoining species pair. 

(3). Removal of Aleiantus sp 3 would cause Aleiantus sp 1 & Aleiantus sp 2 to form 

as cojoining species pair. 

(4). Removal of Anomiopsoides biloba would cause Anomiopsoides heteroclyta & 

Glyphoderus sterquilinus to form as cojoining species pair. 

(5). Removal of Anomiopsoides heteroclyta would cause Anomiopsoides biloba & 

Glyphoderus sterquilinus to form as cojoining species pair. 

(6). Removal of Aphodius sp 1 would cause Aphodius sp 2 & Aphodius sp 3 to form 

as cojoining species pair. 

(7). Removal of Aphodius sp 2 would cause Aphodius sp 1 & Aphodius sp 3 to form 

as cojoining species pair. 

(8). Removal of Aphodius sp 3 would cause Aphodius sp 1 & Aphodius sp 2 to form 

as cojoining species pair. 

(9). Removal of Glyphoderus sterquilinus would cause Anomiopsoides biloba & 

Anomiopsoides heteroclyta to form as cojoining species pair. 

(10). Removal of Ignambia fasciculata sp 1 would cause Onthobium & Onthophagus 

cooki to form as cojoining species pair. 

(11). Removal of Onthobium sp 1 would cause Ignambia fasciculata & Onthophagus 

cooki to form as cojoining species pair. 

(12). Removal of Onthophagus cooki would cause Ignambia fasciculata & 

Onthobium sp 1 to form as cojoining species pair. 
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With the removal of any one sequence it is therefore possible to list those species 

pairs expected to remain unchanged along with those species pairings expected to 

be created either through the formation of a new species pair or through the 

resolution of a polytomy. In each case, the number of pairs is expected to remain the 

same (40 pairs), be reduced by one to 39 (production of a polytomy from a species 

pair) or increased by one to 41 (through the removal of a species resolving a 

polytomy). 

 

 

Sequence independent cojoining species pairs 

The number and identity of all species pairs found for all 217 trees, produced by the 

removal of the sequence for one species is given in appendix 3.2a-e.  

 

Of the 217 different trees in which the one 28S sequence had been removed, the 

maximum number of times a species pair could be found is 215 times.17 cojoining 

species pairs were found in 215 of the 217 trees and so these relationships can be 

said to be insensitive to the exclusion of any one sequence of any other member of 

this 28S dataset. These 17 cojoining species pairs were  

(1). Anachalcos convexus & Anachalcos suturalis (Canthonini), 

(2). Ateuchus chrysopyge & Ateuchus ecuadorensis (Dichotomiini), 

(3). Dichotomius boreus & Dichotomius sp 2 (Dichotomiini), 

(4).Digitonthophagus gazella & Phalops ardea (Onthophagini), 

(5). Epirinus hillaris & Epirinus sp 1 (Canthonini), 

(6). Eurysternus angustulus & Eurysternus plebejus (Eurysternini), 

(7). Eurysternus hamaticollis & Eurysternus sp 1 (Eurysternini), 

(8). Helictopleurus sp 2 & Helictopleurus steineri (Oniticellini), 

(9). Helictopleurus andersoni & Helictopleurus hamadryas (Oniticellini), 

(10). Lepanus nitidus & Lepanus ustulatus (Canthonini), 

(11). Metacatharsius opacus & Metacatharsius troglodytes exiguous (Coprini), 

(12). Odontoloma pusillum & Odontoloma sp 1 (Canthonini), 

(13). Pseudignambia sp 1 & Pseudignambia sp 2 (Canthonini), 

(14). Saphobius setosus & Saphobius squamulosus (Canthonini), 

(15). Scarabaeus galenus & Scarabaeus sp 1 (Scarabaeini), 
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(16). Temnoplectron finnigani & Temnoplectron politulum (Canthonini), 

(17). Tiniocellus sp 1 & Tiniocellus spinipes (Oniticellini). 

 

All 17 of these cojoining species pairs were also found to be cojoining species pairs 

in the tree built from the full 28S dataset.  

 

Four other species pairs were found to co-occur on 214 occasions out of a possible 

215 times. At first these relationships might appear to be almost completely 

insensitive to the removal of another sequence. However this is not the case for 

Bubas bison & Heteronitis castelnaui (Onitini). This species was not expected to be 

found more than once, however it was recovered almost every time a sequence was 

removed. Only with the removal of the sequence for Caccobius nigritulus 

(Onthophagini) was the unexpected cojoining species pair relationship disrupted, on 

this one occasion Bubas bison & Bubas bubalus being found to form a cojoining 

species pair, the position of Heteronitis castelnaui being shifted so as to become the 

sister to both Bubas bison & Bubas bubalus. However when all 217 sequences were 

used for the full dataset Bubas bison & Heteronitis castelnaui were not found to be a 

cojoining pair, but instead the relationship between Bubas bison & Bubas bubalus 

was. The removal of any one sequence with the exception of Caccobius nigritulus 

altered the identity of the cojoining species pair found. 

 

Helictopleurus quadripunctatus & Helictopleurus sp 1 (Oniticellini) were recovered as 

a cojoining species pair 214 out of a possible 215 times. Only the removal of the 

sequence for Tinocellus sarawacus (also Oniticellini) lead to the disruption of this 

relationship, the two species forming a polytomy with three other members of the 

Oniticellini, Helictopleurus rudicollis, Helictopleurus steineri and Helictopleurus sp 2. 

Unlike before the relationship between Helictopleurus quadripunctatus & 

Helictopleurus sp 1 was recovered in the full 28S dataset as was expected. 

 

Monoplistes sp 1 & Hansreia affinis (Canthonini) were also recovered as cojoining 

species 214 times out of a possible 215 occasions. This relationship was disrupted 

by the removal of the sequence for Monoplistes curvipes (also Canthonini), but was 

again found to occur in the full 28S sequence dataset. 
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The fouth species pair to be recovered 214 times out of a maximum 215 times was 

Gymnopleurus sp 1 & Gymnopleurus virens. The pairing was also recovered from 

the full dataset and the pairing was only disrupted by the removal of the sequence 

for Hansreia affinis. 

 

Another five cojoining species pairs expected to be found were also recovered more 

than 200 times, these being Canthon lamprimus & Canthon sp 1 (Canthonini) and 

Sceliages brittoni & Sceliages hippias (Scarabaeini), 213 time each, 

Paragymnopleurus 1 & Paragymnopleurus maurus (Gymnopleurini), 210 times, 

Onthophagus babirussa & Onthophagus obscurior (Onthophagini), 208 times and 

Sarophorus costatus & Sarophorus tuberculatus (Canthonini) 203 times. 

 

 

Sequence dependent cojoining species pairs 

Of the cojoining species pairs expected to have been recovered, 5 species pairs 

were found to occur on less than 7% of occasions, while 13 occurred on less than 

50% of all the trees. Cojoining species pair relationships expected to be found, but 

found on less than 50% of occasions consist of; 

 

(1). Anonthobium tibiale & Pseudonthobium sp 1 - only found twice. 

(2). Arachnodes sp 2 & Arachnodes splendidus - only found 106 times. 

(3). Bubas bison and Heteronitis castelnaui - only found once. 

(4). Caccobius binodulus & Onthophagus championi - only found 95 times. 

(5). Caccobius schreberi & Onthophagus clypeatus - only found 7 times. 

(6). Cleptocaccobius convexifrons & Milichus apicalis - only found 26 times. 

(7). Cyptochirus ambiguous & Euoniticellus intermedius - only found 59 times. 

(8). Deltochilum carinatum & Deltochilum gibbosum - only found 85 times. 

(9). Drepanocerus bechynei & Liatongus militaris - only found 14 times. 

(10). Epirinus aeneus & Epirinus sp 2 - only found 37 times. 

(11). Eudinopus dytiscoides & Megathoposoma candezei - only found 11 times. 

(12). Onthophagus consentaneus & Onthophagus vulpes - only found 67 times. 

(13). Onthophagus mije & Onthophagus mulgravei - only found 87 times. 
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The most unstable species, in terms of forming the largest number of different 

cojoining species pairs, was Catharsius molossus. In different trees Catharsius 

molossus formed a cojoining pair with 7 different species (with Catharsius philus, 

Catharsius sesostris, Macroderes sp 1, Ontherus diabolicus, Pachysoma sp 1, 

Uroxys micros and Uroxys pygmaeus) depending on the identity of the sequence 

removed. 

 

In addition to the 77 cojoining species pairs expected to have been found under 

specific circumstances, a further 87 unexpected species pairs were recovered at 

least once. These unexpected species pairs were; 

 

(1). Aleiantus sp 2 & Phacosoma punctatum 

(2). Anomiopsoides biloba & Anomiopsoides heteroclyta 

(3). Anomiopsoides heteroclyta & Glyphoderus sterquilinus 

(4). Anonthobium tibiale & Paronthobium simplex 

(5). Apotolamprus sp 1 & Macroderes sp 1 

(6). Apotolamprus sp 1 & Sphaerocanthon clypeatus 

(7). Arachnodes sp 1 & Arachnodes sp 2 

(8). Bubas bison & Heteronitis castelnaui 

(9). Caccobius nigritulus & Onthophagus clypeatus 

(10). Caccobius schreberi & Onthophagus fimetarius 

(11). Canthidium guanacaste & Canthidium rufinum 

(12). Canthidium guanacaste & Canthidium thalassinum 

(13). Canthidium haroldi & Gromphas aeruginosa 

(14). Canthon lamprimus & Scybalocanthon pygidialis 

(15). Canthon luteicollis & Canthon viridis 

(16). Canthon luteicollis & Onthophagus sp 5 

(17). Canthosoma casstelnaui & Cephalodesmius quadridens 

(18). Canthosoma casstelnaui & Scybalophagus sp 1 

(19). Catharsius molossus & Catharsius sesostris 

(20). Catharsius molossus & Macroderes sp 1 

(21). Catharsius molossus & Ontherus diabolicus 

(22). Catharsius molossus & Pachysoma sp 1 

(23). Catharsius molossus & Uroxys micros 
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(24). Catharsius molossus & Uroxys pygmaeus 

(25). Catharsius philus & Catharsius sesostris 

(26). Cephalodesmius quadridens & Lepanus glaber 

(27). Circellium bacchus & Cephalodesmius quadridens 

(28). Circellium bacchus & Trichillum sp 1 

(29). Coproecus hemisphaericus & Dichotomius parcepunctatus 

(30). Coproecus hemisphaericus & Eurysternus inflexus 

(31). Coproecus hemisphaericus & Lepanus glaber 

(32). Coptodactyla glabricollis & Demarziella interrupta 

(33). Coptodactyla glabricollis & Diorygopyx simpliciclunis 

(34). Coptorhina sp 1 & Platymomus caelatus 

(35). Cyptochirus ambiguus & Proagoderus bicallossus 

(36). Deltochilum barbipes & Deltochilum gibbosum 

(37). Deltochilum barbipes & Deltochilum pseudoparile 

(38). Demarziella imitatrix & Demarziella interrupta 

(39). Demarziella imitatrix & Demarziella mirifica 

(40). Demarziella interrupta & Panelus sp 1 

(41). Dichotomius parcepunctatus & Dichotomius yucatanus 

(42). Dichotomius yucatanus & Trichillum sp 1 

(43). Dicranocara deschodti & Odontoloma pusillum 

(44). Dicranocara deschodti & Odontoloma sp 1 

(45). Digitonthophagus diabolicus & Onthophagus semiareus 

(46). Digitonthophagus gazella & Phalops ardea 

(47). Diorygopyx simpliciclunis & Onthophagus sp 5 

(48). Drepanocerus kirbyi & Liatongus militaris 

(49). Eudinopus dytiscoides & Hansreia affinis 

(50). Eudinopus dytiscoides & Sphaerocanthon clypeatus 

(51). Euonthophagus carbonarius & Onthophagus championi 

(52). Euonthophagus carbonarius & Onthophagus clypeatus 

(53). Eurysternus caribaeus & Eurysternus hamaticollis 

(54). Eurysternus inflexus & Eurysternus velutinus 

(55). Helictopleurus quadripunctatus & Helictopleurus rudicollis 

(56). Helictopleurus rudicollis & Helictopleurus sp 1 

(57). Hyalonthophagus alcyon & Onthophagus rorarius 
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(58). Ignambia fascicularis & Onthobium cookii 

(59). Ignambia fascicularis & Onthobium sp 1 

(60). Oniticellus egregrus & Tragiscus dimidiatus 

(61). Onitis alexis & Onitis falcatus 

(62). Onitis caffer & Onitis falcatus 

(63). Onitis caffer & Onitis fulgidus 

(64). Ontherus diabolicus & Phalops ardea 

(65). Onthobium cookii & Onthobium sp 1 

(66). Onthophagus batesi & Onthophagus sp 6 

(67). Onthophgus bidentatus & Onthophgus clypeatus 

(68). Onthophagus bidentatus & Onthophagus haematopus 

(69). Onthophagus capella & Onthophagus furcaticeps 

(70). Onthophagus capella & Onthophagus rubicundulus 

(71). Onthophgus clypeatus & Onthophagus crinitus 

(72). Onthophgus clypeatus & Onthophagus mije 

(73). Onthophgus clypeatus & Onthophagus sp 2 

(74). Onthophagus consentaneus & Onthophagus rubicundulus 

(75). Onthophagus glabratus & Onthophagus muticus 

(76). Onthophagus haematopus & Onthophagus quadripustulatus 

(77). Onthophagus laminatus & Onthophagus sp 1 

(78). Onthophagus mulgravei & Onthophagus muticus 

(79). Onthophagus similis & Onthophagus sp 4 

(80). Onthophagus sp 2 & Onthophagus sp 3 

(81). Oxysteron conspicillatum & Phanaeus sallei 

(82). Pachylomera femoralis & Sceliages brittoni 

(83). Pachylomera femoralis & Sceliages hippias 

(84). Proagoderus bicallossus & Proagoderus schwaneri 

(85). Sisyphus crispatus & Sisyphus faciculatus 

(86). Uroxys micros & Uroxys pygmaeus 

(87). Uroxys micros & Uroxys sp 1 

 

For all 217 trees, the mean number of cojoining pairs expected to be found = 

39.7281 (0.53124 Std. Deviation) while the mean number of these cojoining pairs 

expected to have been found and actually found = 28.9263. (1.44789 Std. 
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Deviation). Additionally a mean number of 6.4839 (1.87354 Std. Deviation) cojoining 

species pairs were unexpectedly found per alignment, their creation not having been 

predicted via the collapse of polytomies or predicted from the removal of a taxa 

already part of a species pair and expected to cause the formation of an alternative 

cojoining species pair. 

 

Number of cojoining species pairs found 

The total number of cojoining species pairs found in 217 trees in which a single 28S 

sequence was excluded from the dataset (number of expected cojoining species 

pairs + number of unexpected cojoining species pairs) had a mean of 35.4101 

(2.46878 Std. Deviation) cojoining species pairs per tree. A One-sample 

Kolmogorov-Smirnov test, revealed the total numbers of cojoining species pairs for 

these 217 trees to be normally distributed P = 0.082 (Asymp. Sig. 2-tailed). However 

the distribution of expected cojoining species pairs was not normally distributed P = 

0.000 (Asymp. Sig. 2-tailed). Therefore the non parametric statistic Wilcoxon Signed-

Rank Test for paired data was used to compare the number of cojoining species 

pairs expected to be found and the number of cojoining pairs actually found. A value 

for Z = -12.424 with a probability of 0.000 (Asymp. Sig. 2-tailed) was recovered. The 

null hypothesis, that there is no significant difference between the number of 

cojoining species pairs found and number of cojoining species pairs expected to be 

found, can be rejected. As such, the exclusion of a single 28S sequence significantly 

changes the number of cojoining species pairs found on a phylogenetic tree based 

solely on this 28S sequence data. 

 

Identity of cojoining species pair members 

Although the number of cojoining species pairs was found to differ significantly with 

the exclusion of a single 28S sequence, the finding reported above says nothing 

about the specific identities of the members of each cojoining pair. To examine the 

effect of  excluding one 28S sequence on the identity of members of cojoining pairs, 

a comparison was made only between the number of cojoining species pairs 

expected to be found with the number of identical cojoining pairs expected to be 

found and actually found. Those cojoining pairs not found to be identical so 

unexpectedly found were therefore excluded. 

 



 95 

Scores for the number of expected cojoining species pairs actually found are not 

normally distributed (P<0.000 One-sample Kolmogorov-Smirnov Test Asymp. Sig. 2-

tailed). Therefore the Wilcoxon Signed-Rank Test for paired data, a non parametric 

statistic was used again, giving Z = -12.847 with a probability of 0.000 (Asymp. Sig. 

2-tailed). Again the null hypothesis, that the number of expected cojoining pairs and 

number of identical expected cojoining pairs actually found is not significantly 

different, is not supported. Instead the null hypothesis is rejected, meaning that the 

identity of members of cojoining pairs of species actually found significantly differs 

from the identities of the expected members of cojoining pairs. 
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Discussion 

 

Instability of the group and outgroup. 

Although the overall intention in this chapter was to examine the stability of cojoining 

species pairs, the trees produced clearly demonstrate that the relationships at the 

deepest level, between members of the Scarabaeinae and members of the outgroup 

such as the Aphodiinae, are not stable.  In some of the strict consensus trees the 

Scarabaeinae are not recovered as a monophyletic group as would be expected, but 

often 3 Aphodiinae sequences were found to form a clade within the Scarabaeinae 

subfamily. This suggests that the quality of the tree topology is low, at least in terms 

of the accuracy of the deepest relationships between subfamilies hypothesised. 

 

Instability of cojoining species pairs 

Moving on to relationships between cojoining species the results demonstrate that 

the exclusion of a single 28S sequence from this dataset can significantly change the 

number of cojoining species pairs found within a phylogenetic tree and also 

significantly change the identities of the members of the cojoining species pairs 

found. However caveats must be drawn. The instability of cojoining species 

relationships between taxa is only demonstrated here for members of the subfamily 

Scarabaeinae, within the Scarabaeidae family.  The instability of tribal relationships 

within the Scarabaeinae is well known and has been attributed to insufficient lineage 

sorting of the sequences data and in terms of morphological characters that rapidly 

switch back and forth with changes in behaviour. It has also been suggested that 

these problems have been compounded by the subfamily rapidly radiating upon an 

initial adaptation to using dung, a high quality resource, following the mammals as 

they themselves radiated. Therefore it is possible that dung beetles are a special 

case among the Coleoptera for which data handling is a more complex process. 

Mutations within the 28S gene sequence are believed to occur at a low rate in 

comparison to the mutation rate in other gene sequences such as cox1 and 16S, 

particularly within regions of the sequence that form secondary structure stem 

regions. This was also shown by the rescaled 28S and cox1 trees (figure 3.1) 

adapted from Monaghan et al., (2007), where the internal branches in the 28S tree 

are considerably shorter. 
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The findings are further limited in only being demonstrated in the situation where 28S 

sequences are aligned using the ClustalW 1.8 under the default settings and 

parsimony trees being built using Paup* version 4.0b4a (Swofford 1998). Despite 

this limitation, these programs and settings are commonly used in phylogenetic 

studies in which 28S has been used, including those of dung beetles (Emlen et al., 

2005), perhaps followed with manual adjustment of the alignment based on a visual 

inspection of the data (Ocampo & Hawks, 2006).  

 

The effect of members of one tribe on relationships within another tribe 

In many of the examples given where removal of a sequence disrupted the recovery 

of an expected cojoining species pair, the sequence removed belonged to a species 

occurring within the same tribe. However this was not always the case. For example, 

on the occasion the cojoining species pair Gymnopleurus sp 1 & Gymnopleurus 

virens (Gymnopleurini) were not recovered, it was the removal of the sequence for 

Hansreia affinis a member of the Canthonini tribe, that produced this effect. This was 

particularly surprising as the Gymnopleurini tribe is generally thought of as forming a 

distinct and unquestionably monophyletic group. Therefore the ability of a sequence 

from the member of another tribe to impact on relationships within this tribe is 

surprising. 

 

Irrespective of the reasons put forward for the poor quality of tree topologies being 

recovered, these findings demonstrate an additional problem. This is that the method 

used here, ClustalW under default settings followed by tree building using Paup* 

version 4.0b4a (Swofford 1998), does not produce stable phylogenies in terms of 

cojoining relationships between species pairs with the exclusion of a single 

sequence. Having carefully controlled the tree building step, the variability in which 

cojoining species pairs are found can be attributed to differences between the 

predictions as to which base pairs of one species are homologous with the base 

pairs of another another, i.e. the sequence alignments. As the stem regions of 28S 

are highly conserved it may be that the variable homology predictions are 

predominantly distributed within regions that play a role as loops in terms of the 

molecule’s secondary structure. On average, carrying out the sequence alignment 

methodology under default settings, as used here, is not sufficient for identifying 

more than 72% of the relationships that were expected to be found. We can have 
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little confidence in over 25% of the cojoining species pair relationships recovered 

using 28S sequence data alone. If more reliable cojoining species pair relationships 

and more reliable tree topologies are to be identified through the use of length 

variable sequence data, more effort must be made to adapt the alignment method, 

so that accurate and identical homology predictions are made between homologous 

base pairs when additional sequences are added or removed.  

 

The demonstration of the instability of the relationships between cojoining species 

pairs of Scarabaeidae is of concern where findings are based solely on 28S 

sequence data. However the short length of internal branches compared to the 

longer internal branches for cox1 sequence data (Monaghan et al., 2007) suggest 

that this instability should be diminished when 28S sequence data is combined with 

that for cox1. As the cox1 sequences are length invariable, this data does not suffer 

from problems associated with sequence alignment. Therefore it could be argued 

that combining 28S sequence data with cox1 data improves the quality of the overall 

phylogenetic hypothesis, compared to the hypothesis for 28S data alone. However, 

the hypothesis produced by the combined data may be less accurate than that 

produced by the cox1 data alone. 

 

Alternatively for those who wish to use as much sequence data as possible, to give 

the appearance of the findings being base on a large number of characters, including 

length variable sequence data, more effort should be made to ensure that the 

homology predictions given in the alignment of length variable sequence data such 

as that for 28S are of high quality. 

 

In terms of implications for characterising communities as discussed in chapter 2, 

that one quarter of the cojoining species pair relationships would not be recovered, 

had only 28S sequence data been used, given the removal or addition of a sequence 

for another species is of some concern. The use of 28S sequence data alone is 

clearly inappropriate, if analysed using the methodology chosen here. This 

methodology was used in chapter 2, however, in that case the data was combined 

with 16S and cox1 sequence data. The use of 28S in combination with other genes 

such as cox1 may improve the overall tree topology and stabilise cojoining pair 

relationships, compared to the relationships produced using 28S sequences alone, 
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but the 28S sequence data may impair those relationships found through the sole 

use of cox1 sequence data. Use of 28S sequence data with the methodology used 

here may add to the impression that bigger datasets with larger numbers of 

characters are better, but clearly the appropriateness of the genes chosen, at least in 

terms of the stable relationships they allow to be identified, should be taken into 

account. Although it is likely that the topology produced through the action of cox1 

overrides the variable topology produced by the 28S sequences, the same cannot be 

said for length variable 16S sequence data where variable branches are longer. 

Care should be taken to obtain more accurate sequence alignments where further 

inferences depend on the quality of the phylogenetic tree.  
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Chapter 4 

 

Exploring the effect of increasing taxonomic hierarchical level on the sensitivity of 

ClustalW 2.0.9 alignment parameters and the distribution of alignments within 

alignment space for Coleoptera 16S sequence data. 

 

Abstract 

 

The length variable 16S rRNA gene is a widely used marker in insect phylogenetic 

studies, but is well known for being notoriously difficult to align between insect orders 

such as Orthoptera, Diptera and Hymenoptera. Many different programs are 

available for aligning sequence data, each requiring the selection of an appropriate 

combination of alignment parameter values. Versions of the Clustal family of 

alignment program are a popular choice, allowing the selection of parameter values 

for the gap opening cost and gap extension penalty amongst others. By varying 

these two parameters, in a total of 40,401 combinations, parameter space was 

searched at a high density for three datasets at varying taxonomic hierarchical levels 

across and within the insect order Coleoptera. Alignments were found to be unevenly 

distributed across alignment space, each alignment being obtained only under a 

narrow range of similar alignment parameters. The number of different alignments 

that can be recovered from ClustalW 2.0.9 under this set of parameters for these 

three datasets was found to increase with increasing phylogenetic breadth. 

Therefore the number of alternative alignment hypotheses available for an 

investigator to choose from, and so discount as being inferior to one or a few 

alignments, increases with increasing breadth of the phylogenetic question being 

investigated. Thoroughly searching parameter space to justify the use of an 

alignment and any further phylogenetic analysis based on it, is a computationally 

expensive task. Use of a systematic search strategy was found to be more efficient 

than the equivalent random search without replacement. Overall the sensitivity of 

alignment parameters was found to increase with increasing phylogenetic breadth, 

ultimately requiring the investigator to justify the use of what they consider to be an 

appropriate combination of alignment parameters to an increasing number of 

decimal places. 
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Introduction 

 

The length variable 16S ribosomal RNA gene (rrnL) is commonly used in 

phylogenetic studies of Insecta, (e.g. in Coleoptera Ikeda et al., (2008); Monaghan et 

al., (2007); Forgie et al., (2006); Ribera et al., (2003) Funk (1999) Garin et al., 

(1999)) and Diptera: (Pestano et al., 2003). The popularity of this marker is partly 

due to Simon et al., (1994) who promoted the use of the conserved polymerase 

chain reaction primers LR-J-13417 (alias 16Sa) and LR-N-13398 (alias 16Sar), both 

designed by T. Kocher for amplifying the 5’ end of the 16S gene. The 16Sar primer is 

considered to be particularly useful as it is very conserved over a broad range of 

organisms. However, Simon et al., (1994) also recognised the difficulty in aligning 

the 5’ half of 16S, the sequence being so divergent that Locusta sequence data 

could not be aligned to published sequences for Drosophila, Aedes or Apis. Despite 

the difficulty of alignment, use of the rrnL rRNA marker was further promoted by 

Caterino et al., (2000) who advocated its use as a standard for insect phylogenetics. 

 

When using global multiple sequence alignment programs to align sequences of 

different lengths caused by insertion or deletion events Kjer et al., (2007) suggest 

that the gap opening cost and extension penalty parameter values can have the 

greatest effect on the quality of the alignment recovered and resulting tree topology. 

Monaghan et al., (2007) reported that a major factor of uncertainty in the 

Scarabaeidae (Coleoptera) tree topology was due to length variation in the rrnL 

marker (514-523 base pairs) producing uncertainty in the alignment. As Kjer et al., 

(2007) suggested, Monaghan et al., (2007) also suspected that the differences 

between the findings of different investigators are predominantly due to variation in 

the assumptions made as to the appropriateness of alignment program, parameter 

selection choice and any later editing when aligning molecular data containing 

insertion and deletions. RNA sequence alignment is thought to be particularly 

sensitive to parameter choice (Edgar & Batzoglou 2006). Via differences in the 

alignment, preferences between different investigators were thought to be critical, 

ultimately determining the resulting phylogenetic tree given the same initial starting 

data. In such cases, where a number of alternative molecular based phylogenetic 
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trees are published for similar data, readers may have considerable difficulty in 

deciding on what level of confidence to place on the trees presented. Methodologies 

reported in papers including the alignment of sequence data containing insertions 

and deletions using different versions of the Clustal family of alignment programs 

vary greatly in detail. At worst these vague accounts include “sequences were 

aligned using Clustal” with or without the version number, (e.g. Liu et al., 2009; and 

Dong et al., 2006) or “sequences were aligned using Clustal X (Thompson et al., 

1997) followed by manual adjustments” (Martinsen et al., 2009), manual adjustments 

including the removal of ‘unalignable’ regions e.g. Hosoya & Araya (2005). In cases 

where parameter values are not given the reader can only assume that the 

alignment program was used to align the data once under default setting conditions 

(gap opening penalty of 15 and gap extension penalty of 6.666). More typically a 

version of Clustal is used under the default settings e.g. Funk (1999). At the other 

extreme methodological sections may contain precise highly detailed accounts of the 

range of alignment programs and parameter combinations tried (e.g. Ahrens & 

Vogler, 2008; Ruiz et al., 2008; Monaghan et al., (2007); and Maddison et al.,1999) 

along with the reasons why the authors selected one or a few of these alignments. 

 

When using a verson of the progressive pairwise alignment program ClustalW to 

align variable length sequence data, Higgins et al., (1996) advise investigators not to 

expect Clustal to immediately provide them with a near optimal alignment. Neither 

should investigators always expect to obtain a high quality alignment when using 

ClustalW with the default values. Alignment program default values tend to be set 

appropriately for aligning protein benchmark data, but are not necessarily set 

appropriately for the problem of RNA alignment. Instead, the authors advise 

investigators to “treat ClustalW as a data exploration tool”. Users are able to select 

one set of parameters from a nearly infinite number of parameter combinations, 

rather than just accepting the alignment produced by ClustalW under the default 

settings.  Higgins et al., (1994) suggest that investigators should vary some of the 

parameters and closely examine the alignments resulting from these choices along 

with the underlying phylogenetic tree. However, they recognised that the number of 

parameter combinations that could be tried is so vast that there are “more than can 

easily be examined by hand”.  
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Higgins et al., (1994) advised investigators to explore the effect of varying parameter 

combinations on datasets and potentially seek out alternative higher quality 

alignments. Yet, ClustalW is frequently treated as a ‘black box’ using the default 

parameter settings. Implicit in this is the expectation that the correct answer will be 

obtained immediately, or that alternative alignment hypotheses will have little effect 

on the downstream inferences that are drawn from the resulting alignment. While 

realising that they ought to explore alignment variation, without knowing what 

strategy to use investigators tend to use default parameter values only, treat the 

resulting alignment as the correct one and, therefore, fail to account for a level of 

uncertainty that exists in the inferences drawn (Wong et al., 2008). Therefore, not to 

investigate alignments resulting from alternative parameter combinations can be 

thought of as not having treated molecular data carefully enough (Kjer et al., 2007) 

and the quality of the inferences drawn from these single alignments must be placed 

in doubt. 

 

The cost for inserting a gap into a sequence is considered to be one of the most 

important input parameters for computer based alignment (Kjer et al., 2007). In 

ClustalW 2.0.9 the user is able to define the initial average per gap penalty cost 

(Thompson et al., 1994), specifying a value of anything between 0 and 100. In 

addition to this parameter the extension cost is equally important in determining the 

alignment recovered. This cost is a linear penalty representing the cost of extending 

the gap per additional nucleotide, which is usually set to a lower value than the gap 

opening cost to reflect the fact that longer indels may be biologically more realistic 

than multiple short gaps. 

 

The need to explore variation in alignment settings has been widely recognised, but 

only the study of Wilm et al., (2006) has explored the performance of  Clustal’s 

default values of 15 for the gap opening penalty and 6.666 for the gap extension 

penalty. They recommended using the alternative parameter combination of 22.5 for 

the gap opening cost and 0.83 for the gap extension cost when aligning RNA 

sequence data. These values are based on RNA alignment benchmarks and a 

structure conservation index scoring system.  However, little variation was found 

between alignments using the sum-of-pairs score.  This score is defined as the total 

number of A’s matching all other A’s within columns, plus the total number of C’s 
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matching C’s and so on. Accepting Wilm et al., (2006) suggested RNA default 

opening and extension cost may be a more appropriate and justifiable choice for 

aligning rrnL sequence data than use of the default values, but, just as with simply 

using the default values, in doing so the investigator has no understanding of the 

surrounding alignment space or how many alternative alignment hypotheses they 

are rejecting. Rather than accepting this single cost, it is argued here that the 

recommendation of a single parameter combination is inappropriate. Parameter 

values for good alignments or the ‘best’ alignment will vary from dataset to dataset 

and for this reason some area of alignment parameter space should be explored.  

 

In accepting that it is necessary to explore different alignments produced by varying 

combinations of alignment parameters, it must also be accepted that the pool of 

input parameter combinations to be explored is nearly infinite, but computing power 

and time is limited. This means that investigators are forced into making trade offs 

against the accuracy of the alignments (and conclusions drawn from it or them) and 

gives rise to a number of questions: which parameter values should be varied; how 

thorough should the search of parameter space be: what sort of search strategy 

should be used; and what set of parameter combination values should be attributed 

in each case. The aim of this chapter was to examine how the choice of alignment 

parameters determines the distribution of alignments, using three empirical datasets.  

These datasets were based on the large subunit ribosomal RNA of the mitochondrial 

genome, using the Coleoptera (beetles) as an example. The datasets were arranged 

in a taxonomically hierarchical fashion, taken from a single family (Scarabaeidae), to 

wider ‘series’ of families (Scarabaeiformia, Staphyliniformia and Elateriformia), to the 

entire order Coleoptera.  This design of the study provides an understanding of the 

range and distribution of alignments within alignment parameter space depending on 

the divergence of the sequences. Gaining an understanding of this results in a more 

rational way of selecting values for the alignment parameters, which includes 

selection of the necessary step size between parameter settings, that are required to 

find a satisfactory alignment on which to base the phylogenetic analysis. 
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Materials and methods 

 

Multiple alignment 

 

The two alignment parameters considered to be most important for the alignment of 

sequence data containing insertion or deletions are thought to be the gap opening 

and gap extension penalties (Kjer et al., 2007). In ClustalW 2.0.9 (Larkin et al., 2007) 

the user is able to define both the initial average per gap penalty cost and initial per 

gap opening cost between 0 and 100. (Kjer et al., 2007) suggest that a thorough 

search of alignment parameter space requires the simultaneous optimisation of both 

parameters. Therefore, rather than examining two transects by holding one cost 

fixed to the default while varying the other, both costs were varied at the same time. 

Kjer et al., (2007) note that if the gap cost is too low, the program will produce a 

trivial alignment and, if the gap cost is too high, a gap will not be inserted. In between 

these two inappropriately extreme values “there may be some ideal gap cost to 

substitution ratio”. Selection of any such thresholds would place arbitrary bounds on 

the alignment parameter space. As such no prior expectation was held as to the size 

and distribution of ClustalW 2.0.9 (Larkin et al., 2007) alignment space. No such 

upper and lower bounds were applied to the parameter space and a systematic 

search strategy was used to cover it in its entirety. 

 

The thoroughness of search, or number of parameter combinations investigated, 

was determined by the available computing resources. Using Imperial College’s High 

Performance Computing (HPC) facility up to 1,000,000,000 alignment files or 150 

GB of memory was made available for all investigations. No a priori assumptions 

were placed on the range of opening and extension cost values within the range 

allowed by the program, the gap opening penalty ranging from 0 to 100, and gap 

extension penalty ranging from 0 to 100. This allowed the systematic exploration of 

the entirety of alignment space for three datasets at intervals of 0.5, giving an evenly 

spread grid of 40,401 parameter combinations for each dataset. 

 

ClustalW 2.0.9 was compiled for use on the HPC facility and Bash scripts (Appendix 

4.1) written to cycle through the range of opening cost and extension costs required. 



 106 

Bash scripts were also written to compare all alignments identifying all those that 

were different from each other (Appendix 4.2). 

 

Taxon sampling 

 

Two rrnL datasets, used in previously published studies, were selected and adapted 

in order to examine the effect of phylogenetic breadth on alignment space. For the 

dataset covering the narrowest level of the taxonomic hierarchy 212 Scarabaeinae 

and Aphodiinae sequences were taken from Monaghan et al., (2007) (Appendix 4.3). 

Members of this dataset were originally included in order to cover a wide 

geographical range for the group for biogeographical analysis. The Aphodiinae 

sequences were originally used as an outgroup and are assumed to be sister to the 

Scarabaeinae (Browne & Scholtz, 1999). At the broadest taxonomic hierarchical 

level all 210 available rrnL sequences were taken from the 340 taxon tree of 

Coleoptera subfamilies as published by Hunt et al., (2007) shown in Appendix 4.5. At 

an intermediate hierarchical level, a third dataset of 202 sequences was created 

using Scarabaeformia, Staphyliniformia and Elateriformia sequence data from both 

of the two datasets previously mentioned and additional unpublished sequence data 

supplied by Dirk Ahrens shown in Appendix 4.4.  The mean similarity between 

sequences within each dataset decreases with increasing taxonomic hierarchical 

coverage (table 4.1).  

 

Table 4.1. The average Clustal aligned score for each of the three datasets reflecting 

increasing phylogenetic dissimilarity between the sequences used. 

 No. 

sequences 

Average Clustal 

aligned score 

Standard 

dev 

Scarabaeinae 212 

 

23.2 2.32 

Scarabaeformia,  

Staphyliniformia 

and Elateriformia 

202 20.0 2.68 

Coleoptera 

subfamilies 

210 18.8 3.061 
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Results 

 

For each dataset, a total of 40,401 sequence alignment arrays was obtained by 

varying the gap opening cost and extension cost, from 0 to 100 at intervals of 0.5 

(producing 201 x 201 different parameter settings) (Appendices 4.6, 4.7, 4.8).  At the 

lowest hierachical level, 9,008 different alignments were found for the Scarabaeidae 

data of which 3,909 alignments occurred only once.  Such unique alignments appear 

to be spread throughout alignment parameter space, but are unevenly distributed 

and are especially common when parameter combinations for the opening and 

extension costs are both less than 38 (figure 4.1). The remaining 5,009 alignments 

were found to occur more than once.  

 

Where an alignment was recovered more than once the different combinations of 

parameters under which these alignments were obtained were similar to each other, 

each different alignment occupying a small area of the parameter space.  Generally, 

the size of step change required to obtain a different alignment from a starting 

position increases as both the opening cost and extension cost parameters of the 

starting position increase. However, taken as a whole, for a step change in either 

extension cost or opening cost of ±0.5 the average variation for the entire dung 

beetle parameter space is the recovery of a different alignment on 46.19% of 

occasions. Similarly for an average step change of ±0.5 in both opening and 

extension cost parameters a different alignment is recovered on 55.16% of 

occasions. 

 

For the intermediate-level data of Scarabaeiformia, Staphyliniformia and 

Elateriformia 10,436 different alignment arrays were recovered, 5,161 of which were 

only found to occur once.  Alignments were again unevenly distributed across 

alignment parameter space, unique alignments being particularly common for 

parameter combinations where both the opening cost and extension costs were 

values of 47 or less (figure 4.2). As before, on average, a step change of ±0.5 in 

either extension or opening cost parameter from a starting position will lead to a 

different alignment being recovered 49.44%  of the time. Similarly an average step 

change of ±0.5 in both opening and extension cost parameters a different alignment 

is recovered on 58.48% of occasions. 
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The same parameter combinations were assessed for the Coleoptera subfamily 

dataset. Sequences were more variable on average (table 4.1). In total 14,590 

different alignments were recovered, 8,077 of which were only found to occur once. 

The distribution of these alignments (figure 4.3) was again uneven and similar to 

those obtained with the Scarabaeidae and intermediate-level datasets. Unique 

alignments were again common where opening cost parameter values were less 

than 70 and extension costs were values were less than 50. As for both previous 

datasets, on average, a step change of ±0.5 in either extension or opening cost 

parameter from a starting position will lead to a different alignment being recovered 

59.34%  of the time. Similarly an average step change of ±0.5 in both opening and 

extension cost parameters a different alignment is recovered on 69.19% of 

occasions. 

 

Of the 40,401 parameter combinations assessed for the Scarabaeidae data set 

9,008 different alignments were recovered. The distribution of these alignments can 

be seen in figure 4.1.  
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Figure 4.1. The distribution of 9,008 Scarabaeidae alignments across opening cost 

and extension cost parameter space. Alignment islands of the same colour 

separated by more than a change in gap opening or gap extension penalty represent 

islands containing different alignments. Where an island is coloured and found within 

a change of 2 gap or 2 extension penalty changes both islands contain the identical 

alignment. 
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Of the 40,401 parameter combinations tried for the intermediate-level data set 

(Scarabaeiformia, Staphyliniformia and Elateriformia) 10,436 different alignments 

were recovered. 

 

Figure 4.2. The distribution of 10,436 alignments across opening cost and extension 

cost parameter space for the intermediate level dataset. 
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Figure 4.3. Distribution of 14,590 ClustalW 2 alignments arranged across opening 

and extension alignment parameter space for the Coleoptera subfamily dataset. 

Identical alignment islands found within 2 squares of each other are given the same 

colour, but differ from each other if separated by more. 
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Three 40,401 sequence alignment arrays were obtained using ClustalW 2.0.9 by 

varying the gap opening cost and extension cost, from 0 to 100 at intervals of 0.5 

(producing 201 x 201 different parameter settings) for three Coleoptera datasets 

varying in taxonomical hierarchical level (figures 4.1, 4.2 and 4.3). In each case the 

extension cost was fixed, while the opening cost was varied from 0 to 100, at 

intervals of 0.5. The number of different alignments recovered for each extension 

cost out of a maximum possible 201 was obtained (figure 4.4.).  For a fixed 

extension cost the number of alignments that can be recovered by varying the 

opening cost parameter using ClustalW 2.0.9 increases as the taxonomic breadth of 

the datasets increases (Kruskal-Wallis test, P < 0.01). For the Scarabaeidae dataset 

different alignments were found in 59.27% of searches per extension cost, 63.96% 

for searches using the intermediate-level dataset and 73.95% for the Coleoptera 

subfamily dataset.  The data also suggests that a trend exists that as extension cost 

values decrease the number of alignments that can be recovered increases. 
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Figure 4.4. The number of alignments that can be recovered by holding the 

extension cost fixed for data sets differing in phylogenetic breadth. 

 

Three 40,401 sequence alignment arrays were obtained using ClustalW 2.0.9 by 

varying the gap opening cost and extension cost, from 0 to 100 at intervals of 0.5 

(producing 201 x 201 different parameter settings) for three Coleoptera datasets 

varying in taxonimical hierarchical level (figures 4.1, 4.2 and 4.3). In each case the 

opening cost was fixed, while the extension cost was varied from 0 to 100, at 

intervals of 0.5. The number of different alignments recovered for each extension 

cost out of a maximum possible 201 was obtained (figure 4.5). The number of 

alignments that can be recovered for opening costs of 40 or more appears to be 

insensitive to the difference in phylogenetic breadth between the Scarabaeidae 

dataset and intermediate-level dataset, but becomes sensitive to phylogenetic 

breadth at extension cost values below 40. Overall different alignments were found 

in 40.73% of searches per extension cost for the Scarabaeidae dataset, 42.84% for 

searches using the intermediate-level dataset and 52.48% for the Coleoptera 

subfamily dataset. 
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Figure 4.5. The sensitivity of the extension cost parameter, examined against fixed 

opening cost penalties.  

A total of 40,401 sequence alignment arrays were obtained using ClustalW 2.0.9 by 

varying the gap opening cost and extension cost, from 0 to 100 at intervals of 0.5 
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(producing 201 x 201 different parameter settings) for the Scarabaeidae dataset.  

Subsamples were then taken from the 40,401 systematically (using a grid of evenly 

spaced alignment parameters) and equal numbers of parameter combinations 

selected randomly without replacement (figure 4.6). For the Scarabaeidae dataset 

significantly more alignments were recovered using a systematic strategy to explore 

parameter space as opposed to selecting an identical number of parameter 

combinations using a random search strategy without replacement (p < 0.0005 Sig. 

2-tailed) using a paired samples t-test. 

 

Figure 4.6. Alignment accumulation curves for two different search strategies, 

systematic searches, and random searches without replacement. 
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Three 40,401 sequence alignment arrays were obtained using ClustalW 2.0.9 by 

varying the gap opening cost and extension cost, from 0 to 100 at intervals of 0.5 

(producing 201 x 201 different parameter settings) for three Coleoptera datasets 

varying in taxonimical hierarchical level (figures 1, 2 and 3). Each dataset was 

systematically subsampled using a grid of evenly spaced alignment parameters 

(figure 4.7).  The number of alignments that can be recovered significantly increases 

with increasing phylogenetic diversity where 400 or more parameter combinations 

are systematically searched within alignment parameter space per dataset (p < 0.01 

Sig. 2-tailed) using a paired samples t-test). For searches carried out at low densities 

no significant differences are found between the number of alignments recovered 

and the phylogenetic breadth of the datasets (p > 0.05 Sig. 2-tailed) using a paired 

samples t-test). 
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Figure 4.7 Alignment accumulation curves for three datasets varying in phylogenetic 

breadth.  
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Discussion 
 

Typically, investigators use the default alignment as a starting point for further 

analysis. In doing so the investigator is claiming, without realising, that this one 

alignment is the best alignment out of potentially many thousands of alternative 

alignment hypotheses. In failing to explore alternative alignment parameter 

combinations the investigator is unaware of how many alternative alignment 

hypotheses there are or how these alternatives are arranged across alignment 

parameter space.  Given that resources and time are limited the aim should be to 

understand alignment space and find as many of these alignment hypotheses as 

efficiently as possible, then justify the choice of one or a few of these alignments 

over all others. 
 

For data sets in which sequences contain numerous insertion and deletion events 

there are probably more alignments than an investigator can deal with (in these 

cases at least 9,008, 10, 436 and 14,590 alignments and potentially many more 

(figure 4.8)). So, given that investigators have limited resources, the initial question 

is: what can be devoted to understanding alignment space? The answer to this 

question will determine how many parameter combinations can be examined. 
 

One of two linear cost factors is likely to determine how alignment space can be 

investigated in providing the upper limit on how many alignment parameter 

combinations can be used determining the maximum density and thoroughness of 

the search of alignment space. The maximum number of alignments parameter 

combinations that can be tested is the lower of two figures in answer to the following: 
 

• Number of testable parameter 

combinations = 

amount of memory space 

available 

  average size of an alignment 

   

• Number of testable parameter 

combinations = 

computer processing time 

available 

  average time to build one 

alignment 
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The longer or the greater the number of sequences to be aligned the longer it takes 

to build each alignment. 

 

In addition to these two linear cost factors, the investigator should also be aware of 

the time required to compare all of the alignments so that duplicate alignments can 

be discounted. As the number of alignments found increases the time taken to make 

all of the comparisons between any new alignment and all other comparisons 

increases exponentially. Where a large number of alignments have been built, the 

time taken to compare each new alignment could exceed the time taken to build it. 

There is no point in building a vast number of alignments from different parameter 

combinations if it is neither possible to understand how the alignments relate to each 

other, nor to use the alignments in some way such as judging the quality of each 

alignment. 

 

On average, for these three 16S datasets, systematically varying the opening cost 

for a fixed extension cost leads to more alignments being recovered than 

systematically varying the extension cost for a fixed opening cost. These findings 

suggest that if the aim is to find as many alignments as possible and the resources 

available to an investigator are so limited that it is only possible to explore similar 

data by varying either the opening cost or the extension cost, then the opening cost 

should be varied. Given that the alignments found here are localised, tending to 

occupy narrow areas of alignment parameter space, the inability to explore 

alignments produced by varying both the opening and extension values many leave 

many alternative alignment hypotheses unknown. Finding as many alignments as 

possible is not the same as finding a diverse range of alignments. Without some 

measure of alignment similarity it is not possible to know whether a greater diversity 

of alignments is recovered by varying either the opening cost or extension cost 

alone. Where resources allow, both the opening cost and the extension cost should 

be varied. 

 

Accepting that both opening cost and extension cost should be varied, the next 

question arises of what range of values should be used to explore parameter space. 

Maximum allowable parameter values vary between different versions of Clustal, 
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however, the advice to users remains the same.  Some argue that low gap costs 

produce trivial alignments and that high gap cost produce poor quality alignment 

where gaps have not been inserted. They might argue that searching parameter 

space with extreme parameter values is inefficient and that only more appropriate or 

biologically realistic values close to “some ideal gap cost to substitution ratio” should 

be used. Without knowing what values are biologically appropriate, so how good 

quality alignments are distributed across alignment space, the selection of any such 

upper and lower bounds is an arbitrary decision (Kjer et al., 2007).  

 

Diagonally slicing the alignment spaces shown in figures (4.1, 4.2 and 4.3) at some 

upper bound will leave some alignments on both the ‘biologically appropriate’ side 

and the ‘non appropriate’ side of the upper bound. Instead, a measure of biological 

appropriateness is required, before the upper bound can be defined. Any such upper 

bound excluding ‘inappropriate’ alignments due to failure to open gaps would have to 

follow the contours given by the borders within which the inappropriate alignments 

are found. The shape of this contour cannot be known prior to investigating 

alignment space and so in this investigation no arbitrary upper bound was selected. 

It is my opinion that investigators should not be advised to explore their data above 

and below some upper or lower bound. The range of parameter values examined 

should instead cover the greatest range parameter values accepted by the version of 

Clustal, where the maximum values are finite. 

 

The high degree of sensitivity of low opening and extension cost alignment 

parameters means that the same alignment is unlikely to be found on both sides of 

an arbitrary lower bound, at least at the density explored here. However, as before, 

without building and observing whether the alignment produced by low opening and 

extension costs is trivial or appropriate it is not possible to define a linear cut off 

below which alignment parameters should not be investigated. For these reasons no 

combination of parameter values should be ruled out from being investigated when 

exploring alignment space, not even the minimum costs (0 by 0) and maximum costs 

(100 by 100). 

 

Given that time and computer processing resources are limited and that parameter 

values can not be ruled out prior to building the alignments, an investigator will not 
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have the resources to explore parameter space in its entirety. Instead, the available 

resources should be used to search alignment space in the most efficient way 

possible. Two potential strategies were examined and their efficiency in finding as 

many alignment hypotheses as possible was evaluated. These two strategies are a 

systematic search of alignment parameter space at increasing search densities and 

random selection of parameter values from points distributed at the highest density 

known (0.5 by 0.5). 

 

Differences between the two strategies are only found above a density of search 

threshold. Below this every alignment found is likely to be different, the number of 

alignments increasing linearly with the number of searches made. However, above 

this the results of the two strategies begin to vary in their efficiency of search. If the 

objective is to find as many alignments as possible given a limited amount of time 

and computing power it is significantly more efficient to search parameter space 

systematically (using a grid of evenly spaced alignment parameters) as opposed to 

selecting an identical number of parameter combinations using a random search 

strategy without replacement (p < 0.0005). 

 

The data suggests that biasing the proportion of alignment space covered by low 

opening costs (figure 4.5) would increase the search efficiency when looking to 

maximise the number of known alignment hypotheses. The trend appears linear until 

a transition point, after which the number of alignments found rapidly increases. This 

point appears to occur at higher opening value costs for datasets with wider 

taxonomic breadth. Therefore a more efficient sampling strategy, than an evenly 

spread systematic search of the entirety of parameter space, might be to 

systematically sample the space more densely at lower opening costs.  At what point 

such an efficient sampling strategy should be biased to more densely sample 

alignments and how the density of that sampling should be increased, cannot be 

known a priori, depending on factors that include the phylogenetic breadth of the 

dataset. 

 

Although not examined here, other more efficient search strategies may exist for 

finding as many alignment hypotheses as possible given a fixed number of searches. 

The data suggests a trend exists in which more alignments are found with low 



 122 

extension costs (figure 4.4) and low opening costs (figure 4.5). With the aim of 

finding as many alignment hypotheses as possible, a more efficient search strategy 

might be to systematically sample the entire parameter space, increasing sampling 

density from parameter combinations with low extension costs and/or low opening 

costs. However, the amount by which the sampling strategy should be biased 

towards low extension costs and/or low opening costs is not given by a linear 

equation, and the exact value of the bias required cannot be known before hand. 

Should this bias exceed the appropriate value, alignments at that extension cost will 

be found multiple times, perhaps at the expense of alignments found at lower 

extension costs.  Additionally, another alternative strategy to maximise the number of 

alignments recovered per search might be to only investigate a smaller area of 

parameter space with low values for opening and extension costs, but varied to a 

greater number of decimal places. Despite the potentially large number of different 

alignments that could be recovered using this strategy many might be regarded as 

being trivial in terms of their biological appropriateness. 

Given that low values for extension costs and low values for opening costs are both 

likely to increase the number of alignments found, combining the two may provide 

the most efficient search strategy. Doing so was not evaluated here, but together 

and as shown by the green areas in the bottom left hand corners of figures 4.1, 4.2 

and 4.3 the most sensitive alignment parameter cost combinations can be seen to 

occur here.  

 

Three systematic alignment accumulation curves, one for each dataset are shown in 

figure 4.7. At the highest density examined (0.5 by 0.5) alignment parameter space 

was search three times for 40,401 parameter combinations. The total number of 

alignments that can be recovered for a dataset was shown to significantly increase 

with increasing phylogenetic diversity of the dataset (p < 0.01) and, at the same time, 

average sensitivity of the parameters was also shown to increase. To understand 

how the density of search is related to the number of alignments that can be 

recovered for any data, the density of search must be beyond the point at which the 

accumulation curve increases linearly with search effort. The investigator can then 

plot the accumulation curve and calculate how many potential alignments there may 

be for the dataset. The number of alignments will vary between datasets, however, 

alignment parameters will be more sensitive and there will be more alignments for 
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datasets with broad phylogenetic diversity in comparison to similar datasets of 

narrower phylogenetic diversity, as broad datasets require a greater number of 

searches in order for the investigator to understand the size and structure of the 

alignment space. 

 

So far this discussion has not covered the often asked question of “how densely 

should an investigator search, or how many alignments parameter combinations 

should an investigator try”. The answer to this question will depend on the outcome 

that the investigator is looking to achieve and this should be an integral part of the 

question in the first place. Typically the investigator wants to get the best alignment, 

or to build a good tree. However, searching alignment parameter space in this way is 

not necessarily the best way to begin looking for the best alignment. Instead 

searching parameter space allows an investigator to understand and justify what 

they are doing when they pick a single alignment based on some criteria of 

alignment quality. Should they select the default values without understanding the 

full impact of that decison, they may be arguing that this one alignment is the best 

hypothesis out of many thousands of alternative hypotheses based on alignment 

parameter values not necessarily appropriate for the type of sequence data being 

aligned. Examining sequence data using high density parameter searches not only 

allows investigators to examine the range of alternative hypotheses available to them 

but also allows the investigator to defend the choice of parameter combination 

selected to some decimal place. Hypothetically, for example, exploring parameter 

space for a dataset to three decimal places might force the investigator to explain 

why the alignment produced by the opening penalty of 15 and extension penalty of 

6.666 is best or better than an alternative alignment produced using the opening 

penalty of 15.001 and extension penalty of 6.665. 

 

In short the answer how densely should an investigator search to get “the good one” 

depends on how they define a good alignment and how they intend to measure it. 

Judging alignment quality by eye is not only subjective, but, in these three cases, not 

possible. Added together 34,034 different alignments have been found for these 

three datasets. Just for the 9008 dung beetle alignments, judging so many 

alignments by eye would not only be impractical in terms of the time it would take, 
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but, even if attempted, would leave many alignments that were unable to be judged 

between. 

 

Advice on how many parameter combinations should be searched can be given in a 

few cases, such as for investigators who take the theoretical position that all of the 

alignments that can be produced are of equally good quality and should be used to 

build a consensus tree. The intention here should be to find all possible alignments 

and use all of them in further analysis or search alignment parameter space until so 

many alignments have been found that the analysis becomes meaningless. For 

example, a tree might be built for each alignment found and then a consensus tree 

built from these. If resolved nodes still remain higher and higher density searches 

could be carried out until all alignments are found or no nodes remain resolved, 

whichever one comes first. 

 

To summarise, investigators who wish to use alignments produced using a version of 

the Clustal program, should systematically search parameter space at a high enough 

density in order for them to understand how many alternative alignment hypotheses 

there are to choose from and how these alignments are distributed. Only when this 

information is known can the investigators choice of alignment hypothesis or 

hypotheses be reasonably defended. Findings for these three data sets suggest that 

as taxonomic breadth increases the sensitivity of alignment parameter values 

increases, requiring larger numbers of parameter combinations to be sampled. 

Longer sequences take more time to align as do large numbers of sequences. With 

this in mind, investigators without the appropriate resources necessary to do so may 

wish to reconsider the aims of their study, perhaps reducing the phylogenetic 

breadth of the work, length of sequences, number of sequences or the 

appropriateness of the sequenced gene for their work, rather than adding another 

alternative phylogenetic tree to those that have already been published for their 

group of organisms. 
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Chapter 5 

 

Examining the intra-consistency and inter-consistency of three alignment programs 

with parameter space searched at high density. 

 

Abstract 

There are two widely held beliefs when selecting a program to use to align sequence 

data. Firstly, that the intra-consistency of alignment programs is greater than the 

inter-consistency of alignment programs. In other words, that the range of alignments 

produced by varying the alignment parameters within an alignment program is 

greater than the range of alignments that can be recovered between the chosen 

alignment program and any other alignment programs. Secondly, that where one 

alignment program is used, this program is better than any other. The qualitative 

justification for the choice of alignment program appears to be an acceptance that 

alignment programs provide different solutions, but that this problem can’t be 

resolved. It is therefore assumed that alignments are so similar it doesn’t matter 

which program is used, but in case this is wrong, and choice of alignment program 

does matter, personal preference is exercised and alignment program ‘X’ is used, 

which is believed to give the ‘best’ alignment based on some subjective criteria, 

when alignments are visually inspected. Few investigators report examining the use 

of more than one alignment program in publications, or if they do, even fewer report 

the use of anything other than the default values with these programs. In this chapter 

these qualitative assumptions are tested using two additional alignment programs. 

The alignment programs Muscle and PRANK were examined using a wide range of 

parameter combinations (361,201 and 7,865 parameter combinations respectively) 

using the Scarabaeidae dataset examined at high density using the alignment 

program ClustalW 2.0.9 in Chapter 4. In total 273,417 different alignments were 

recovered. None of these alignments were obtained with more than one program. All 

alignments were scored for alignment length, this value being the number of columns 

or sum total of homology predictions per alignment hypothesis. ClustalW 2.0.9 

alignments were significantly shorter in length than Muscle alignments (p<0.05) and 

Muscle alignments were significantly shorter in length than PRANK alignments 

(p<0.05) for the range of alignment parameters explored. Alignments range between 

541 and 869 base pairs long for ClustalW 2.0.9, between 536 and 990 base pairs 
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long for Muscle and between 518 and 6009 base pairs long for PRANK. Taking 

alignment length as a measure of difference between alignments, the range of 

alignments produced by varying the alignment parameters within an alignment 

program (a range of 328 for Clustal and 454 for Muscle) is not greater than the range 

of alignments that can be recovered between both Clustal and PRANK, and Muscle 

and PRANK. However, the variation in alignment length between Muscle and Clustal 

is not greater than the variation in alignment length within them. All 7,865 of the 

PRANK alignments recovered were only found to occur once using a single 

parameter combination set at the search density used, as did the majority of 

alignments recovered using Muscle. Unlike the distribution of alignments in ClustalW 

2.0.9 alignment space, not all muscle alignments were locally distributed or confined 

to a small range of parameters. Instead Muscle alignments may also occur as 

multiple clusters, or singletons spread across a wide range of the alignment space 

examined. 

 

 

Introduction 

 

For length variable sequences such as the rrnL marker there are an enormous 

number of ways of aligning the sequences. Even the area of nearly optimal 

alignments is thought to be so vast that any difference between alignment algorithms 

is likely to lead to an entirely different area of alignment space being explored 

(Löytynoja & Goldman, 2008, Monaghan et al., 2007 and Kjer et al., 2007). Such 

differences mean that parameter cost values such as those for the opening and 

extension penalties are not equivalent to each other in different alignment programs, 

despite appearing to be superficially identical. That different alignment programs are 

thought unlikely to ever lead to the recovery of identical alignments is problematic. If 

true, a personal preference for an alignment algorithm would always determine the 

area of alignment space explored, so determining the alignment or alignments used, 

and potentially determine the final tree topology (Ahrens & Vogler, 2008) and branch 

lengths recovered. In addition, if personal preference for alignment algorithm 

determines final tree topology, the reason for using or not using each alignment 

program must be theoretically or quantitatively justified. 
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A number of different alignment strategies are available for investigators to choose 

between. These may include structure based or non-structure based alignment, 

iterative or progressive alignment, global or local alignment and clustering via 

UPGAMA or neighbor-joining methods. Of these variants, programs that use a global 

progressive pairwise multiple sequence alignment strategy are particularly popular. 

There are many to choose from, for example, AMAP (Schwartz & Pachter, 2006), 

Bali-Phy (Redelings & Suchard, 2005), CodeonCode Aligner (2.0.6, CodeonCode 

Corporation), Dialign (Subramanian, 2005), DNA alignment (Fluxus Engineering), 

FSA (Bradley et al., 2008), Geneious (Drummond et al., 2006), Kalign (Lassmann, 

2005), MSA (Lipman et al., 1989), MAFFT (Katoh et al., 2005), Mavid (Bray & 

Pachter, 2004), Multalin (Corpet, 1988), Multi-LAGAN (Brudno et al., 2003), Muscle 

(Edgar, 2004), PECAN (Paten et al., 2008), ProbCons (Do et al., 2005), PSAlign 

(Sze et al., 2006), StatAlign (Novak et al., 2008), T-coffee (Notredame et al., 2000), 

Tuiuiu (Peterlongo et al., 2009), RevTrans (Wemersson & Pedersen, 2003). 

However, the Clustal family of global progressive pairwise multiple sequence 

alignment programs are particularly popular, and within this family ClustalW 

(Thompson et al., 1994) has been most widely used. Muscle (multiple sequence 

alignment by log-expectation) is also a highly popular iteration-based method of 

aligning sequence data. Muscle is said to be an improvement on the Clustal family of 

alignment programs in that the gap opening penalty is handled differently and that 

the initial distance measure is iteratively refined with each realignment.  

 

Global progressive pairwise multiple sequence alignments programs are 

deterministic in that given the sequences and a fixed combination of alignment 

parameters one single alignment will always be recovered. That the alignment 

method and resultant alignment is replicable is important in allowing other 

investigators to be able to replicate findings. However, there are likely to be many 

equally good ways of arranging the nucleotides and gaps during each step of the 

process of progressively building up multiple sequence alignments for length variable 

sequences.  At each point of the alignment process where these tied alternative 

partial solutions exist, two or more equally good routes are available for the program 

to continue along. That these alignments are equally good at that point does not 

mean that selecting any one of these equally good alternatives for continued use, will 

ultimately lead to an equally good final alignment solution being recovered.  
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However, for any single combination of alignment parameter settings, many 

alternative alignment solutions are discarded, some of which may have been a far 

more accurate reflection of homology relationships. 

 

The number of alternative tied alignment positions available for selection during the 

process of building a multiple sequence alignment may be so large that users of 

these programs would not be prepared to wait for all the alternative routes to be 

explored. Therefore, the writers of these programs have specified how tied 

alignments are broken, perhaps via the order of three statements (if then, else and 

or). PRANK (Löytynoja & Goldman, 2008) differs from many of these alignment 

programs in that although it can be made to be deterministic, the same alignment will 

not always be recovered given one combination of parameter settings. This occurs 

due to the algorithm containing a random seed, allowing the choice of tied score to 

be randomly broken (Löytynoja & Goldman, 2008). Löytynoja suggests that by doing 

so more accurate alignments may be obtained. To them the reproducibility found in 

other methods does not give a higher degree of confidence in the alignment, but just 

means that errors can be reproduced. PRANK is also designed to be able to 

distinguish insertion events from deletion events, so can avoid penalising a single 

insertion event multiple times, so avoiding overmatching of sequence sites and 

making more biologically realistic alignments.  For this reason PRANK alignments 

should be longer than those found for other programs. 

 

Therefore, the choice among alignment programs is critical in determining the 

alignment chosen for use and so ultimately determines the topology of the resulting 

phylogenetic tree. For the Scarabaeidae (Coleoptera) Monaghan et al., (2007) 

reported that a major factor of uncertainty in the tree topology was due to length 

variation in the rrnL marker (514-523 base pairs) combined with variation in the 

assumptions made by investigators including the appropriateness of alignment 

program used.  In this chapter three different alignment programs are used to align 

Scarabaeidae 16S sequence data, covering alignment parameter space at high 

density. The subjective justifications for using an alignment from a single alignment 

program, without having considered those that can be generated by other alignment 

programs mentioned above are then examined for this dataset. 
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Materials and methods 

 

Taxon sampling 

 

The Scarabaeidae rrnL dataset, used in Chapter 4, was selected for further analysis 

using additional alignment programs. These 212 Scarabaeinae and Aphodiinae 

sequences were taken from Monaghan et al., (2007) and adapted for use here. 

Details of the specific sequence identities can be found in (Appendix 4.3). Members 

of this dataset were originally included in order to cover a wide geographical range 

for the group for biogeographical analysis. The Aphodiinae sequences were 

originally used as an outgroup and are assumed to be sister to the Scarabaeinae 

(Browne & Scholtz, 1999). 

 

 

Sequence alignment 

Three different alignment programs were selected for investigation. ClustalW 2.0.9 

was selected to represent the ClustalW family of alignment programs, which are 

most commonly used for phylogenetic studies. At the time of investigation ClustalW 

2.0.9 was the newest version available, and having been rewritten in C++ (Larkin et 

al., 2007) was ideally suited for large scale analysis using the High Performance 

Computing (HPC) facility at Imperial College London. ClustalW 2.0.9 alignment 

space was explored using Bash scripts as given in Appendix 4.1 and 4.2. 

 

For Muscle (Edgar, 2004), scripts (Appendix 5.1) were written for use with the 

Imperial College HPC. Both the opening and extension cost parameters were varied 

from 0 to 600, at intervals of 1, (producing 601 x 601 different parameter settings) 

however the true upper limit for Muscle opening and extension parameter space is 

not known. All other parameter settings were left unchanged. 

 

The alignment program Probablistic Alignment Kit (PRANK) was selected based on 

its implementation of novel strategies particularly aimed at correctly aligning 

sequence data containing insertion and deletion events. PRANK was installed on 

over 60 desktop computers across the Natural History Museum site and a Pearl 
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script written to vary PRANK alignment parameters. PRANK is dissimilar to both 

Muscle and versions of Clustal in a number of ways that include not having a gap 

opening or gap extension penalty. Instead two alternative parameters can be varied. 

These are the gap rate and the gap extension probability. Allowable values for the 

gap rate vary from 0 to 1, while values for the extension probability vary from 

anything greater than 0 to 1. The entire allowable alignment space for PRANK was 

searched from 0.1 to 1 and from 0 to 1 at intervals of 0.01 (100 x 101 parameter 

settings). 

 

 

 

Sequence comparison 

 

Bash and C++ scripts were written for use on the High Performance Computing 

facility to allow comparisons to be made between the alignments generated within 

(Appendix 5.3) and between the three alignment programs (see Appendix 4.2). 
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Results 

 

9008 different alignments were recovered from ClustalW 2.0.9 alignment space 

systematically searched by varying both the gap opening cost and gap extension 

cost by 0.5 from 0 to 100 (producing 201 x 201 parameter settings) previously 

discussed in (Chapter 4).  

 

For the alignment program Muscle (Edgar, 2004) parameter space was also 

searched by varying the opening and extension penalties. Muscle was found to 

accept integer values as low as 0, however, the upper limit for these penalties, if 

there is one, was not found. Muscle alignment space was systematically searched 

from 0 to 600 for both costs at intervals of 1 (producing 601 x 601 parameter 

settings). 256,544 different alignments were recovered from the 361,201 alignment 

parameter settings examined. A diagrammatic representation of Muscle alignment 

space covering extension costs from 0 to 600 and opening costs of 0 to 203 

(covering 122,604 alignment parameter combinations) is given in figure 3.1. 

 

Unlike the diagrammatic representations of ClustalW 2.0.9 alignment space 

previously shown in (Chapter 4 Figures 4.1, 4.2 and 4.3) Muscle alignment space 

can be seen to be dominated by alignments only found using one combination of the 

parameter settings used. Alignments in ClustalW 2.0.9 alignment space were 

described as being locally distributed across a narrow range of parameter value 

combinations. Although many alignments reovered by Muscle are also locally 

clustered the same is not always true for the distribution of all the alignments found 

more than once across Muscle alignment space. Some alignments are found to 

occur in two or more clusters separated by difference of 50 or more between gap 

opening cost. 

 

Figure 5.1. Diagrammatic representation of Muscle alignment parameter space for 

gap opening penalties of 0 to 203 at intervals of 1 and gap extension penalty costs of 

0 to 600 at intervals of one. 
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Figure 5.1 continued. Digramatic respresentation of Muscle alignment parameter 

space for gap opening penalties of 0 to 203 at intervals of 1 and gap extension 

penalty costs of 0 to 600 at intervals of one. 
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The entire allowable alignment parameter space for PRANK was searched from a 

gap rate of 0.1 to 1 and from a gap extension probability of 0 to 1 at intervals of 0.01 

(100 x 101 parameter settings). For these settings alignments were successfully 

recovered 7,865 times, while the program failed to complete the alignment process 

2,235 times. The distribution of successfully recovered alignments and failed 

alignments is shown in figure 5.2. 

 

Figure 5.2. Digramatic respresentation of PRANK alignment parameter space for 

gap rates of 0 to 1 at intervals of 0.01 and extension probabilities of 0.01 to 1 at 

intervals of 0.01. Black squares represent parameter settings for which an alignment 

could not be recovered. Grey squares represent alignments parameter settings 

outside those which are permitted to be used. 

 
Of the 7,865 PRANK alignments successfully recovered all were found to be 

different from each other. 
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All of the different ClustalW 2.0.9 alignments were then compared with all 256,544 

Muscle alignments and all of the 7,865 PRANK alignments. None of the 273,417 

different alignments recovered were found to occur in two or more programs. 
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Figure 5.3. The distribution of alignment lengths for alignments recovered from PRANK (n = 7,865). 
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Figure 5.4. The distribution of alignment lengths for 9008 different alignments recovered for ClustalW 2.0.9. (n = 9008). 
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Figure 5.5. The distribution of alignments recovered from Muscle (n = 256,544 ). 
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The alignment lengths for all of the different ClustalW 2.0.9 alignments were 

compared with all 256,544 Muscle alignments and all of the PRANK alignments. 

238,617 alignments were found to occur in the alignment length range shared by all.  

 

The total sum-of-match-pairs and total sum-of-mismatch pairs was scored for 

Muscle, Clustal and PRANK alignments using the Scarabaeidae dataset (figure 5.6). 

Clustal alignments were found to vary the least both in terms of the sum of 

nucleotide pair matches and mismatches (7,185,198 to 8,336,834 and 735,071 to 

2,325,732). The range of sum-of-nucleotide match scores was considerably greater 

for Muscle alignments (4,003,991 to 8,562,055 and 297,729 to 5,593,558) than for 

Clustal alignments. Despite appearances from the graph 31 outlying sum-of-

nucleotide pair mismatch data points for PRANK (not shown) mean that the range of 

sum of nucleotide mismatch pairs for PRANK alignments (195,514 to 10,377,378) 

and match pairs (1,319,142 to 24,948,334) varied even more than for Muscle 

alignments. 

 

The distribution of alignments within alignment length classes was found to 

significantly differ between the three alignment programs examined. ClustalW 2.0.9 

alignments were significantly shorter in length than Muscle alignments (p<0.05 

independent samples t test) and Muscle alignments were significantly shorter in 

length than PRANK alignments (p<0.05 independent samples t test) for the range of 

alignment parameters explored.
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Figure 5.6. The distribution of sum of nucleotide pair matches and mismatches for Muscle, Clustal and PRANK. Alignments. 
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Discussion 

 

Unlike the findings with Clustal, the alignments recovered by exploring Muscle opening 

and extension parameter space were not always found to be locally distributed in 

clusters occupying a narrow range of parameter value combinations. In some cases the 

same alignment was recovered for opening costs separated by a large distance. That 

the relationship between the Muscle opening cost alignment parameter settings and the 

alignment solutions they result in is not always structured in predictable localised 

clusters potentially presents a serious problem.  In such cases the Muscle alignments 

and resulting tree topologies recovered may be independent of the parameter settings 

used to generate them. If the alignment parameter space is not structured in a clustered 

manner, methods for exploring alignment parameter space such as ‘hill climbing’ 

strategies will quickly fail, unless parameter settings are varied widely. That Muscle 

alignment parameter settings and the alignment ultimately recovered may be 

unconnected in some cases, means that little recommendation can be made about 

which parameter settings are appropriate or how Muscle alignment parameter space 

should be efficiently searched, other than for the investigator to search as many 

combinations of parameter settings as they are able to examine. 

 

Every PRANK alignment successfully recovered was found to differ from all other 

PRANK alignments. This demonstrates that the search density used (0.01 x 0.01) was 

not high enough to allow an understanding of how many different alignments exist for 

this dataset or how these alignments are distributed within PRANK alignment parameter 

space, while individual runs under a given setting also differ in their outcome due to the 

different starting conditions. In order to align the Scarabaeidae dataset each PRANK 

alignment took approximately one and a half hours, totalling the equivalent of just over 

one and a third years of processing time on a single desktop computer. This 

demonstrates the difficulty of any strategy based on systematically searching the 

parameter space when applying this algorithm.  More efficient strategies to arrive at the 

optimal alignment are required, but first an optimality criterion has to be specified.  
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That all of the 273,417 different alignments recovered were specific to the alignment 

program used to generate them is also of concern. Here, these alignments have not 

been assessed for the resulting tree topology (as well as the branch lengths found 

within any given topology), but these are likely to be different in each case also, i.e. 

different choices of an alignment program will not reach the same conclusion (see 

Chapter 7). 

 

Although no identical alignment was obtained between programs, the range of 

alignment variation may be greater within a program than the range of alignments 

between two programs. To analyse this issue, it is necessary to define by what criteria 

the range of alignments are thought to vary. Two ways in which alignments can vary 

were scored here. Alignments can vary in length, this value being the number of 

columns or sum total of homology predictions per alignment hypothesis. The distribution 

of alignments within alignment length classes was found to significantly differ between 

the three alignment programs examined. ClustalW 2.0.9 alignments were significantly 

shorter in length than Muscle alignments (p<0.05 independent samples t test) and 

Muscle alignments were significantly shorter in length than PRANK alignments (p<0.05 

independent samples t test) for the range of alignment parameters explored. Taking 

alignment length as a measure of difference between alignments, the range of 

alignments produced by varying the alignment parameters within an alignment program 

(a range of 328 for Clustal and 454 for Muscle) is not greater than the range of 

alignments that can be recovered between both Clustal and PRANK, and Muscle and 

PRANK. However, variation in alignment length between Muscle and Clustal is not 

greater than variation in length within them. The assumption that variation is greater 

within alignment programs than between alignment programs is therefore false between 

some programs but not others under the range of parameters explored here. Under 

these circumstances, by this measure, it would be justifiable to use the PRANK 

alignment program alone, but the use of Muscle or Clustal on its own is not justified.  

 

Similarly, the range of total sum-of-match-pairs and total sum-of-mismatch pairs was 

scored for alignments from all three alignment programs. From figure 5.8 it can be seen 
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that Clustal and Muscle alignments occupy a similar area of total nucleotide match and 

mismatch space. For both programs it appears that nucleotide pair matches increase at 

a similar rate as nucleotide pair mismatches decrease. The PRANK algorithm appears 

to behave very differently to those in Muscle and Clustal. Rather than a negative 

relationship between increasing nucleotide matches and nucleotide mismatches, 

PRANK appears to show the reverse. The sum of nucleotide matches increases as the 

sum of nucleotide mismatches increases. Excluding outlying datapoints the range of 

nucleotide pair mismatches appears low in comparison with Muscle, and is generally 

lower than nucleotide pair mismatches for PRANK.  Rather than looking at the 

difference between the actual sum-of-match pairs score and sum of mismatch pair 

score, the justification for use of any alignment program is based on the range of scores 

within each program and range of scores between each program. Again, Clustal 

alignments were found to vary the least both in terms of the sum of nucleotide pair 

matches and mismatches (7,185,198 to 8,336,834 and 735,071 to 2,325,732). The  

range of sum-of-nucleotide match scores was considerably greater for Muscle 

alignments (4,003,991 to 8,562,055 and 297,729 to 5,593,558) than for Clustal 

alignments. The range of sum of nucleotide mismatch pairs for PRANK alignments 

(195,514 to 10,377,378) and match pairs (1,319,142 to 24,948,334) varied even more 

than for Muscle alignments. Again, the assumption that variation is greater within 

alignment programs than between alignment programs is therefore falsified between 

some programs while upheld between others, this time using the measure of sum-of-

pairs matches and mismatches under the range of parameters explored here. Under 

these circumstances, by this measure, it would be justifiable to use the PRANK or 

Muscle alignment programs alone, but again the use of Clustal on its own is not 

justified.  

 

The maximum available range of parameter values for opening and extension cost was 

explored for Clustal. Therefore, it seems unlikely that the range of alignment length 

values or sum-of-match pairs and sum-of-mismatch pairs will expand much further 

beyond that found here. Despite attempting to search PRANK gap rate and extension 

probability space across its entirety, 2,235 allowable alignment parameter value 
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combinations failed. Failures were particularly common for combinations where the 

extension probability values of 75 or more meaning that the full range of alignment 

parameter space was not explored. Further investigation by Löytynoja (2008) using this 

dataset, showed that these failures were not a result of the program’s design, but 

instead were probably caused by the limited processing power of the desktop 

computers available for use. Had alignments been successfully recovered for these 

parameter settings all should have been greater than 2,000 base pairs long.  There is 

no known upper limit for Muscle alignment parameter space. Increasing the opening 

and extension costs beyond 600 by 600 continues to increase the sum-of-nucleotide 

pair mismatches at the expense of nucleotide matches, and given large enough values 

might exceed the PRANK outlying scores. 

 

These results suggest that no matter how carefully the alignment parameter space is 

searched with any one of these three alignment programs, they are unlikely to produce 

a hypothesis that is identical to an alignment hypothesis generated for the same dataset 

using one of the other alignment programs.  The selection of the alignment program will 

therefore determine the final alignment hypothesis, no matter how that alignment is 

selected from the range of alignments available within the program. Only when the 

range of available alternative alignment solutions is known, is it possible to assess 

which portion of the alignment space could be limited to a small number of alignment 

parameters that produced similar alignments with different alignment programs. 
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Further research. 

 

PRANK appears to be theoretically more appropriate for aligning 16S sequence data 

than other alignment programs such as Muscle and Clustal. Use of PRANK on desktop 

machines is not only inefficient but the computer hardware is not appropriate for 

exploring the entire range of PRANK alignment parameter space. PRANK should be 

adapted for use with the High Performance Computing facility at Imperial College 

London where more powerful processors are available than are found in Natural History 

Museum desktops. 

 

The Average Overlap Score proposed by Lassman & Sonnhammer (2005) is a measure 

of alignment inter-consistency. This measure can also be thought of as a measure of 

how dispersed alignments are in the space of all alignment solutions. Where little 

variation is found between alignments produced by a program the average overlap 

score will approach a value of 1.  In cases where alignments show considerable 

differences the score approaches 0. Implementing this scoring system on the High 

Performance Computing facility, and applying it on such a scale (to 273,417 alignments 

and the subsets of alignment for each program) is not a simple task.  However, this 

measure may be closer to how investigators mean to define ‘difference’ rather than 

other measures of difference explored here, such as alignment length and sum-of-pairs 

score when justifying which alignment program they choose to use. 

 

Alignment length space and alignment sum-of-match pairs and mismatch pairs space 

do overlap for all three programs. If an alignment is to be recovered by more than one 

alignment program the parameter settings close to those which produce these 

alignments should be explored further. 
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Chapter 6 

 

The relationship between tree topology space and ClustalW 2.0.9 alignment parameter 

penalty space examined at a high search density. 

 

Abstract 

Tree topology space was examined for 9008 different Scarabaeidae alignments. A 

different tree topology was recovered for each one. Similar tree topologies were 

clustered into narrow regions of topology space separated from closely related 

topologies by short distances, which are themselves separated from more distantly 

related topologies by greater distances. With respect to alignment parameter space, 

tree topology space is structured so that similar topologies appear to be found together. 

However, there are exceptions, particularly for topology clusters that occur under the 

most extreme extension cost parameters. Application of the strict consensus and 

majority rule consensus methods led to the recovery of few resolved nodes and in some 

cases even these disagree with morphologically based classifications of the 

Scarabaeidae at tribal level. Relationships between taxa were found to vary 

considerably between trees.  This has implications when the accuracy of identifying 

cojoining pairs of taxa is crucial, such as when attempting to understand biogeographic 

distributions or the evolution of traits. For length variable sequence data, great care 

should be taken in selecting a high quality alignment, in order to reflect tree topology 

accurately, before further analysis is undertaken. 

 

 

Introduction 

Some have argued that when building phylogenetic trees the alignment is key in 

determining tree topology (Hall, 2005, Cammarano et al., 1999, Hwang et al., 1998, 

Kjer, 1995, Kjer, 2004, Lake 1991, Morrison & Ellis, 1997, Mugridge et al., 2000, Ogden 

and Whiting, 2003, Thorne & Kishino, 1992, Titus & Frost, 1996, Xia et al., 2003) while 

others have disagreed, suggesting that the alignment of sequence data does not play a 

large role in determining tree topology. Instead they suggest that similar or identical 
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phylogenetic tree topologies can be recovered from a range of different alignments 

produced from a data set.  In Chapter 4 it was shown that many different alignments 

can be obtained for a single dataset by varying alignment parameter values such as the 

opening and extension costs. In the case of the Scarabaeidae dataset a total of 9,008 

different alignments were found. The question then arises is alignment key in 

determining phylogenetic tree topology for this dataset or is the tree topology alignment 

insensitive? If tree topology is insensitive to variation in alignment parameter settings 

and the resultant alignments the exploration of alignment parameter space is 

unnecessary. For the Scarabaeidae (Coleoptera) Monaghan et al., (2007) reported that 

length variation in the rrnL marker (514-523 base pairs) caused uncertainty in the 

alignment. In this chapter the relationship between tree topology space and alignment 

parameter space is explored for the Scarabaeidae, along with the use of consensus 

methods to deal with large numbers of alternative tree topologies.  

 

 

Materials and methods 

 

Taxon Sampling 

The Scarabaeidae rrnL dataset, used in Chapter 4, consisting of 212 Scarabaeinae and 

Aphodiinae sequences were taken from Monaghan et al., (2007) and adapted for use 

here. Details of the specific sequence identities can be found in Appendix 4.3. Members 

of this dataset were originally included in order to cover a wide geographical range for 

the group for biogeographical analysis. The Aphodiinae sequences were originally used 

as an outgroup and are assumed to be sister to the Scarabaeinae (Browne & Scholtz, 

1999). 

 

Alignment building (Multiple alignment) 

ClustalW  2.0.9 (Larkin et al., 2007) was compiled for use on the High Performance 

Computing facility and Bash scripts written (Appendix 4.1) to cycle through the entirety 

of alignment parameter space for opening cost and extension costs required at intervals 

of 0.5, giving an evenly spread grid of 40,401 parameter combinations for the 
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Scarabaeidae rrnL dataset, as originally discussed in Chapter 4. Scripts were also 

written to compare all 40,401 alignments (Appendix 4.2) and identify all those 

alignments that were different from each other. 

 

Tree building 

PhyML (Guindon & Gascuel, 2003) was compiled for use with Imperial College 

London’s High Performance Computing facility. PhyML was selected based on its high 

accuracy, the speed at which it is capable of building trees that include branch lengths 

and because, unlike maximum parsimony based programs such as Tree analysis using 

New Technology (TNT) (Golobof et al., 2000), a single tree is produced per alignment.  

 

Consensus Tree building 

Strict consensus (Sokal & Rohlf, 1981), Semistrict consensus (Bremer 1990) and 

Majority rule consensus trees were built from all of the different tree topologies found 

using Paup* Version 4 Beta 10 (Swofford 2003). 

 

Tree comparison   

The EMBOSS package (Rice, Longden & Bleasby, 2000), was compiled for use with 

Imperial College London’s High Performance Computing facility. Within the EMBOSS 

package the program ftreedist is a component converted for use from Phylogeny 

Inference Package (PHYLIP) (Felsenstein, 2004, Felsenstein, 2005) by the EMBOSS 

team in 2004 that allows the symmetric difference of Robinson & Foulds (1981) to be 

calculated between trees. Clustal alignment files were converted into Phylip format, 

which is accepted by ftreedist. The symmetric difference is computed by bisecting each 

tree on each internal branch in turn so that all possible partitions or Buneman's splits, 

that can exist for the two trees are identified. The symmetric difference is then a count 

of how many of these partitions are only found once. The higher the symmetric 

difference score, the greater the dissimilarity between the tree topology of two trees.  
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Topology space tree building 

Symmetric difference scores between all pairs of trees were arranged in a distance 

matrix, then a Neighbour Joining tree built using Paup* Version 4 Beta 10 (Swofford, 

2003) representing the distribution of tree topologies within alignment space as 

previously used by Ahrens & Vogler (2008). 
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Results 

 

All 9008 PhyML trees recovered using ClustalW 2.0.9 differed from each other in terms 

of symmetric distance score. The tribal composition of the Scarabaeidae dataset from 

Chapter 4 is given in Table 6.1. The dataset is dominated by members of the 

Canthoniini, and Onthophagini tribes but, at a minimum each tribe is represented by at 

least 5 individuals. 

 

Table 6.1. Tribal composition of the dataset. 

Tribe Number of 
individuals 

Canthoniini 58 
Coprini 14 
Dichotomiini 26 
Eucraniini 5 
Eurysternini 7 
Gymnopleurini 6 
Oniticellini 16 
Onitini 8 
Onthophagini 41 
Phanaeini 9 
Scarabaeini 8 
Sisyphini 8 
Outgroup 5 
 
The strict consensus tree for all 9008 different PhyML trees (figure 6.1) was found to be 

identical to the Semistrict Consensus tree. 19 nodes were found to be bifuricating. Of 

those 17 nodes separate two sequences, potentially allowing the identification of 17 

cojoiner pairs relationships (table 6.2) that appear to be independent of the parameter 

combinations used. The other two resolved (bifuricating) nodes (numbers 6 and 18) 

potentially allow one ‘species’ to be regarded as the sister to a pair of cojoiners. In the 

remaining cases relationships between taxa cannot be resolved. 
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Table 6.2. Identities of cojoining species pairs found to occur in all 9008 trees the 

relationships  being independent of the alignment parameters selected. 

Node Species 1 Species 2 Tribe level agreement 
1 Gynopleurus sp 1 Gymnopleurus virens Yes, Gymnopleurini 
2 Epirinus hilaris Epirinus sp 1 Yes, Canthoniini 
3 Coptodactyla storeyi Coptodactyla glabricollis Yes, Coprini 
4 Scarophorus 

tuberculatus 
Scaraphorus costatus Yes, Dichotomiini 

5 Uroxys sp 1 Uroxys sp 2 Yes, Dichotomiini 
7 Aphodius sp 2 Aphodius sp 1  
8 Tiniocellus spinipes Tiniocellus sp 1 Yes, Oniticellini 
9 Saphobius squamulosus Saphobius setosus Yes, Canthoniini 

10 Pseudignambia sp 2 Pseudignambia sp 1 Yes, Canthoniini 
11 Catharsius philus Catharsius calaharicus Yes, Coprini 
12 Anachalcos convexus Anachalcos suturalis Yes, Canthoniini 
13 Metacatharsius opacus Metacatharsius 

troglodytes exiguous 
Yes, Coprini 

14 Dichotomius sp 2 Dichotomius boreus Yes, Dichotomiini 
15 Dichotomius 

parcepunctatus 
Dichotomius yucatanus Yes, Dichotomiini 

16 Anomiopsoides 
heteroclyta 

Heteronitis castelinaui No, Eucraniini and Onitini 

17 Coprophanaeus sp 1 Coprophanaeus telamon 
corythus 

Yes, Phanaeini 

19 Eurysternus sp 1 Eurysternus hamaticollis Yes, Eurysternini 
6 Aphodius sp 1 and sp 2 Aphodius sp 3  

18 Eurysterns sp 1 and E. 
hamaticollis 

Eurysternus caribaeus Yes, Eurysternini 
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Figure 6.1. Strict consensus tree comprised of all 9008 different PhyML trees. 19 

bifuricating nodes are numbered and refer to cojoining relationships of species identified 

in table 6.2. The identity of all sequences can also be found in Appendix 4.3. 
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Figure 6.2 Majority rule consensus tree comprised of all 9008 different PhyML trees. 19 

bifuricating nodes are numbered and refer to cojoining relationships of species identified 

in table 6.2. The identity of all sequences can also be found in Appendix 4.3. 
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Table 6.3a Cojoining taxa pairs from majority rule tree. 
 
Nod

e 
Species 1 Species 2 Tribe level agreement 

20 Heteronitis castelnaui Onitis caffer Yes, Onitini 
22 Bubas bubalus Bubas bison Yes, Onitini 
23 Onitis falcatus Cheironitis 

hoplosternus 
Yes, Onitini 

24 Onitis alexis Macroderes sp 1 No, Onitini and 
Dichotomiini 

25 Afrodiastictus sp. Psammodius 
porcicollis 

 

26 Pachylomerus 
femoralis 

Drepanopodus 
costatus 

Yes, Scarabaeini 

28 Sceliages brittoni Sceliages hipias Yes, Scarabaeini 
37 Canthidium 

thalassinum 
Canthidium haroldii Yes, Dichotomiini 

38 Euoniticellus 
intermedius 

Oniticellus fulvus Yes, Oniticellini 

40 Onthophagus sp 5 Onthophaugs 
clypeatus 

Yes, Onthophagini 

43 Onthophagus 
semiareus 

Proagoderus 
schwaneri 

Yes, Onthophagini 

46 Digitonthophagus 
gazella 

Phalops ardea Yes, Onthophagini 

47 Onthophagus 
laminatus 

Onthophagus 
quadripustulatus 

Yes, Onthophagini 

48 Onthophagus vulpes Onthophagus 
rorarius 

Yes, Onthophagini 

51 Onthophagus 
bidentatus 

Onthophagus 
haematopus 

Yes, Onthophagini 

53 Onthophagus sp 6 Onthophaugs batesi Yes, Onthophagini 
54 Onthophagus sp 1 Onthophagus 

fimetarius 
Yes, Onthophagini 

56 Onthophagus 
obscurior 

Onthophagus 
babirussoides 

Yes, Onthophagini 

57 Onthophagus mije Onthophagus 
glabratus 

Yes, Onthophagini 

59 Helictopleurus sp 2 Helictopleurus 
striatus 

Yes, Oniticellini 

60 Helictopleurus 
quadripunctatus 

Helictopleurus sp 1 Yes, Oniticellini 

61 Odontoloma pusillum Odontoloma sp 1 Yes, Canthoniini 
62 Allogymnopleurus 

thalassinus 
Garretta nitens Yes, Gymnopleurini 

64 Paragymnopleurus Paragymnopleurus Yes, Gymnopleurini 
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striatus maurus 
68 Phanaeus demon Phanaeus sallei Yes, Phanaeini 
74 Phanaeus camberforti Oxysternon 

conspicillatum 
Yes, Phanaeini 

75 Ateuchus 
ecuadorense 

Ateuchus 
chrysopyge 

Yes, Dichotomiini 

79 Neosisyphus mirabilis Sisyphus faciculatus Yes, Sisyphini 
80 Onthobium cooki Sisyphus gazanus No, Canthoniini and 

Sisyphini 
83 Sisyphus crispatus Sisyphus faciculatus Yes, Sisyphini 
84 Temnoplectron 

politulum 
Temnoplectron 
finnigani 

Yes, Canthoniini 

86 Monoplistes sp 1 Monoplistes 
curvipes 

Yes, Canthoniini 

88 Demarziella imitatrix Demarziella mirifica Yes, Dichotomiini 
91 Cephalodesmius 

quadridens 
Cephalodesmius 
armiger 

Yes, Canthoniini 

92 Pseudoonthobium 
fracticolloides 

Anonthobium tibiale Yes, Canthoniini 

94 Onthobium cooki Onthobium sp 1 Yes, Canthoniini 
96 Aleiantus sp 1 Aleiantus sp 2 Yes, Canthoniini 

102 Arachnodes sp 1 Arachnodes 
splendidus 

Yes, Canthoniini 

103 Copris amyntor  Microcopris sp 1 Yes, Coprini 
106 Catharsius sesostris Catharsius molossus Yes, Coprini 
109 Canthon luteicollis Canthon viridis Yes, Canthoniini 
110 Canthon lamprimus Canthon sp 1 Yes, Canthoniini 
114 Eurysternus 

angustulus 
Eurysternus 
plebejus 

Yes, Eurysternini 

116 Scybalocanthon 
pygidialis 

Canthon indigaceus Yes, Canthoniini 

117 Hansreia affinis Eudinopus 
dytiscoides 

Yes, Canthoniini 
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Table 6.3b Cojoining pairs of taxa and their sister taxa from majority rule tree. 
 
Node Cojoinging pair Sister taxa to 

group 
Tribe level 
agreement 

29 Sceliages brittoni and 
Sceliages hipias 

Pachysoma sp 1 Yes, Scarabaeini 

36 Canthidium thalassinum and 
Canthidium guanacaste 

Canthidium 
rufinum 

Yes, Dichotomiini 

39 Euoniticellus intermedius 
and Oniticellus fulvus 

Drepanocerus 
kirbyi 

Yes, Oniticellini 

41 Onthophagus sp 5 and 
Onthophagus clypeatus 

Euonthophagus 
carbonarius 

Yes, Onthophagini 

42 Onthophagus semiareus 
And Proagoderus schwaneri 

Digitonthophagus 
diabolicus 

Yes, Onthophagini 

44 Tiniocellus spinipes and 
Tiniocellus sp 1 

Tragiscus 
dimidiatus 

Yes, Oniticellini 

45 Digitonthophagus gazella 
and Phalops ardea 

Proagoderus 
bicallossus 

Yes, Onthophagini 

55 Onthophagus obscurior and 
Onthophagus babirussoides 

Onthophagus sp 
2 

Yes, Onthophagini 

58 Helictopleurus sp 2 and 
Helictopleurus striatus 

Liatongus 
militarus 

Yes, Oniticellini 

69 Anomiopsoides heteroclyta 
and Heteronitis castelinaui 

Glyphoderus 
sterquilinus 

No, Eucraniini, 
Onitini and 
Eucraniini 

73 Coprophanaeus sp 1 and 
Coprophanaeus telamon 
corythus 

Coprophanaeus 
lancifer 

Yes, Phanaeini 

77 Epirinus hilaris and Epirinus 
sp 1 

Epirinus sp 2 Yes, Canthoniini 

81 Onthobium cooki and 
Sisyphus gazanus 

Neosisyphus 
rubber 

No, Canthoniini and 
Sisyphini  and 
Sisyphini 

87 Demarziella imitatrix and 
Demarziella mirifica 

Demarziella 
interrupta 

Yes, Dichotomiini 

90 Pseudignambia sp 2 and 
Pseudignambia sp 1 

Coproecus 
hemihaericus 

Yes, Canthoniini 

95 Scarophorus tuberculatus 
and Scaraphorus costatus 

Coptorhina sp 1 Yes, Dichotomiini 

97 Aleiantus sp 1 and Aleiantus 
sp 2 

Aleiantus sp 3 Yes, Canthoniini 

101 Uroxys sp 1 and Uroxys sp 
2 

Uroxys micros Yes, Dichotomiini 
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Table 6.3c Cojoining groups of sister groups and their taxa from majority rule tree. 
 
Node Cojoining group 1 Cojoining group 2 Tribe level 

agreement 
21 Heteronitis castelnaui and 

Bubas bubalus 
Onitis caffer and Bubas bison Yes, Onitini 

32 Dichotomius sp 2 and 
Dichotomius boreus 

Dichotomius parcepunctatus 
and Dichotomius yucatanus 

Yes, 
Dichotomiini 

52 Onthophagus bidentatus and 
Onthophagus haematopus 

Onthophagus sp 6 and 
Onthophaugs batesi 

Yes, 
Onthophagini 

63 Allogymnopleurus thalassinus 
and Paragymnopleurus 
striatus 

Garretta nitens and 
Paragymnopleurus maurus 

Yes, 
Gymnopleurini 

85 Temnoplectron politulum and 
Monoplistes sp 1 

Temnoplectron finnigani and 
Monoplistes curvipes 

Yes, 
Canthoniini 

93 Pseudoonthobium 
fracticolloides and Onthobium 
cooki 

Anonthobium tibiale and 
Onthobium sp 1 

Yes, 
Canthoniini 

107 Catharsius sesostris and 
Catharsius molossus 

Catharsius philus and 
Catharsius calaharicus 

Yes, Coprini 
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Table 6.3d Cojoining groups of sister groups and their taxa from majority rule tree. 
 
Node Clade  cojoiners Tribe level 

agreement 
35 Canthidium thalassinum, Canthidium 

guanacaste and Canthidium rufinum 
Canthidium 
haroldii 

Yes, Dichotomiini 

54 Onthophagus bidentatus and 
Onthophagus haematopus 

Onthophagus 
championi 

Yes, Onthophagini 

50 Onthophagus bidentatus, 
Onthophagus haematopus and 
Onthophagus championi 

Onthophagus 
crinitis 
panamensis 

Yes, Onthophagini 

49 Onthophagus bidentatus, 
Onthophagus haematopus, 
Onthophagus championi and 
Onthophagus crinitis panamensis 

Onthophagus 
vulpes and 
Onthophagus 
rorarius 

Yes, Onthophagini 

65 Allogymnopleurus thalassinus, 
Paragymnopleurus striatus, Garretta 
nitens and Paragymnopleurus maurus 

Gymnopleurus sp 
1 and 
Gymnopleurus 
virens 

Yes, Gymnopleurini 

66 Allogymnopleurus thalassinus, 
Paragymnopleurus striatus, Garretta 
nitens, Paragymnopleurus maurus, 
Gynopleurus sp 1 and Gymnopleurus 
virens 

Gromphas 
aeruginosa 

No, Gymnopleurini 
and Dichotomiini 

67 Allogymnopleurus thalassinus, 
Paragymnopleurus striatus, Garretta 
nitens, Paragymnopleurus maurus, 
Gynopleurus sp 1 Gymnopleurus 
virens and Gromphas aeruginosa 

Anachalcos 
convexus and 
Anachalcos 
suturalis 

No, Gymnopleurini 
and Dichotomiini 
and Canthooniini 

70 Anomiopsoides heteroclyta, 
Heteronitis castelinaui and 
Glyphoderus sterquilinus 

Eucranium 
arachnoids 

No, Eucraniini, 
Onitini, Eucraniini 
and Eucraniini 

71 Coprophanaeus sp 1, 
Coprophanaeus telamon corythus 
Coprophanaeus lancifer and 
Dendropaemon bahianum 

Ennerarabdus 
lobocephalus 

No, Phanaeini and 
Eucraniini 

72 Coprophanaeus sp 1, 
Coprophanaeus telamon corythus 
and Coprophanaeus lancifer 

Dendropaemon 
bahianum 

Yes, Phanaeini 

78 Epirinus hilaris, Epirinus sp 1 and 
Epirinus sp 2 

Epirinus aeneus Yes, Canthoniini 

82 Onthobium cooki, Sisyphus gazanus 
and Neosisyphus rubber 

Neosisyphus 
confrater 

No, Canthoniini, 
Sisyphini, Sisyphini 
and Sisyphini 

89 Demarziella imitatrix, Demarziella 
mirifica and Demarziella interrupta 

Coptodactyla 
storeyi and 

No, Dichotomiini 
and Coprini 
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Coptodactyla 
glabricollis 

98 Aleiantus sp 1, Aleiantus sp 2 and 
Aleiantus sp 3 

Phacosomoides 
olsoufieffi 

Yes, Canthoniini 

99 Aleiantus sp 1, Aleiantus sp 2, 
Aleiantus sp 3 and Phacosomoides 
olsoufieffi 

Pedaria sp 1 No, Canthoniini and 
Dichotomiini 

100 Uroxys sp 1, Uroxys sp 2 and Uroxys 
micros 

Bdelyropsis sp 1 Yes, Dichotomiini 

108 Catharsius sesostris, Catharsius 
molossus, Catharsius philus and 
Catharsius calaharicus 

Metacatharsius 
opacus and 
Metacatharsius 
troglodytes 
exiguous 

Yes, Coprini 

111 Eurysternus sp 1, Eurysternus 
hamaticollis and Eurysternus 
caribaeus 

Eurysternus 
inflexus 

Yes, Eurysternini 

112 Eurysternus sp 1, Eurysternus 
hamaticollis, Eurysternus caribaeus 
and Eurysternus inflexus 

Eurysternus 
velutinus 

Yes, Eurysternini 

113 Eurysternus sp 1, Eurysternus 
hamaticollis, Eurysternus caribaeus, 
Eurysternus inflexus and Eurysternus 
velutinus 

Dendropaemon 
bahianum 

No, Eurysternini 
and Phanaeini 

115 Eurysternus sp 1, Eurysternus 
hamaticollis, Eurysternus caribaeus, 
Eurysternus inflexus, Eurysternus 
velutinus and Dendropaemon 
bahianum 

Canthon 
lamprimus and 
Canthon sp 1 

No, Eurysternini 
and Phanaeini and 
Canthoniini 
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Figure 6.3a. Topology variation within the ClustalW 2.0.9 alignment program. Unrooted Neighbour Joining tree based on 

symmetric difference scores from pairwise tree comparisons between maximum likelihood trees for all 9008 different 

alignments recovered for the Scarabaeidae dataset from ClustalW 2.0.9 alignment parameter space (Chapter 4). 70 

numbered and coloured clades within tree topology space correspond to coloured regions of alignment parameter space 

shown in Figure 6.3b. 
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Figure 6.3b. The distribution of topologically similar clades within ClustalW 2.0.9 opening cost and extension cost 

alignment parameter space. Coloured and numbered regions correspond to the numbered and coloured  clades identified 

in figure 6.3a. 
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Figure 6.4. Symmetric distance between the tree topology recovered for alignment 

4245 and all 9007 other tree topologies (alignment 4245 being generated using the 

opening cost of 4 and extension penalty of 22.5). 
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Discussion 

 

Each one of the 9008 different alignments led to the recovery a different tree 

topology using PhyML (although despite there being a one to one relationship 

between alignment and tree, there is not a one to one relationship between tree 

topology and a single combination of alignment parameters in all cases). 

Nevertheless, where a single set of parameters within alignment parameter space is 

used, whether based on some justification or not, the effect of doing so is to select 

one tree topology, from a potentially vast range of alternative tree topologies.  

Moreover, the range of tree topologies to select from is not evenly spread across 

topology space. Instead, topologies are clustered into narrow regions of topology 

space separated from closely related topologies by a short distance, which are 

themselves separated from more distantly related topologies by greater distances 

(figure 6.3a).  

 

With respect to alignment parameter space, tree topology space is structured so that 

similar topologies appear to be found together. However, there are exceptions as 

some of the alignment topology clusters that occur under extension cost parameters 

close to 0 are also found occurring with extension cost parameters close to 100. In 

most cases a change in either the opening or extension cost of 0.5, the smallest step 

size examined, will cause little change in terms of the clade to which the topology 

belongs. However, in some cases, such as for positions on the edge of a clade, a 

change of 0.5 will cause large shifts across tree topology space. For example, an 

increase in extension penalty of 0.5 or decrease of opening penalty of 0.5 from the 

alignment created by the extension penalty of 23 and opening penalty of 95.5, 

produces one of the largest shifts across tree topology space, from clade 7 to clade 

55. 

 

Where the correct tree topology is not known, without a criteria for judging which 

alignment hypothesis is best or which are equally good, all 9008 different tree 

topologies must be regarded as being equally valid. In this case the only option is to 

take the most conservative approach and accept all 9008 tree topologies by building 

a strict consensus tree (Sokal & Rohlf, 1981). In this case the strict consensus tree 

(figure 6.1) leads to the recovery of only 17 cojoining relationships (table 6.2) 
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unambiguously supported across all 9008 alternative tree topologies. In addition only 

2 internal nodes were common to all 9008 trees, all other relationships being 

collapsed and represented as unresolved polytomies. 

 

The identity of each sequence given in Chapter 4, included the category of Tribe 

membership based on Balthasar (1963). If this morphologically based classification 

is accepted as correct at the level of tribe, then each of the 17 pairs of cojoining 

sequences (table 6.2) should both belong to the same tribe. For the pair of 

sequences at node 16 Anomiopsoides heteroclyta (Eucraniini) and Heteronitis 

castelinaui (Onitini) this is not the case. Instead, Anomiopsoides heteroclyta is found 

to be most closely related to Heteronitis castelinaui in all 9008 trees, and therefore 

this relationship is insensitive to 40,401 different combinations of alignment opening 

cost and alignment extension cost. If the morphological classification system is 

accepted as being correct to tribe level, then this result means that none of the 9008 

different trees can be entirely correct, and that without taking account of 

morphological trait data, the strict consensus tree building approach could lead to 

overconfidence in correctly identifying cojoining species pairs. Combined with the 

great variability of relationships found between taxa, represented by unresolved 

polytomies, this finding has important implications for studies that attempt to explain 

factors such as biogeographic distributions or the evolution of traits by examining 

cojoining pairs of taxa. Where length variable sequences are used and little 

exploration of alignment variation is attempted, careful consideration should be made 

as to the reliability of such explanations. 

 

Swofford (1991), Hillis et al., (2005), Adams (1986), Mickevich & Platnick (1989), and 

Funk & Brooks (1990) state that the strict consensus method is too insensitive and 

may cause common cladistic information shared by all trees to be lost. The majority-

rule consensus method of (Margush & McMorris, 1981) is a less strict alternative, 

only requiring agreement of relationships across a majority of the trees being 

compared. This method shows the splits found in more than 50% of the trees. If no 

split is found to occur more than 50% of the time the relationships are shown as 

unresolved polytomies. For the majority-rule tree (figure 6.2) 117 nodes were found 

to be resolved (including all those recovered for the strict consensus tree) creating 

49 fully resolved clades. Examination of the cojoining members within each showed 
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that tribe level expectations, as to the relationships of clade membership was not 

met on 14 occasions (tables 6.2 and 6.3a-d).  

 

In this case there is no reason to believe that an average tree topology, created 

using consensus methods, is an accurate reflection of true tree topology. Consensus 

methods are only appropriate when all of the trees used to build the consensus tree 

are considered to be equally good. For these 9008 trees there is no reason to hold 

such a belief. Depending on the criteria used to measure alignment quality, some 

alignments will be of higher quality than others. Therefore some of the tree 

topologies recovered will also be of higher quality than others and only these high 

quality alignments and corresponding tree topologies should be used. 

 

The trees recovered using consensus methods lack branch length values. Therefore, 

consensus trees are not useful where branch length values are required for further 

analysis such as for quantitatively delimiting species (Pons et al., 2006) or where 

dating trees is important. The findings reported here demonstrate that to carry out 

such analyses for length variable sequence data, great care should be taken in 

selecting a high quality alignment in order to reflect tree topology accurately before 

further analysis is undertaken. 
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Further work 

 

Ftreedist also allow the Branch Score Distance of Kuhner & Felsenstein (1994) to be 

calculated. This score is similar to the symmetric difference of Robinson & Foulds 

(1981) but additionally takes branch length variation into account as well as variation 

in topology. Branch lengths are available for each tree scored here. The distribution 

of branch length should be investigated using the method of Pons et al., (2006). 

Morphologically driven alignment selection should also be further investigated, the 

distribution of cojoing pairs within alignment parameter space being used to justify 

the selection of one or a few alignments. TNT (Goloboff, Farris & Nixon, 2000) 

should be compiled for use on the HPC and freetreedist scripts adapted so that it 

can be more efficiently applied to larger numbers of trees. It would also be 

interesting to understand how consensus trees might appear for all members of each 

clade identified. A systematically identified threshold was not applied to tree topology 

space clades.  Alignment parameter distance should be investiaged in relation to the 

symmetric difference score in order to allow this. 
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Chapter 7 

 

Using the Simpson’s index and Shannon-Wiener index of diversity as measures of 

alignment accuracy 

 

Abstract 

 

Investigators using DNA sequence data containing insertion or deletion events are 

required to select one or a few best alignments from what may potentially be a vast 

range of alternatives. Many scoring systems are available for use, however these 

criteria are often crude or only apply under circumstances that are so specific they 

are of little use. For whatever reasons investigators rarely report using a scoring 

system to systematically select a best alignment, instead subjectively attempting to 

maximise nucleotide similarity using phenetic criteria applied qualitatively to the 

alignments. Measures of diversity such as the Simpson’s Index and the Shannon-

Wiener index of diversity have been suggested as a more appropriate measure for 

scoring alignment quality. The Shannon-Wiener index of diversity was applied to 

9,008 alignments for a Scarabaeidae dataset. The Simpson’s Index was applied to 

9,008, 10,436 and 14,590 alignments from three datasets increasing in phylogenetic 

breadth. Based on this score, single alignments were identified as the best in each 

case. Using the Simpsons Index of diversity alignment parameters leading to 

recovery of the optimal alignment for the Scarabaeidae dataset agreed closely with 

values found using 16S benchmarks, as did use of the mean Simpson’s Index of 

diversity for the Coleoptera subfamily dataset. For the Scarabaeidae dataset 

Simpson’s Index of diversity scores ranged from 69.82 to 135.30 (Simpson’s Index of 

diversity scores decrease with decreasing diversity). All of the least diverse 

alignments, with scores of less than 70, were found to share a high degree of 

similarity in tree topology space but all of these trees differed to some extent. Close 

examination of the alignment revealed that although stem regions were generally 

well aligned, loop regions such as H1835 caused disruption to the ends of the 

neighbouring stem regions and the alignment did not reflect expectations about 

homology relationships and loop region length in this part of the alignment.  
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Introduction 

 

Typically, users of alignment programs aim to find the one best alignment that 

reflects a single evolutionary ‘truth’. Finding high quality alignments is thought to be 

particularly important as  “the quality of a tree is no better than the quality of the 

alignment used to estimate that tree” Hall (2005). Many others also believe that tree 

topology is more dependent on the alignment and alignment method than on the 

method of phylogenetic reconstruction used (Cammarano et al., 1999, Hwang et al., 

1998, Kjer 1995, Kjer 2004, Lake 1991, Morrison & Ellis, 1997, Mugridge et al., 

2000, Ogden & Whiting, 2003, Thorne & Kishino, 1992, Titus & Frost, 1996, Xia et 

al., 2003). The approach taken by investigators to finding the preferred tree can be 

divided into two main camps: those who align data manually (also known as 

alignment by eye) perhaps based on phenetic critera of sequence similarity; and 

those who align data using automated computer based alignment programs and then 

select the best one of a number of alignments, perhaps also using phenetic criteria. 

In this thesis the definitions of manual and automated alignment are taken as those 

held by Kjer et al., (2007), that any alignments produced using alignment programs 

that are then manually adjusted by hand are regarded as entirely manual alignments. 

This is because the final homology decisions, including those which have not been 

altered, have been selected based on the investigator’s own criteria. Presumably, 

investigators making manual adjustments are able to correctly calculate the effect of 

applying their chosen criteria on any alignment before consistently applying it across 

the entire alignment. For visually inspected alignments the phenetic criteria of 

nucleotide similarity is popular, but there is little evidence of this criteria being 

applied consistently. The inconsistency in the application of the criteria of nucleotide 

similarity causes great difficulty for the replication of findings, creating a dilemma. 

Investigators can use what they consider to be high quality, but subjective, non-

repeatable manually adjusted alignments. The non-repeatabilty of manually adjusted 

alignments means that their use in scientific papers should be avoided. Alternatively 

investigators can use alignments generated through purely automated means, that 

can be repeatedly recovered given information on the program and parameter 

settings used. However, in some cases it may be clear that purely automated 

alignments appear to be of considerably lower phenetic quality than manually 



 171 

adjusted alignments for the same dataset. The investigator’s dilemma is whether 

they consider repeatability to be more important than alignment accuracy. 

 

Irrespective of whether an investigator falls into the manual alignment or automated 

alignment camp, where two or more different alignments can be built for a set of 

DNA sequences investigators are faced with the same problem:  how to identify 

which alignment to choose to use as is in further analysis;  or how to identify which 

one to choose for manual ‘improvement’. Such choices are typically made by looking 

at the alignments and selecting the one that looks ‘better’, better being subjective 

and defined by the user’s expectation of what a good alignment may be. The vast 

range of parameter combinations that are available to select for automated 

alignment programs  potentially give the users of these programs a vast range of 

different possible alignments to choose from, (even before some investigators begin 

to increase this number by ‘improving’ one of the automated alignments by hand).  

 

In Chapter 4 it was shown that for a single 16S data set made up of 211 taxa from 

within the Scarabaeidae a total of 9,008 different alignments can be recovered using 

the program ClustalW 2.0.9. In Chapter 6 it was shown that a different tree topology 

can be recovered for each of these 9008 alignments. It is likely that the quality of 

these alignments, and so the quality of the resulting tree topologies, varies 

considerably. Visually judging the quality of so many alignments is not only 

subjective but impractical. Rather than selecting one ‘best’ alignment from many 

based on a subjective definition of what is best, when handling large numbers of 

alignments, in the interest of time, scientific rigor and repeatability, it is necessary to 

quantitatively define what a good alignment is, so that alignments can be 

automatically scored and the best one, or group of equally good alignments, 

quantitatively identified. 

 

The quantitative definition of a good alignment will depend on which assumptions 

can be reasonably made about how the gene in question evolves.  In the simplest of 

cases two assumptions are often made by those wishing to align protein coding 

genes such as cox1. The first is that viable insertion deletion events do not occur in 

specific protein coding genes. If insertion or deletion events were to occur it is 

thought that the protein’s structure would be so radically altered that it would fail to 
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function, leading to non-viable offspring. Despite this, variable length sequences are 

occasionally found between distantly related taxa for genes such as cox1, meaning 

that some deletions or insertions occur without altering the protein’s function. This 

leads to the second widely held assumption for aligning protein coding genes, that if 

insertion and deletion events are necessary to align data they will only occur 

together in multiples of three. 

 

The Kernel-density method (Lauder et al., 1993, 1996; Lin et al., 1993) is a scoring 

system designed to measure the accuracy of length variable protein coding 

sequences. Columns are classified as being either conservative (invariant) or 

variable.  For regions of conserved protein coding genes, the second and, to a lesser 

extent, first base pairs within each codon are likely to be invariant. Scoring each 

alignment and selecting the one (or ones) that maximise the number of invariant 

sites in the first and second codon positions appears reasonable for small numbers 

of taxa, or where the phylogenetic breadth of the sequences to be aligned is low. 

However, as alignment size increases to include more taxa, or phylogenetic breadth 

increases, variation between species reduces the number of invariant sites. With the 

loss of each invariant site the method becomes less and less able to distinguish 

between different alignments. Therefore, the  Kernel-density measure is crude, and 

only applies to a few types of sequence data. Variation within each column is not 

accounted for beyond the point at which the column becomes classified as being 

variable. As such, the score may provide no justification for the selection of one 

alignment over many others, despite alignments potentially varying considerably 

where the alignments have the same invariant site score. 

 

In order to measure the quality of non-protein coding genes, alternative, more 

sophisticated definitions of what is a good alignment are required to be implemented 

in scoring systems. Lassman & Sonnhammer (2005) proposed a definition of the 

best alignment and method for identifying it, that differs from most others. Lassmann 

& Sonnhammer, (2005) thought that conserved core blocks were similarly aligned 

irrespective of the alignment program used. As a first step to finding the most 

biologically correct alignment they recomended that as many alignments as possible 

should be identified, using as many different alignment programs as possible. 

Although this advice is not quantitatively defined, a similar position is taken 
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throughout this thesis. Lassmann & Sonnhammer (2005) then defined the preferred 

alignment as being the alignment with the highest number of aligned residue pairs 

found in many alignments produced using many alignment programs. This one or 

few alignments estimated to be the most average, and so best alignments are 

sought using the Multiple Overlap Score. Aside from using ‘many’ twice in the 

definition of finding the best alignment, making this a qualitative method, Lassmann 

& Sonnhammer (2005) assume that the alignments produced by many different 

programs are generally good and that averaging these good parts will lead to the 

optimal alignment being identified. Although the methods provides a clear criterion 

for selecting the best alignment among those tested, this does not ensure that the 

alignment itself is good. Instead regions may be poorly aligned in the same way in 

many cases, while being more correctly aligned in only a few cases. The average 

alignment could contain mostly the most poorly aligned data instead. All the Multiple 

Overlap Score does is identify the alignment that is most similar to the average 

alignment across the whole length of the sequence. In some cases this might allow 

the correct identification of core blocks of aligned sequence data, resulting in an 

alignment that is better than one chosen based on a score calculated using the 

entire alignment. However, there is nothing to suggest that the most average 

alignment is the best or most biologically accurate alignment. 

 

At their heart many alignment scoring systems are based on the notion that, for a 

given number of gaps, the best alignment is the one in which gaps are arranged to 

minimise nucleotide variability within each column. This follows from the 

assumptions that mutation events are rare, insertion and deletion events are rare, 

and that the simplest, most parsimonious explanation for the data is best. Typically 

these scoring systems have involved simple counts, such as the sum-of-pairs score 

(Carillo & Lipman, 1988) reported as the percent identity or the proportion of 

identically aligned residue pairs within an alignment. Numerous modifications have 

been made to this scoring system, including the use of additional parameter costs 

such as the gap opening penalty and gap extension penalty costs. If, for a given 

alignment length, the minimum total diversity is the sole criterion for defining what 

the best alignment is, then rather than simply counting and maximising the number 

of all pairwise similarities (matches) or counting and minimising the number of 
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pairwise dissimilarities (mismatches), it would be far more appropriate to score 

alignment quality by using a statistical measure of diversity.  

 

The Simpson’s Index of diversity (Simpson 1949) is a measure of diversity that has 

been suggested as a potential method for scoring alignment quality (Quicke pers. 

com. 2006). If two individuals are chosen from a population at random, the 

Simpson’s Index of diversity score gives the probability that these two individuals will 

not belong to the same species. The higher the score, the less likely it is that the two 

individuals belong to the same species and so the more diverse the population is. 

Typically the Simpson’s Index has been used to score the biodiversity of two 

different habitats both in terms of the number and abundance of each species. To 

my knowledge, prior to this, the Simpson’s Index of diversity has not been used to 

assess alignment quality in any published papers. In applying the Simpson’s index of 

diversity to DNA sequence alignments the role typically taken by species is replaced 

by the four possible nucleotide base pairs, A, C, G and T, while the samples or 

habitats are replaced by columns from the alignment. Scores reflect the number of a 

particular base pair per alignment column. 

 

When systematists judge the quality of alignments by eye and move base pairs they 

may for example find a sequence that compared to all others appears to have been 

shifted to the left or right. A hypothetical example of this is shown in figure 7.1. In this 

case moving all base pairs for the sixth sequence down one base pair to the left 

would result in a shorter and more phenetically pleasing alignment.  
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A C G T -   A C G T 

A C G T -   A C G T 

A C G T -   A C G T 

A C G T -   A C G T 

A C G T -   A C G T 

- A C G T   A C G T 

A C G T -   A C G T 

A C G T -   A C G T 

A C G T -   A C G T 

A C G T -   A C G T 

 

Figure 7.1. Two hypothetical alignments of 10 sequences, each containing 4 base 

pairs. The alignment shown on the left represents a hypothetical situation in which a 

systematist may wish to move the sixth sequence down one base pair to the left to 

produce the more phenetically pleasing alignment shown on the right. 

 

In the hypothetical case shown in figure 7.1, in terms of the Simpson’s Index score, 

moving the base pairs causes the richness of each column to be minimised. Instead 

of three columns containing two different base pairs, now four columns contain only 

one type. Similarly with the move leaving only one type of base pair per column 

evenness is also reduced to a minimum. Therefore, the Simpson’s Index of diversity 

provides a measure that reflects the decisions made by systematists who select 

alignments based on phenetic criteria that maximise base pair similarity within 

columns. 

The Shannon-Wiener index of diversity is another diversity index that has been used 

to measure biodiversity, accounting for the evenness and richness of species. When 

applied to an alignment the Shannon-Wiener index score H, is calculated for each 

base pair found within the column (the maximum number being of different base 

pairs being 4). For each base pair type found within a column, the number of 

instances found is divided by the total number of base pairs of any type found within 

the column. This value is multiplied by the natural log and again by the number of 

instances found. The score obtained for each base pair type is then summed giving 
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a total score, H, for the column. H would be maximised for a column in an alignment 

where all four different types of base pairs are found in equal numbers, and 

minimised where only one type of base pair was found. To obtain a diversity score 

for the entire alignment the H score is calculated for each column and summed, or 

where the mean H score is required, divided by the number of columns (alignment 

length). 

In this chapter, the Simpson’s Index of diversity is applied to the ClustalW 2.0.9 

alignments from three datasets, (9008 Scarabaeidae, 10,436 intermediate and 

14,590 Coleoptera subfamily alignments) discussed in chapter 4. The result of using 

this method as a scoring system for measuring alignment quality is discussed, in 

relation to parameter recommendations made by Wilm et al., (2006) for the 

alignment of 16S data, and in terms of the difference between identifying true 

homologous relationships and maximising the number of pairwise similarities. The 

Shannon-Wiener index of diversity is also applied to 9008 alignments from the 

Scarabaeidae dataset. The summed scores for both indices are potentially increased 

where alignment length increases. Therefore the mean value of each index is also 

examined so as to remove any effects of alignment length variation. 

 

 

Materials and methods 

 

Taxon Sampling 

 

Three datasets, previously covered in Chapter 4 were used. Two prexisting rrnL 

datasets were selected and adapted in order to examine the effect of phylogenetic 

breadth on alignment space. For the dataset covering the narrowest level of the 

taxonomic heirachy, 212 Scarabaeinae and Aphodiinae sequences were taken from 

Monaghan et al., (2007) (Appendix 4.3). Members of this dataset were originally 

included in order to cover a wide geographical range for the group for 

biogeographical analysis. The Aphodiinae sequences were originally used as an 

outgroup and are assumed to be sister to the Scarabaeinae (Browne & Scholtz, 

1999). At the broadest taxonomic hierarchical level all 210 available rrnL sequences 
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were taken from the 340 taxon tree of Coleoptera subfamilies as published by Hunt 

et al., (2007) shown in Appendix 4.5. At an intermediate hierarchical level, a third 

dataset of 202 sequences was created using Scarabaeformia and Staphyliniformia 

sequence data from both of the two datasets previously mentioned and additional 

unpublished sequence data supplied by Dr. Dirk Ahrens shown in Appendix 4.4. 

 

 

Multiple alignment 

 

The two alignment parameters considered to be most important for the alignment of 

sequence data containing insertion or deletions are thought to be the gap opening 

and gap extension penalties (Kjer et al., 2007). In the Clustal family of alignment 

programs, which are most commonly used for phylogenetic studies, the user is able 

to define both the initial average per gap penalty cost and initial per gap opening 

cost. Kjer et al., (2007) suggest that a thorough search of alignment parameter 

space requires the simultaneous optimisation of all parameters. Therefore, rather 

than examining two transects by holding one cost fixed to the default while varying 

the other, both costs were varied at the same time. Kjer et al., (2007) note that if the 

gap cost is too low, the program will produce a trivial alignment and, if the gap cost is 

too high, a gap will not be inserted. In between these two inappropriately extreme 

values “there may be some ideal gap cost to substitution ratio”. Selection of any such 

thresholds would place arbitrary bounds on the alignment parameter space. As such 

no prior expectation was held as to the size and distribution of ClustalW 2.0.9 (Larkin 

et al., 2007) alignment space, no such upper and lower bounds were applied to the 

parameter space and a systematic search strategy was used to cover the entirety of 

allowable parameter space. 

 

The thoroughness of search, or number of parameter combinations investigated, 

was determined by the available computing resources. ClustalW 2.0.9 was selected 

to represent the ClustalW family of alignment programs. At the time of investigation 

ClustalW 2.0.9 was the newest version available, and having been rewritten in C++ 

(Larkin et al., 2007) was ideally suited for large scale analysis using the High 

Performance Computing (HPC) facility at Imperial College London. Using the HPC 

facility up to 1,000,000,000 alignment files or 150 GB of memory was made available 
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for all investigations. No a priori assumptions were placed on the range of opening 

and extension cost values within the range allowed by the program, the gap opening 

penalty ranging from 0 to 100, and gap extension penalty ranging from 0 to 100. This 

allowed the systematic exploration of the entirety of alignment space for three 

datasets at intervals of 0.5, giving an evenly spread grid of 40,401 parameter 

combinations for each dataset, thought to be beyond that which might be reasonably 

be expected of any investigator. 

 

ClustalW 2.0.9 was compiled for use on the HPC facility and Bash scripts (Appendix 

4.1) written to cycle through the range of opening cost and extension costs required. 

Bash scripts (Appendix 4.2) were also written to compare all alignments identifying 

all those that were different from each other. 

 

 

Alignment scoring 

 

Bash scripts were written to calculate the sum total of the Simpson’s Index of 

Diversity for each column within an alignment, for use with the HPC facility at 

Imperial College London (Appendix 7.1). A script for calculating the Shannon-Wiener 

Index of diversity score for Nexus alignment files was also written, scoring carried 

out on a desktop compter (Appendix 7.2). 

 

Tree building 

 

Maximum-parsimony (MP) analysis was performed using PAUP* version 4.0b4a 

(Swofford 1998) using heuristic searches (TBR branch swapping) and a consensus 

tree of all equally parsimonious trees produced for each of the 9008 different 

alignments recovered for the Scarabaeidae data set. 
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Results 

 

For all three datasets varying in phylogenetic breadth, Simpson’s Index of diversity 

scores were found to be distributed in a negatively skewed U-shape with respect to 

increasing alignment length (figures 7.2, 7.11 and 7.16). Simpson’s Index of diversity 

scores ranged from 69.82 to 135.30 for the 9008 Scarabaeidae alignments, 105.56 

to 324.78 for the intermediate dataset and between 120.97 and 386.00 for the full 

subfamilies dataset. Therefore, for these three datasets, diversity of the alignments 

recovered increases both in size and breadth with increasing phylogenetic breadth. 

Close-up views of the areas in which minimum Simpson’s Index of diversity scores 

were found are given in figures (7.12 and 7.17). 
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Figure 7.2. Scatter plot of Simpson’s Index of diversity scores for 9008 alignments produced for the Scarabaeidae dataset. Low 

Simpson’s Index scores represent low diversity. Alignments are identified as being suboptimal, optimal for their alignment length 

class, mathematically justifiable, and or minimally diverse with respect to each other. Minimising diversity causes the length of the 

alignment to close in on a value of approximately 544 base pairs long.
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Figure 7.3. Scatter plot of the Shannon-Wiener Index of diversity scores for 9008 alignments produced for the Scarabaeidae 

dataset. A score of 0 would represent no diversity. Alignments are identified as being suboptimal, optimal for their alignment length 

class, mathematically justifiable, and or minimally diverse with respect to each other. Minimising diversity causes the length of the 

alignment to close in on a length of 543 base pairs long, similar to that found in figure 7.2. 
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Figure 7.4 Scatter plot of mean Simpson’s Index of diversity scores for 9008 alignments produced for the Scarabaeidae dataset. 

The optimal alignment with the best mean Simpson’s Index score is not identical to that found in figure 7.2. Instead, the alignment 

with the minimum Simpsons score, was found to be the 16th best when the mean Simpson’s score was used. however the best 

Mean Simpsons score was found to be 6314th best alignment according to the Simpson’s score). The alignment with the lowest 

mean Simpson’s score, shown here, was produced using a gap opening cost of 3 and a gap extension penalty of 3.5. 
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Figure 7.5 Scatter plot of mean Shannon-Wiener Index of diversity scores for 9008 alignments produced for the Scarabaeidae 

dataset. The optimal alignment identified using the mean Shannon-Wiener score was identical to that found for the Shannon-

Wiener score (figure 7.3) recovered from the use of 36 different combinations of gap opening and gap extension penalty costs such 

as gap extension 5.5 and gap opening penalty 51. That the same alignment is found to be least diverse suggests that the Shannon-

Wiener score is less sensitive to alignment length variation than the Simpson’s Index of diversity.
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Figure 7.6. Surface plot of the distribution of alignment diversity as scored using the 

Simpson’s Index of diversity across a range of opening and extension cost alignment 

parameters for ClustalW 2.0.9. Minimum diversity is used as the criteria for the most 

accurate alignment for the Scarabaeidae dataset, (low scores being less diverse) this 

being thought to reflect the phonetic appearance of the overall alignment best. The gap 

opening penalty of 15 and gap extension penalty of 6.666 are the default values which 

Clustal operates under unless otherwise specified. The point corresponding to the 

location of the alignment that would be returned under default conditions is shown as a 

black point. Extremely high gap opening and gap extension penalty costs produce 

highly diverse alignments (top right) as do extremely low gap opening and extension 

costs (bottom left). Minimally diverse alignments, thought to be phonetically best are 
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found in the area shaded dark orange, the least diverse alignment being produced using 

an extension cost of 22.5 and opening cost penalty of 4. These minimally diverse 

alignments are some distance from the default alignments position. 

 

 
Figure 7.7. Surface plot of the distribution of alignment diversity as scored using the 

mean Simpson’s Index of diversity across a range of opening and extension cost 

alignment parameters for ClustalW 2.0.9. Minimum diversity is used as the criteria for 

the most accurate alignment for the Scarabaeidae dataset, (low scores being less 

diverse) this being thought to reflect the phonetic appearance of the overall alignment 

best. Minimally diverse alignments, thought to be phonetically best are found in the area 
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shaded dark orange in the bottom left corner. The least diverse alignment recovered 

was produced using an extension cost of 3.5 and opening cost penalty of 3.0. 

 
Figure 7.8. Surface plot showing the distribution of alignment diversity for the 

Scarabaeidae dataset as cored using the Shannon-Wiener index of diversity.  Values 

close to 0 represent the least diverse alignments. Alignments were produced using 

ClustalW 2.0.9 with gap opening and gap extension cost parameters both ranging from 

0 to 100.  If minimum diversity is used as the criteria for alignment quality the worst and 

so most diverse alignments are produced using very high gap opening penalties in 

combination with very high gap extension penalties (top right) and for very low gap 

opening penalties in combination with very low gap extension penalties (bottom right). In 

this case the least diverse alignment is produced on 36 different occasions with 

extension parameter values ranging from 4.5 to 6.5 and opening penalty costs ranging 

from 61.0 to 66.0.
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Figure 7.9. Surface plot showing the distribution of alignment diversity for the 

Scarabaeidae dataset as scored using the mean Shannon-Wiener index of diversity.  

Values close to 0 represent the least diverse alignments. Alignments were produced 

using ClustalW 2.0.9 with gap opening and gap extension cost parameters both ranging 

from 0 to 100. As was found for the summed Shannon-Wiener index of diversity the 

same 36 combinations of extension parameter values ranging from 4.5 to 6.5 and 

opening penalty costs ranging from 61.0 to 66.0 lead to the recovery of one least 

diverse alignment 537 base pairs long.
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Figure 7.10. Shannon-Wiener index of diversity plotted against Simpson’s Index of diversity scores for 9008 alignments produced 

for a Scarabaeidae dataset. The diversity scores are negatively correlated, both scoring systems identifying similar alignments as 

having little diversity (top left) and being highly diverse (bottom right). 
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Figure 7.11. Scatter plot of Simpson’s Index of diversity scores for 10,436 different alignments produced using ClustalW 2.0.9 for 

the Intermediate dataset with respect to alignment length. Minimising the alignment diversity score causes alignment length to close 

in on a value of 549 base pairs long, produced by a gap opening cost of 4.0 and gap extension penalty of 59. 
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Figure 7.12. Close up of the area where Simpson’s Index of diversity scores for alignments produced using ClustalW 2.0.9 for the 

intermediate dataset (Scarabaeiformia, Staphyliniformia and Elateriformia) are minimised. Alignments are identified as being 

suboptimal, optimal for their alignment length class, mathematically justifiable, and or minimally diverse with respect to each other.  
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Figure 7.13. Scatter plot of mean Simpson’s Index of diversity scores for the intermediate dataset. Although an optima was found 

its position, and so the minimally diverse alignment, is not identical to that found to be minimally diverse in figure 7.12. The 

minimally diverse mean Simpsons Index of diversity alignment (opening 9.5, extension 3.5)  score is only the 105th best alignment 

as measured using the Simpsons Index of diversity. However the best scoring Simpsons Index of diversity alignment (produced by 

opening 59, extension 4) as measured using the mean Simpsons index of diversity score is the 127th best alignment.
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Figure 7.14. The distribution of alignment quality across opening and extension cost 

alignment parameter space. Minimum diversity is used as the criteria for best alignment 

as measured using the Simpson’s Index of diversity score for the intermediate dataset 

(Scarabaeiformia, Staphyliniformia and Elateriformia), low scores being less diverse so 

appearing phonetically better along the overall sequence. The overall least diverse 

alignment is produced by use of an extension penalty cost of 59 and opening penalty of 

4.0. 
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Figure 7.15. Surface plot of the distribution the overall diversity of alignments as scored 

using the mean Simpson’s Index of diversity across a range of gap opening and gap 

extension penalty parameter settings for ClustalW 2.0.9 for the intermediate dataset 

(Scarabaeiformia, Staphyliniformia and Elateriformia). Where minimum diversity is used 

as a criteria of the most accurate alignment reflecting the phenetic appearance of the 

overall alignment, the least diverse alignment is found to be recovered from the use of a 

gap opening cost of 9.5 and a gap extension cost of 3.5. 
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Figure 7.16. Simpson’s Index of diversity scores for all 14,590 different alignments produced using ClustalW 2.0.9 for the 

Coleoptera subfamily dataset with respect to alignment length. Minimising alignment diversity causes alignment length to close in 

on a value of 539 base pairs long.
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Figure 7.17. Scatter plot showing a close up of the area where Simpson’s Index of diversity scores for alignments produced using 

ClustalW 2.0.9 for the Coleoptera subfamily dataset are minimised. Alignments are identified as being suboptimal, optimal for their 

alignment length class, mathematically justifiable, and or minimally diverse with respect to each other. 
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 Figure 7.18. Mean Simpson’s Index of diversity scores for 14,590 alignments (Coleoptera subfamily dataset). Taking the mean of 

the Simpson’s index did not eliminate the optima found as measured by the Simpson’s Index of diversity score. However the least 

diverse alignment was produced using a different combination of penalties, a gap opening penalty of 1.5 and a gap extension 

penalty of 21.5. The alignment found to be best using the Simpson’s Index of diversity was the 7th best according to the Mean 

Simpson’s Index of diversity score.  However, according to the Simpson’s Index of diversity score the best alignment according to 

the mean Simpson’s Index of diversity score was 55th best. 
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Figure 7.19. The distribution of alignment quality across opening and extension cost 

alignment parameter space. Minimum diversity is used as the criteria for best alignment 

as measured using the Simpson’s Index of diversity score for the Coleoptera subfamily 

dataset, low scores being less diverse so appearing phenetically better along the overall 

sequence. The gap opening penalty of 15 and gap extension penalty of 6.666 are the 

default values which Clustal operates under unless otherwise specified. The point 

corresponding to the location of the alignment that would be returned under default 

conditions is shown as a black point. In this case the minimally diverse alignment is 

produced by use of 18.5 for gap extension penalty and 8 for gap opening penalty. 
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Figure 7.20. Surface plot of the distribution the overall diversity of alignments as scored 

using the mean Simpson’s Index of diversity across a range of gap opening and gap 

extension penalty parameter settings for ClustalW 2.0.9 for the Coleoptera subfamily 

dataset. The least diverse alignment is recovered when an opening cost of 1.5 is used 

in combination with an extension penalty value of 21.5. 
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Simpson’s Index of diversity score was plotted with respect to tree topology space for 

the 9008 Scarabaeidae trees, previously discussed in chapter 4, figure 4.1. Alignments 

with Simpson’s Index of diversity scores of less than 73 are found to occur in 37 

different groupings of broadly similar tree topologies (figure 7.21). However all 

alignments with Simpson’s Index of diversity scores of less than 70 are only found to 

occur in one single clade, labelled clade 3.  Within opening and extension cost 

alignment parameter space,  the group of alignments that go to make up trees in clade 

3 vary more widely than for other nearby clades in which the range of scores for all 

members is narrow and better than that for some members of clade 3 (figure 7.21). 
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Figure 7.21. The distribution of topology clade quality within tree topology space for 9,008 trees. Tree quality is based on the 

Simpson’s Index of diversity score for the alignment used to construct that tree. Clades that contain at least one tree that was 

produced from an alignment scoring less than 73 are shown in orange. The clade in which the best scoring alignments are found 

(below 70) is shown in red. 
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Figure 7.22. Opening 

and extension cost 

alignment parameter 

space, shown with 

respect to alignment 

quality as measured 

using the Simpson’s 

Index of Diversity. 

Low scores reflect 

high quality 

alignments in terms of 

appearing phenetically 

good on average along 

the entire length of the 

alignment. Numbers 

with areas correpond 

to numbered clades in 

figure 7.21 
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Table 7.1. Optimal alignment parameters and alignment lengths for each scoring 

system. 

 

Alignment 

length range 

Dataset 

min max 

Diversity 

measure 

Optimal 

alignment 

length 

Gap 

opening 

cost 

Gap 

extension 

penalty 

Simpson’s 

Index 

544 4.0 22.5 

Mean 

Simpson’s 

Index 

639 3.0 3.5 

Shannon-

Wiener 

543 61.0-

66.0 

4.5-6.5 

Scarabaeidae 532 888 

Mean 

Shannon 

Wiener 

537 61.0-

66.0 

4.5-6.5 

Simpson’s 

Index 

549 59.0 4.0 Scarabaeiform

ia, 

Staphyliniformi

a and 

Elateriformia 

533 1178 

Mean 

Simpson’s 

Index 

539 9.5 3.5 

Simpson’s 

Index 

539 8 8.5 Coleoptera 

subfamily 

521 1404 

Mean 

Simpson’s 

Index 

556 1.5 21.5 
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Figure 7.23. Relative gap length for H1835 stem and loop region (see Introduction, 

figure 1.6) is shown for the least diverse alignment recovered from the Scarabaeidae 

as scored using the Simpson’s Index of diversity score. This alignment was 

produced using a gap opening cost of 4.0 and an extension penalty of 22.5. Relative 

alignment length across the H1835 region was not found to be correlated with 

increasing phylogenetic breadth.
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H1853 Stem and loop region for the Scarabaeidae dataset minimum total diversity 

alignment. 
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Stem 
H1906 loop loop 

Minimum gap length 

determining 

sequence (seq0020) 

for the Scarabaeidae 

dataset when stem 

regions on either 

side of the H1835 

loop region are 

aligned to minimise 

Simpson’s index of 

diversity score. 
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Figure 7.23 Continued. 

 

H1853 Stem and loop region for Scarabaeidae dataset minimum total diversity 

alignment.  
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Figure 7.23 Continued 

 

H1853 Stem and loop region for Scarabaeidae dataset minimum total diversity 

alignment.. 
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Figure 7.23 Continued 

 

H1853 Stem and loop region for Scarabaeidae dataset minimum total diversity 

alignment.. 
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Figure 7.24. Relative gap length for H1835 stem and loop region (see Introduction, 

figure 1.6) is shown for the least diverse alignment recovered from the intermediate 

dataset as scored using the Simpson’s Index of diversity score. This alignment was 

produced using a gap opening cost of 59.0 and an extension penalty of 4.0. Relative 

alignment length across the H1835 region was not found to be correlated with 

increasing phylogenetic breadth.
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Figure 7.24 

 

H1853 Stem and loop region for the intermediate (Scarabaeiformia, Staphyliniformia 

and Elateriformia) dataset minimum total diversity alignment. 
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Figure 7.24 continued. 

 

H1853 Stem and loop region for the Scarabaeiformia, Staphyliniformia and Elateriformia 

dataset minimum total diversity alignment. 
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Figure 7.24 continued. 

 

H1853 Stem and loop region for the intermediate (Scarabaeiformia, Staphyliniformia 

and Elateriformia) dataset minimum total diversity alignment. 
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Figure 7.24 continued. 

 

H1853 Stem and loop region for the intermediate (Scarabaeiformia, Staphyliniformia 

and Elateriformia) dataset minimum total diversity alignment. 
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Figure 7.25. Relative gap length for H1835 stem and loop region (see Introduction, 

figure 1.6) is shown for the least diverse alignment recovered from the Coleoptera 

subfamily dataset as scored using the Simpson’s Index of diversity score. This 

alignment was produced using a gap opening cost of 8.0 and an extension penalty of 

8.5. Relative alignment length across the H1835 region was not found to be correlated 

with increasing phylogenetic breadth. 
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Figure 7.25 

 

H1853 Stem and loop region for the Coleoptera subfamily dataset, minimum total 

diversity alignment. 

 

 

 

H1835 
stem 

H1835 
stem 

H1830 
stem 

H1906 
stem 

H1906 
stem 

loop loop 



 215 

Figure 7.25 continued. 

 

H1853 Stem and loop region for the Coleoptera Subfamily dataset minimum total 

diversity alignment. 
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Figure 7.25 continued. 

 

H1853 Stem and loop region for coleoptera subfamily dataset minimum total diversity 

alignment. 
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Figure 7.25 CONTINUED 

 

H1853 Stem and loop region for the Coleoptera subfamily dataset minimum total 

diversity alignment. 
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Discussion 

 

For all three sets of alignments examined here the Simpson’s Index of diversity, mean 

Simpson’s Index of diversity, Shannon-Wiener Index of diversity and mean Shannon-

Weiner Index of diversity allowed one single alignment to be identified as optimal, using 

the criteria of minimum diversity as a reflection of the phenetic choices typically made 

when maximising nucleotide similarity (figures 7.2, 7.3, 7.4, 7.5, 7.11, 7.12, 7.13, 7.16, 

7.17 and 7.18). That these scoring systems are sensitive enough to allow a few best 

alignments, or in each of these cases a single best alignment, to be identified is a great 

strength of the method, as the aim is usually to identify and justify the use of a single 

alignment or a small number of equally good alignments. 

 

As expected, when the Simpson’s index of diversity is plotted against the Shannon-

Wiener index scores a strong negative correlation was found (figure 7.10). Surface plots 

for the different diversity scores were also similar in appearance (7.6, 7.7, 7.8 and 7.9), 

the most diverse alignments being recovered when extremely high gap opening and 

gap extension penalty costs were used, or when both costs were extremely low. 

However the distribution of highest quality alignments varied across the space for each 

of the different datasets (figure 7.6, 7.7, 7.8, 7.9, 7.14, 7.15, 7.19 and 7.20).  

 

From examining alignment parameter space using benchmark alignments from 

BAliBASE Wilm et al., (2006) recommended setting the ClustalW alignment parameter 

for the opening cost penalty to 0.83 and the parameter for the extension cost penalty to 

22.5 for the alignment of 16S data. These values correspond well to the values of 22.5 

for extension cost and 4 for opening penalty cost that produce the alignment where total 

diversity was minimised for the Scarabaeidae dataset and do not correspond well to the 

default values for ClustalW 2.0.9 (extension cost penalty of 6.666 and opening cost 

penalty of 15).  In addition Wilm et al.,’s (2006) recommendation is also similar to the 

alignment parameters found to produced the least diverse alignment for the Coleoptera 

subfamily dataset when scored using the mean Simpson’s Index score (opening cost of 

1.5 and extension penalty of 22.5). Such values appear counterintuitive, the expectation 
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being that these values would cause many single gaps within the alignment. However, 

the remaining combinations of opening and extension values that produce the minimally 

diverse alignments for the three datasets when scored on other occasions do not agree 

so well with Wilm et al.,’s (2006) recommendation, or the Clustal default values (see 

table 7.1). Unlike Wilm et al., (2006) no recommendation is made here as to a single 

combination of parameter values that will lead to a good alignment being recovered. 

Instead, from these results it must be concluded that the combination of alignment 

parameters that gives the best alignment is dataset dependent, and that as Higgins et 

al., (1996) suggested alignment space should be explored for each dataset in order to 

find high quality alignments as measured in this way. 

 

In all three cases where the Simpson’s index of diversity was used, defining the criteria 

of best alignment as being that with the minimum total diversity score or mean minimum 

total diversity allows an alignment to be selected without taking the alignment’s length 

into account. Selection of a best alignment is justifiable based on this criterion for these 

three datasets. However, defining the best alignment in this way means that differences 

in alignment length are not taken into account. Under some circumstances it could be 

argued that the result given by using this scoring system is not mathematically 

justifiable. Using the Simpson’s Index of diversity to compare alignments of different 

lengths is the equivalent of comparing the diversity of two habitats by counting the 

number of species found in each using different size quadrats. Without accounting for 

the difference in area of the quadrats it is likely that the habitat where the larger 

quadrats are used is will be found to be far more diverse. In the case of scoring 

alignments, failing to account for alignment length is the same as failing to account for 

differences between the size of quadrats. The length of an alignment is proportional to 

the number of insertion events relative to the number of mutation events. Without 

knowing the true number of insertion and deletion events it is not possible to normalise 

the data for alignment length. This means that rather than there being one best 

alignment, there is an equally justifiable ‘best’ alignment for each length class occupied 

by an alignment. 
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Despite this problem, some of the least diverse, and so “best”, alignments can be 

discounted as being of lower quality for some length classes when compared with the 

best alignments in other alignment length classes. Where the diversity score for the best 

alignment in a length class is equal to or higher (more diverse) than the diversity score 

of a shorter alignment, the shorter alignment can be regarded as being better and the 

longer alignment discounted. In accounting for differences in alignment length different 

but equally mathematically justifiable alignments occur for the Scarabaeidae, 

intermediate and Coleoptera subfamily datasets. 

 

Although not strictly statistically correct (Moncrief pers. com.) both the Simpson’s Index 

of diversity scores and Shannon-Wiener Index of diversity scores were normalised by 

dividing the score by the alignment length (figures 7.4, 7.5, 7.13, 7.16 and 7.18, ). In 

each case the U shaped curve remained, however, in all but that for the Shannon-

Wiener index score the optimal alignment differed from that identified by the unaltered 

index score. 

 

The Simpson’s Index and Shannon-Wiener index of diversity appear to be useful for 

identifying alignments where nucleotide similarity is maximised. But, the question 

remains: do these best alignments accurately reflect biological reality? The greater the 

phylogenetic breadth of a dataset the more insertion events are expected to occur in the 

loop regions of 16S. If these insertion events were to accumulate they  would cause the 

length of alignments reflecting true homology relationships to increase. Similarly, more 

deletion events might also be expected to occur for nucleotide positions within the loop 

regions decreasing the length of the sequence.  On the assumption that these events 

occur at random, it can be argued that the loop regions of 16S would be more 

accurately reflected by increasingly long alignments in the stem regions as phylogenetic 

breadth of the dataset being aligned increases. 

 

The variation in total length of sequences suggests that a high rate of insertion and 

deletion events occur in loop regions of 16S compared with stem regions and that the 

ratio of insertion to deletion events is not simply 1:1. Examination of the region 
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representing the H1835 stem and loop region demonstrates that the expectation that 

alignment length should increase with increasing phylogenetic breadth is not met. As 

expected, for the H1835 stem and loop region the length of the loop region for the best 

alignment found for the most phylogenetically diverse dataset was the longest (22 base 

pairs).  However, the length of the comparable loop region in the intermediate dataset 

(figure 7.24) is shorter than that for the Scarabaeidae dataset (figure 7.23), with lengths 

of 19 and 20 base pairs, respectively.  Instead of phylogenetic breadth and true 

homology relationships determining alignment length across the gap region it may be 

that for the Coleoptera subfamily dataset, the alignment’s length across the gap (and so 

the homology predictions within the loop region) was determined by sequence 0157 

(figure 7.25), this being the longest sequence spanning the gap between the conserved 

stem regions on either side of the loop region that does not contain a gap. If the stem 

regions are correctly aligned, this sequence determines the minimum allowable length 

for the gap. Similarly for the intermediate dataset, 3 sequences (numbers 0090, 0093 

and 0094) determine the minimum gap length recoverable (Figure 7.24). In the 

Scarabaeidae dataset the minimum length is determined by sequence 0020 that, again, 

is the gap length recovered.  Non homologous nucleotides from other sequences within 

the loop region of datasets are likely to be overmatched to the longest sequence 

spanning the loop region in each case. The quality of a loop region within an alignment 

may therefore potentially be determined by the nucleotide composition of the single 

longest loop region spanning sequence. 

 

Shortening alignment length to the left of the best alignment may occur due to the 

collapse of gaps within the stem regions, disrupting the alignment of stem regions and 

so increasing the overall diversity score of the alignment. Close examination of the 

region of three best alignments associated with the H1835 stem region, reveals that in 

all three cases the best alignments (using the criteria of minimum diversity) could be 

considerably improved by hand. Two invariant columns of Ts could be created on the 

right hand side of the gap reflecting the position of two U’s in the stem region of H1835. 

The tendency for the Clustal family of alignment programs to produce alignments 
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containing gaps with a ragged right hand margin was noted by Edgar, who split the gap 

opening penalty into two parts in order to deal with this when developing Muscle. 

 

The Simpson’s Index of diversity scoring system leads to the identification of best 

alignments that both undermatch and overmatch the data within loop regions at the 

same time. For these three examples the idea that in reality the most biologically 

realistic alignment is longer and less diverse than any of the equally good 

mathematically justifiable group of alignments from different alignment length classes, 

allows the discarding on mathematically equally justifiable alignments and a return to 

the original position. This is that in each case the alignment found to be least diverse 

according to the Simpson’s Index of diversity score searching ClustalW 2.0.9 parameter 

space is the best of all the recovered alignments. These alignments are not the single 

‘true’ alignments being sought, but they are the closest that can be achieved from the 

range of parameter space searched. 

 

Of the alignments for the Scarabaeidae dataset, those with Simpson’s Index diversity 

scores of less than 70, share similar positions within tree topology space (figure 7.21). 

When tree topology space is mapped onto the gap opening and gap extension 

alignment parameter space and combined with diversity score (figure 7.22) the 

complexity of the problem is further revealed. There are many alignments within a 

narrow range of diversity scores, from which are produced very different tree topologies, 

the area in which the least diverse alignments are found being comparably small. Even 

within area 3 (figure 7.22) containing the least diverse alignments, there exists a wide 

range of diversity scores all with a similar tree topology. 

 

For both the mean or unaltered Shannon-Wiener and Simpsons diversity scores the 

same problem arises as before. Now that a best starting point has been identified 

should these replicateable alignments be used as is despite their inaccuracies, or 

should these alignments be ‘improved’ by eye? Throughout this thesis it is clear that 

minor differences in the alignment of 16S can have major effects in determining tree 

topology. Where inaccuracy is known to occur in the alignment it simply cannot be left. 
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However, alignment by eye is not appropriate. Other alternative strategies exist such as 

cutting out the loop and disrupted regions using programs such as  Gblocks (Talavera & 

Castersana, 2007), however this would cause large regions of the alignment and 

phylogenetic information to be discarded. Instead alternative automated methods are 

required that are able to systematically identify poorly aligned regions and correct them 

without overmatching correctly aligned sequence data. 
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Further work. 

Modelling of rapid insertion and deletion events would improve the understand how truly 

homologus relationships cause alignment length across loop regions to vary. In addition 

alternative methods of cleaning up all of the many thousands of alignments discussed 

here should be explored, for example using Gblocks (Talavera & Castersana, 2007), 

and the resulting tree topologies compared with those for the unaltered alignments. 

Alignments from other alignment programs should be scored and compared in order to 

identify whether alternative gap treatment strategies such as that found in Muscle 

considerable improve the range of automated alignments to choose from. Finally 

alignment improvement software should be written or further developed to allow 

investigators to phenetically ‘improve’ their chosen alignments. 
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Chapter 8 

 

The relationship between alignment diversity, homoplasy and synapomorphy. 

 

Abstract 

 

Diversity measures such as the Simpsons Index of diversity and the Shannon-Wiener 

Index of diversity have been proposed as having the potential to allow alignment quality 

to be directly measured. Trees produced from alignments with low Simpsons Index of 

diversity scores or with low Shannon-Wiener Index of diversity scores require fewer 

character state changes than trees produced from alignments with higher diversity 

scores, when variation in alignment length is accounted for. However, knowing that a 

less diverse set of homology predictions within an alignment leads to the production of a 

shorter tree does not tell us anything about how this effect is brought about.  Two 

measures, the Consistency Index (CI), a measure of homoplasy, and the Retention 

Index (RI), a measure of synapomorphy, were applied to 9008 different 16S alignments 

from one dataset for which Simpsons Index of diversity scores and Shannon-Wiener 

index of diversity scores are known. Results show that minimising the overall diversity of 

alignments reduces the number of steps required in trees built from them and reduces 

the Retention Index score. Therefore the reduction in diversity appears to be caused by 

a reduction in the amount of synapomorphy. The relationship between the Consistency 

Index (the amount of homoplasy) and both the Simpsons Index of diversity and the 

Shannon-Wiener Index of diversity is less clear. Despite this, the Retention Index score 

was found to be negatively correlated with the Consistency Index score. Therefore 

reducing the number of synapomorphic characters (increasing the Retention Index 

score) is generally linked to a reduction in the amount of homoplasy also found (i.e. the 

Consistency Index score decreases).  However, it is important to keep in mind that 

variation in alignment length must also be taken into account when comparing 

alignments, both the Consistency Index being positively correlated and Retention Index 

scores being negatively correlated with the length of alignments.  
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Introduction 

 

In chapter 7 the Simpsons Index of Diversity and the Shannon-Wiener Index of diversity 

was used to score 9008 different alignments for a single dataset. In both cases when 

the diversity score was plotted against alignment length a U-shaped curve was 

produced. The gap opening penalty and gap extension penalty values that produce the 

least diverse 16S alignments as measured using the Simpsons Index of Diversity score 

are similar to those recommended by Wilm et al., (2006) from the alignment of 16S 

benchmark data. However, this was not the case for Shannon-Wiener Index of diversity 

scores. Although a negative correlation was found between Simpsons Index of diversity 

scores and Shannon-Wiener Index of diversity scores (see chapter 7) this relationship 

broke down for the least diverse alignments. In terms of the alignment parameters 

required to generate them, those alignments identified as being minimally diverse, 

according to the two diversity scores examined, were found to be located a 

considerable distance from one another. That the Simpsons Index of diversity score 

produce similar findings to Wilm et al., (2006) is interesting but the application of a 

diversity index to alignment data can only be useful when exactly what produces the U-

shaped curve is known and whether this equates to a biological reality. 

 

The length of a tree is given by the total number of character state changes required to 

produce the relationships within the tree. Therefore, the tree with the shortest length is 

thought to contain the least homoplasy and so the data to have the best fit to the tree. 

Two measures of best fit are commonly used by systematists. 

 

The Consistency Index (Kluge & Farris, 1969) is an index that has been used by 

systematists to measure the fit of character data to trees. It is defined as m/s, where m 

is the minimum possible number of steps (character changes) that a character may 

have on any tree, and s is the actual number of steps required for the actual tree. As 

such this index varies from zero, for a dataset containing a lot of homoplasy, to one, a 



 227 

dataset containing no homoplasy. 

 

Improving the quality of an alignment hypothesis, by reducing the diversity of characters 

within each column of the alignment, is expected to reduce the number of steps 

required, and the amount of homoplasy found, and therefore score more highly in terms 

of Consistency Index. If the Simpsons or Shannon-Wiener Index of diversity is providing 

a measure of alignment quality, then the Consistency Index should be negatively 

correlated with the diversity score. High quality alignments should be those with low 

diversity scores and a high Consistency Index score, relative to the scores of other 

alignments for the same dataset. 

 

The Consistency Index is known to be negatively correlated with the number of taxa. In 

this dataset this does not cause any difficulty, each tree being based on the same set of 

taxa. However, Archie (1989) also found the Consistency Index to be negatively 

correlated with the number of characters or alignment length. Alignment length for the 

9008 different alignments was found to vary between 540 and 868 base pairs long. 

Diversity scores are also positively correlated with alignment length, therefore care must 

be taken to demonstrate that any correlation found is not simply reflecting differences in 

alignment length. 

 

Another index, Archie’s (1989) Retention Index, is defined as (g-s)/(g-m), where m and 

s are as for the consistency index. In this case g represents the maximum number of 

steps that can be found for a character on any cladogram (Farris 1989). The Retention 

Index measures the amount of synapomorphy on the tree, and varies from 0 to 1, the 

closer the Retention Index is to 1 the more synapomorphic characters and less 

homoplasy is found, so the better the tree is considered to be. The Retention Index is 

less sensitive than the Consistency Index to differences in the number of taxa and 

alignment length (Archie, 1989) and is not influenced by uninformative characters 

(Farris, 1989). For these reasons the Retention Index is considered to be a better 

method for scoring the fit of data to a tree than the Consistency Index, however both 

measures are compared with the Simpons Index of diversity score and the Shannon-
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Wiener index of diversity score here for 9008 different trees and their corresponding 

alignments. 

 

Materials and methods 

 

For the 16S Scarabaeidae dataset (Appendix 4.3), 9008 different alignments were 

created (see chapter 4) by varying the gap opening and extension penalties using the 

alignment program ClustalW 2.0.9 (Larkin et al., 2007). 9008 different strict consensus 

trees, each displaying a different tree topology, were obtained, one for each alignment 

(see Chapter 6). Each alignment was then scored in terms of the Simpsons Index of 

diversity and Shannon-Wiener Index of diversity (see Chapter 7). The resulting 9008 

alignment files and strict consensus tree files were used here. 

 

Scoring the Consistency Index and RI 

 

Paup* Version 4 Beta 10 (Swofford 2003) was used to calculate the Consistency Index 

(Kluge & Farris, 1969) and Retention Index (Archie 1989), for all 9008 trees and 

alignments using the following command, “PScores /RI CI;”. 
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Results 

The actual Consistency Index and Retention Index values for each one of the 40,401 

combinations of gap opening and gap extension parameters used is given in Appendix 

4.6. 

 

 

Figure 8.1 Scatter plot of Consistency Index scores for 9008 consensus trees plotted 

against the length of each alignment from which each tree was produced. As expected 

the Consistency Index score is positively correlated with alignment length. If a high 

Consistency Index score accurately reflects high tree quality, this finding suggests, at 

least for this dataset, that longer alignments (produced by extremely low gap opening 

and gap extension penalty costs) are best. 
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Figure 8.2 Scatter plot of Retention Index scores for 9008 consensus trees plotted 

against the length of each alignment from which each tree was produced. The Retention 

Index is thought to be better than the Consistency Index as it is less sensitive to 

differences in alignment length. Despite this a negative correlation between alignment 

length and Retention Index score is seen here. If a high Retention Index score 

accurately reflects high tree quality, this suggests, at least for this dataset, that shorter 

alignments (produced by extremely high gap opening and gap extension penalty costs) 

produce the highest quality trees. 
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Figure 8.3. Surface plot of the number of steps per consensus tree for 40,401 

combinations of gap opening and gap extension penalty costs for ClustalW 2.0.9. Trees 

requiring the largest number of steps are recovered for alignments produced by 

extremely high gap opening and gap extension penalties, found top right. These 

alignments are also some of the shortest alignments recovered (see chapter 7, figure 

7.1). Compressing the sequence data together in this way is expected to create 

hypotheses containing a large amount of homoplasy. Consensus trees requiring the 

least number of steps are recovered from alignments where the gap opening and gap 

extension penalties are extremely low, for example 0 and 0. In these cases, with 

perhaps only one or two types of base pair and gaps in the column, little homoplasy is 

expected to be found. 



 232 

 

 

Figure 8.4 Scatter plot of the Simpsons Index of diversity scores for 9008 alignments 

divided by the length of each alignment plotted against the number of steps for each 

consensus tree produced from the alignments. Generally, when the effect of alignment 

length is removed, tree length in terms of number of steps is positively correlated with 

the Simpsons Index of diversity score divided by the alignment’s length. Although the 

relationship appears to breakdown for consensus trees of less than 4,000 steps, these 

trees are produced by the extremely low gap opening and gap extension penalties 

shown in the bottom left corner of figure 7.6, (see Chapter 7) and so are regarded as 

being of poor quality. 
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Figure 8.5. Scatter plot of Shannon-Wiener index of diversity scores for 9008 

alignments divided by the length of each alignment plotted against the number of steps 

for each consensus tree produced from the alignments. As the overall diversity of the 

alignment is reduced, the length of the tree as measured in terms of the number of 

steps closes in on a value of approximately 4500 steps, similar to that found using the 

Simpsons Index of diversity in figure 8.4. 
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Figure 8.6. Surface plot showing the distribution of Consistency Index scores from the 

consensus trees produced for 40,401 different combinations of gap opening and gap 

extension penalty. The low Consistency Index scores indicate that the 16S dataset 

contains a lot of homoplasy. As expected the least homoplasy, as measured by the 

Consistency Index score, was found in trees produced from the longest alignments, 

themselves produced by extremely low gap opening and gap extension penalties 

(bottom left). Trees produced from the shortest alignments, using extremely high gap 

opening and gap extension penalty costs, were found to contain the greatest amounts 

of homoplasy. If a high Consistency Index score accurately reflects tree quality, the 

highest quality trees are produced from the longest alignments, created using extremely 
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low gap opening and gap extension penalty costs. These are also the shortest trees in 

terms of the number of steps. 

 

Figure 8.7 Scatter plot of Consistency Index scores for 9008 consensus trees plotted 

against Simpsons Index of diversity scores for the 9008 alignments from which the trees 

were built.  A simple relationship between a reduction in diversity as measured using 

the summed Simpsons Index of diversity score and a reduction in the amount of 

homoplasy is not found. 
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Figure 8.8 Scatter plot of Consistency Index scores for 9008 consensus trees plotted 

against Simpsons Index of diversity scores divided by the length of each alignment, for 

the 9008 alignments from which the trees were built. Dividing the Simpsons Index of 

diversity score allows the variation in the alignment lengths to be taken into account, 

however variation caused by the alignment length is not taken into account when 

calculating the consistency Index measure. When the effect of alignment length on the 

Simpsons Index of diversity score is taken into account Consistency Index scores still 

appear not to be well correlated. However, with decreasing diversity as measured by 

the Simpsons Index of diversity divided by alignment length, the Consistency Index 

score appears to close in on a value of approximately 0.11. 
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 Figure 8.9 Scatter plot of Consistency Index scores plotted against Shannon-Wiener 

index of diversity scores for 9008 different alignments. Greater diversity scores (closer 

to 0) represent less diverse alignments. As before, a group of the least diverse 

alignments are found separated from and to the right of the main cluster. Minimising the 

overall diversity of the alignment, as measured using the Shannon-Wiener index of 

diversity, does not simply reduce the amount of homoplasy found within a tree. Instead 

it causes the Consistency Index score to home in on a value somewhere between 0.11 

and 0.13. Values for the Consistency Index score can be maximized to reduce the 

amount of homoplasy, found to be approximately 0.23, however this alignment is the 

most diverse alignment recovered according to the Shannon-Wiener diversity score. 



 238 

 

Figure 8.10 Scatter plot of Consistency Index scores plotted against Shannon-Wiener 

index of diversity scores divided by alignment length, for 9008 different alignments. 

When alignment length differences are taken into account the amount of homoplasy 

found is not simply reduced. Minimising diversity, accounting for alignment length 

differences, causes the Consistency Index score to close in on a value somewhere 

between 0.11 and 0.13. 
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Figure 8.11. Surface plot showing the distribution of Retention Index scores (Archie 

1989) from the consensus trees produced for 40,401 different combinations of gap 

opening and gap extension penalty. The higher the score the more synapomorphic 

characters are found, so the better the tree is considered to be. In this case the 

Retention Index score is maximised (the amount of synapomorphic characters are 

maximised) for the shortest alignments produced by extremely high gap opening and 

extension penalty costs, shown top right. Trees produced from the longest alignments, 

created through the use of extremely low gap opening and gap extension penalties, 

minimise the amount of synapomorphy found. Therefore, if the Retention Index score is 

an accurate measure of tree quality, then extremely high gap opening and gap 
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extension penalty costs should be used, producing extremely short alignments and 

trees requiring a large number of steps. 

 

If a high Consistency Index score and a high Retention Index score accurately reflect 

high quality trees, then the gap opening and gap extension penalty alignment 

parameters settings required to produce these alignments contradict one another. 
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Figure 8.12 Scatter plot of Retention Index scores for 9008 consensus trees plotted 

against Simpsons Index of diversity scores for the 9008 alignments from which the trees 

were built. A simple relationship between a reduction in diversity as measured using the 

Simpsons Index of diversity and the Retention Index score is not found. However, as 

diversity decreases the Retention Index score appears to close in on a value of 

somewhere between 0.53 and 0.56. 
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Figure 8.13 Scatter plot of Retention Index scores for 9008 consensus trees plotted 

against Simpsons Index of diversity scores/length of each alignment, for the 9008 

alignments from which the trees were built. Dividing the Simpsons Index of diversity 

score allows the variation in the alignment lengths to be taken into account, the 

Retention Index measure already taking alignment length into account. When alignment 

length variation is removed the Retention Index score appears to be positively 

correlated with the Simpsons Index of diversity score. 
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Figure 8.14 Scatter plot of Retention Index scores plotted against Shannon-Wiener 

index of diversity scores for 9008 different alignments. Greater diversity scores (closer 

to 0) represent less diverse alignments. According to the Shannon-Wiener diversity 

index scores a group of the least diverse alignments are found separated from and to 

the right of the main cluster. Minimising the overall diversity of the alignment as 

measured using the Shannon-Wiener index of diversity does not simply reduce the 

amount of synapomorphy found within a tree. Instead it causes the Retention index 

score to home in on a value somewhere between 0.56 and 0.53. Values for the 

Retention Index score can be maximized to reduce the amount of synapomorphy to 

approximately 0.63 however these alignments are some of the most diverse alignments 

recovered. 
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Figure 8.15 Scatter plot of Retention Index scores plotted against Shannon-Wiener 

index of diversity scores/alignment length for 9008 different alignments. When 

differences in alignment length are accounted for in this way the relationship becomes 

clearer. Using the Shannon-Wiener index of diversity, taking account of alignment 

length variation, as the overall diversity of alignments is reduced (becomes closer to 0) 

the amount of synapomorphy found within trees decreases. 
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Figure 8.16 Scatter plot of Consistency Index scores for 9008 consensus trees plotted 

against Retention Index scores for the same 9008 trees. The results demonstrate that 

the Retention Index score is negatively correlated with the Consistency Index score. For 

this dataset, as the number of synapomorphic characters increases (the Retention 

Index score increases) more homoplasy is found (the Consistency Index score 

decreases) and vice versa. This negative correlation demonstrates that as one measure 

of tree quality increases, the other measure of tree quality decreases. 
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Discussion 

 

If diversity index scores such as Simpsons Index of diversity score or the Shannon-

Wiener index are to be used to select high quality alignments, it is necessary to 

understand how the U-shaped curve is produced and whether this equates to a 

biological reality. 

 

Archie (1989) suggested that the Consistency Index score is negatively correlated with 

alignment length. Unexpectedly, the Consistency Index score was found to be positively 

correlated with alignment length (figure 8.1). Also unexpectedly, the Retention Index 

score was found to be negatively correlated with alignment length. This negative 

correlation (figure 8.2) was not expected as the Retention Index score is less sensitive 

to alignment length effects. 

 

The results shown in figure 8.3 and figure 8.4 demonstrate the existence of a 

relationship between the diversity of alignments as measured by the Simpson’s Index of 

diversity score and the length of consensus trees built from these alignments. A very 

similar relationship is found between the number of steps per consensus tree and the 

Shannon-Wiener index of diversity score divided by alignment length (figure 8.5). 

Although this positive correlation appears to breakdown for the shortest consensus 

trees (less than 4,000 steps), these trees are produced through the use of extremely 

low gap opening and gap extension penalties shown in the bottom left corner of figure 

8.3. Therefore these alignments can be regarded as being of poor quality, many 

homologous characters having been incorrectly separated through overmatching. 

Having accounted for the disruption to the correlation, it is found that the Simpsons 

Index of diversity score can enable the identification of alignments that result the 

shortest consensus trees. If the shortest tree length is regarded as a measure of tree 

quality, this would suggest the alignment to be most accurate. 

 

The low Consistency Index scores indicate that this 16S dataset contains a lot of 

homoplasy. As expected, trees containing the least homoplasy, as measured by the 
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Consistency Index score, were found to be produced from the longest alignments. 

These alignments were created using extremely low gap opening and gap extension 

penalties (occupying the bottom left corner of figure 8.6). Trees produced from the 

shortest alignments using extremely high gap opening and gap extension penalty costs 

were found to contain the greatest amounts of homoplasy. If a high Consistency Index 

score accurately reflects tree quality, the highest quality trees are produced from the 

longest alignments, created using extremely low gap opening and gap extension 

penalty costs. In this case a gap opening penalty of 0 and a gap extension penalty of 0. 

This combination also produces the shortest tree at 3,283 steps long. This 

demonstrates that the Consistency Index score does not provide a measure of tree 

quality from which the best alignment can be identified, at least for this dataset.  

 

Despite not acting as an indirect measure of alignment quality, the Consistency Index is 

a measure of homoplasy. When plotted against the Simpsons Index of diversity scores 

no clear relationship was found (figure 8.7), nor was this resolved by taking alignment 

length variation into account by plotting the Consistency Index score against Simpsons 

Index of diversity scores/alignment length (figure 8.8). Similarly plotting the Shannon-

Wiener index of diversity scores against the Consistency Index score (figure 8.9) does 

not reveal a simple relationship, nor is this resolved when alignment length differences 

are accounted for (figure 8.10). Therefore, the impact on homoplasy of reducing 

alignment diversity remains unclear. 

 

The level of synapomorphy related to each of the 40,401 different alignment parameters 

used was measured using the Retention Index (Archie 1989). The Retention Index 

score is maximised (i.e. the amount of synapomorphic characters are maximised) for 

the shortest alignments (produced by extremely high gap opening and extension 

penalty costs) shown top right of figure 8.11. Trees produced from the longest 

alignments (from extremely low gap opening and gap extension penalties) minimise the 

amount of synapomorphy found. Therefore, if the Retention Index score is an accurate 

measure of tree quality, then extremely high gap opening and gap extension penalty 

costs should be used, producing extremely short alignments and trees requiring a large 
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number of steps. 

 

Alignment number 8,914  has the highest level of synapomorphy and is found 9 times 

created by gap opening penalties and gap extension penalties of 96.0 & 89.0, 96.5 & 

88.5, 96.5 & 89.0, 97.0 & 88.5 , 97.5 & 88.0, 98.0 & 87.5, 98.0 & 88.0, 98.5 & 87.5 and 

99.0 & 87.0 (Appendix 4.6). Although the values of these penalties are not the highest 

used they are close to the maximum (100.0 & 100.0). However, these values are so 

high that the alignment is compressed to 533 base pairs long and does not reflect 

biological reality well. Were a high Retention Index score to accurately reflect high 

quality trees, the alignment that corresponds to the best tree would therefore be one of 

poor quality in this case. 

 

When the Retention Index scores are plotted against Simpsons Index of diversity scores 

for the 9008 alignments (figure 8.12) a relationship is not immediately revealed. 

However, when variation in alignment length is taken into account by plotting the 

Retention Index scores against the Simpsons Index of diversity scores/alignment length 

(figure 8.13) a positive correlation is revealed. Similarly when Retention Index scores 

are plotted against Shannon-Wiener index of diversity scores, the relationship between 

the two is unclear (figure 8.14), but is resolved when alignment length is taken into 

account showing a negative correlation (figure 8.15). 

 

The results show that minimising the overall diversity of alignments reduces the number 

of steps required in trees built from them and reduces the Retention Index score. 

Therefore, the reduction in diversity appears to occur, at least in part, by a reduction in 

the amount of synapomorphic characters. 

 

Despite a correlation not being clearly revealed between Simpsons Index of Diversity 

scores and the Consistency Index scores, a negative correlation was found between 

Consistency Index scores and Retention Index scores (figure 8.16). For this dataset, as 

the number of synapomorphic characters increases (the Retention Index score 

increases) more homoplasy is found (the Consistency Index score decreases) and vice 
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versa. Therefore as one measure of tree quality increases, the other measure of tree 

quality decreases. 

 

The results shown here are limited to the 16S gene of members of the Scarabaeinae 

subfamily. However, these results demonstrate that minimising homoplasy or 

maximising synapomorphic characters to identify a best tree, does not necessarily allow 

a correspondingly most biologically accurate alignment to be identified. Finding some 

degree of homoplasy is not necessarily incorrect, particularly in the case of the 16S 

gene sequence used here. For 16S, homoplasy is expected to occur in the secondary 

structure loop regions, where mutation rates may be considerably higher than is 

expected to occur in regions that play a role a secondary structure stem regions. The 

aim of those attempting to produce an accurate tree should be to correctly identify true 

homoplasy rather than to minimise homoplasy or maximise synapomorphies. 
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Chapter 9 

 

The relationship between taxonomic consistency, alignment parameter space and 

alignment diversity scores 

 

Abstract 

Taxonomic consistency measures have been used to assess the quality of phylogenetic 

hypotheses. Where natural groupings of organisms are expected to be found as 

monophyletic clades within phylogenetic trees are recovered, this gives an indication 

that the hypothesised tree is of a higher quality than that of another in which the group 

was not recovered as monophyletic. It was found that selecting an alignment based on 

minimising diversity score as measured using the Shannon-Wiener Index of diversity 

minimises the amount of synapomorphy in the tree and maximises the taxonomic 

consistency score of the consensus tree recovered. Therefore where phylogeneticists 

wish to maximise the accuracy of a phylogenetic hypothesis the Shannon-Wiener index 

of diversity score may provide a useful method of selecting a phenetically optimal 

alignment that can result in a tree that meets taxonomic expectations of monophyly. 

 

Use of a taxonomic consistency measure of tree quality on its own is not appropriate. In 

some cases if a search of alignment parameter space is carried out intensely enough an 

alignment can be recovered that supports the monophyly of a particular clade that one 

might wish to find, even when that clade is not truly monophyletic. The accuracy of the 

underlying data (the alignment) should also be taken into account. However it does 

appear that some groupings cannot be made to be monophyletic through the 

manipulation of the gap opening and gap extension penalty costs.  

 

Specifically to the Scarabaeidae dataset, polyphyly of the tribes Coprini and 

Dichotomiini are well recognised, however the Eucraniini form a behaviourally and 

morphologically and biogeographically distinct group. It is therefore surprising that the 

Eucraniini were never recovered as being monophyletic group in this analysis. 
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Introducton 

Many attempts have been made to produce a robust phylogenetic hypothesis for the 

dung beetles. Some of these are discussed here. Based on Adult and larval 

morphological characters the Aphodinnae have been suggested as the sister lineage to 

the Scarabaeinae within the family Scarabaeidae (Howden 1982, Browne and Scholtz, 

1995, 1998, 1999) so are typically chosen in phylogenetic studies as the outgroup. 44 

synapomorphies suggest that the Scarabaeinae are closely related to the Aphodiinae 

and the Aegialiinae (Browne and Scholtz 1998). Monophyly of the Scarabaeinae being 

supported by 12 synapomorphies (Browne and Scholtz 1998). As others have done, it is 

therefore accepted that the Scarabaeinae are a monophyletic group to which the 

Aphodiinae are the sister lineage and so are the most appropriate species for use as 

the outgroup in phylogenetic studies. 

 

Although there is general agreement that the Scarabaeinae are a monophyletic group 

and that the Aphodiinae are the sister lineage, there is less agreement as to hypotheses 

about the relationships of dung beetle evolution at tribal level within and between tribes 

of the Scarabaeinae subfamily. Researchers who have worked on the taxonomy of the 

Scarabaeinae have attempted to identify natural or monophyletic groups and with the 

aim of proposing a robust hypothesis reflecting these groupings. Initially these attempts 

were based on morphological and behavioural characters. Janssens (1949) was the first 

to subdivide the group, separating it into six tribes: Coprini (including Dichotomiina, 

Phanaeina, and Ennearabdina), Eurysternini, Oniticellini, Onitini, Onthophagini, and 

Scarabaeini (including Eucraniina, Canthoniina, Gymnopleurina, Scarabaeina, and 

Sisyphina).  This tribal subdivision reflected two major evolutionary trends in dung 

beetle food relocation behaviours: tunnellers and ball rollers (Hanski & Cambefort 1991; 

Villalba et al., 2002). This was followed by Balthasar (1963) who proposed the group to 

be a family made up of two subfamilies, the Coprinae that exhibit a form of food 

relocation behaviour known as tunneling while the Scarabaeinae exhibit a food 

relocation behaviour known as rolling. Coprinae included the tribes Coprini, Dichotomini, 

Phanaeini, Oniticellini, Onitini and Onthophagus. Scarabaeinae included the tribes 

Eucraniini, Eurysternini, Canthonini, Gymnopleurini, Scarabaeini and Sisyphini. 
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Zunino (1983, 1984, 1985) was first to present a phylogeny (figure.9.1)  that 

contradicted this tribal subdivision and, in doing so, proposed an alternative hypothesis 

for relationships within the subfamily Scarabaeinae, this time based on a comparative 

analysis of male and female genitalia. The phylogeny that he proposed did not support 

the hypothesis of Janssens (1949) or Balthasar (1963) who suggested that rolling and 

tunnelling behaviours had evolved more than once. Instead Zunino (1984) questioned 

the monophyly of the tribes Onitini, Coprini and Dichotomiini and suggested that within 

the Coprinae, Oniticellini and Onthophagini were sister tribes. 
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Figure 9.1. Phylogenetic hypothesis for tribal level relationships within the true dung 

beetles based on a comparative analysis of male and female genitalia adapted from 

Zuino (1983). 
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Like Zunino (1983), Luzzatto (1994) used genitalia morphology to produce another 

hypothesis for relationships within the subfamily Scarabaeinae (figure 9.2). Both 

hypotheses were identical in identifying a clade containing the Sisyphini, Canthonini, 

Gymnopleurini and Scarabaeini.  They also suggested the Onitini as a derived group 

within the Phanaeini and proposed the Onthophagini as the sister group of the 

Oniticellini. 

 
 

Figure 9.2. Phylogenetic hypothesis for the Scarabaeinae based on male and female 

genitalia adapted from Luzzatto (1994). 

 

Luzzatto placed the Eucraniini as the most basal taxon of Scarabaeinae, while Zunino 

hypothesised a more derived position, making the Dichotomiini the basal taxon. 

Similarly placement of the Onitini and Eurysternini varies between the two as do the 

deeper nodes. Like Zunino, Luzzatto also found the tribe Onitini to be paraphyletic but 

did not include enough taxa to identify whether this was also the case for the Coprini 

and Dichotomiini. 
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Figure 9.3. Strict consensus tree (115 steps) adapted from Montreuil (1998) based on 

42 morphological characters showing a paraphyletic relationship of the tribes 

Dichotomiini and Coprini. 
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Montreuil (1998) used 42 adult external morphological characters to examine the 

relationship between the Coprini thought to be paraphyletic by both Zunino (1983) and 

Luzzatto (1994), and Dichotomiini also thought to be paraphyletic by Zunino (1983). 

Both tribes were, again, found to be polyphyletic (Montreuil 1998). 

The early studies (Zunino 1983, Luzzatto 1994, Montreuil 1998) were based on 

relatively small numbers of morphological characters. The variability between 

hypotheses suggests that the choice of characters may have lead to the construction 

inaccurate or biased hypotheses about the relationships between tribes within the 

Scarabaeinae (see Hillis, 1998; Grandcolas et al., 2001). In an attempt to improve 

phylogenetic signal and generate a more robust hypothesis and understand the 

usefulness of characters  Philips & Scholtz (2000) examined the use of 200 geometric 

morphological characters including 20 metendosternite characters. 
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Figure 9.4. Consensus tree for hypthesised relationships among 10 tribes of the 

Scarabaeinae adapted from Pretorius et al., (2000) based on 200 geometric 

morphological characters. Members of polyphyletic tribes are shown in red. 

 

Figure 9.4 shows many of the relationships between taxa that Pretorius et al., (2000) 

believed to be natural and reflect current tribal classification at that time. In an attempt 

to improve phylogenetic signal and generate a more robust hypothesis Philips et al., 

(2004) undertook a broad investigation including species from 12 tribes examining 200 

morphological characters. 
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Figure 9.5. Unweighted consensus tree adapted from Philips et al., (2004) based on 

200 morphological characters. Members of tribes identified in red are proposed to be 

polyphyletic. 
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Just as before (Zunino 1983, Luzzatto 1994 and Montreuil 1998) Philips et al., (2004) 

found the Coprini to be paraphyletic, and also the Dichotomiini to be paraphyletic, which 

agreed with  Zunino (1983) and Montreuil (1998). In addition, Philips et al., (2004) 

questioned the monophyly of the tribe Canthonini, suggesting the tribe to comprise of at 

least five separate clades. 

Philips et al., (2004) found “little evidence for the monophyly of the dichotomiines, 

coprines and canthonines”. They therefore suggested splitting the Dichotomiines, 

Coprines and Canthonines tribes into several smaller tribes. However, they also 

suggested that the tribes Eucraniini, Eurysternini, Oniticellini, Onitini, Onthophagini, 

Phanaeini, Scarabaeini and Sisyphini are monophyletic. In additon Philips et al., (2004) 

stated that there is little doubt that the tribe Gymnopleurini is monophyletic despite their 

study not testing this. 

 

The morphological character sets that were used in the phylogenetic studies discussed 

above have been criticised by Forgie et al., (2006) for being based on relatively small 

amounts of data that may have generated inaccurate or biased phylogenetic 

reconstructions (see Hillis, 1998; Grandcolas et al., 2001).  Although Pretorius et al., 

(2000) and Philips et al., (2004) used many more characters both studies found a high 

degree of character homoplasy (Pretorius et al., 2000; Philips et al., 2004), that Hillis, 

(1987) suggested was caused by similar environmental influences leading to 

convergent evolution in morphological characters. Recognising that the morphological 

characters of dung beetles show a high degree of homoplasy (Pretorius et al., 2000; 

Philips et al., 2004) we now turn to studies based on molecular characters. 
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Molecular based relationships 

 

Villalba et al., (2002) published the first phylogeny of the Scarabaeinae based on 

molecular sequence data for Iberian dung beetles, using mitochondrial sequence data 

from the 3’ end of cox1, tRNA-Leu (UUR) and the 5’ end of cox2. Of these 37 positions 

were excluded due to what Villalba et al., (2002) called ambiguity in the homology 

assignment. Using these molecular characters Villalba et al., (2002) found the 

monophyly of the tribes included in the study (Coprini, Gymnopleurini, Onthophagini, 

Oniticellini, Onitini, Scarabaeini and Sisyphini) to be well supported with high bootstrap 

values (figure 9.6). 
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Figure 9.6. Single maximum parsimony tree of hypothesised relationships of Iberian 

Scarabeinae based on 1124 base pairs of cox1, tRNA-Leu and cox2 sequence data, 

adapted from Villalba et al., (2002). 37 positions were exclued due to what the authors 

called ambiguity in the homology assignment. Maximum parsimony bootstrap values 

are shown above branches and maximum likelihood values below branches. 
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Of the tribes exhibiting rolling food relocation behaviour included in the study by Villalba 

et al., (2002) (Sisyphini, Scarabaeini and Gymnopleurini) specific relationships between 

the tribes were unclear but all three were thought to be closely related as indicated by 

the weakly supported nodes with low bootstrap values. Villalba et al., (2002) suggest 

that this lack of resolution was found because the origin of rolling behaviour was 

coupled with a rapid adaptive radiation. The tribe Coprini exhibits tunnelling food 

relocation behaviour but was found to be placed close to the Sisyphini, Scarabaeini and 

Gymnopleurini rather than with other tribes exhibiting tunnelling food relocation 

behaviour. From this Villalba et al., (2002) suggested that the evolution of rolling 

behaviour has a single origin and that the rolling behaviour was lost secondarily in the 

Coprini. 

For the other tribes displaying tunnelling food relocation Villalba et al., (2002) the tribes 

Onitini and Oniticellini were found to be monophyletic and well supported with high 

bootstrap values. Their hypothesis suggested that the tribe Onitini was the sister-group 

to the tribes Oniticellini and Onthophagini, but these relationships were not well 

supported. 

 

Taking account of differnces due to members of tribes not having been included the 

relationship between the tribes Gymnopleurini and Scarabaeini as found by Villalba et 

al., (2002) is consistent with Philips et al., (2004), Luzzatto (1994) and Zunino (1984) 

but not with Pretorius et al., (2000) however Villalba et al., (2002) differ from all other 

morphological studies in placing the Coprini close to the Sisyphini. 

 

Ocampo & Hawks (2006) expanded the number of tribes covered by molecular analysis 

to 10, but, unlike Villalba et al., (2002), examined two nuclear gene sequences, 28S D2-

D3 and 18S. Ocampo & Hawks (2006) used members of the Aphodiinae as the 

outgroup finding the Scarabaeinae to be monophyletic in all cases (figure 9.7). Despite 

correctly distinguishing the outgroup as expected, relationships for the basal lineages 

were not found to be well resolved or supported. 
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High bootstrap support values were recovered for clades representing the monophyletic 

tribes, Eucraniini, Scarabaeini, Coprini, Onitini and Eurysternini. Although not well 

supported the tribe Phanaeini was suggested as the sister tribe of the Eucraniini and 

three tribes, the  Onthophagini, Onitini and Oniticellini were suggested as forming a 

clade distinct from the others, although this was not well supported by bootstrap value. 

The data did not allow relationships between members of the tribes Dichotomiini and 

Canthonini to be resolved so that their monophyletic or polyphyletic status could be 

determined. 
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Figure 9.7. Maximum parsimony strict consensus tree of 117 equally parsimonious trees 

1707 steps long adapted from (Ocampo & Hawks 2006). Bootstrap values higher than 

50% are shown on top of branches. 
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In the same year Forgie et al., (2006) also published a phylogenetic analysis of the 

Scarabaeinae based on mitochondrial molecular sequence data and morphological 

characters. In this case the cox1 gene was used – this was similar to the region used by 

Villalba et al., (2002). However, the other gene region selected, known as 16S, had not 

been used before for Scarabaeinae. Forgie et al., (2006) examined the phylogeny 

produced by each gene alone (figure 9.8 and 9.9) and also combined with  

morphological characteristics.  
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Figure 9.8. Maximum parsimony tree adapted from Forgie et al., (2006) showing 

hypothesised relationships between tribes within the Scarabaeini based on cox1 

sequence data. 
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Figure 9.9. Maximum parsimony tree adapted from Forgie et al., (2006) showing 

hypothesised relationships between tribes within the Scarabaeini based on 16S 

sequence data. 
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The phylogeny produced using cox1 sequence data was fully resolved (figure 9.8). 

However, that produced using 16S data, alone was not fully resolved (figure 9.9). In 

addition, a number of discrepancies were found between relationships shown on the 

two trees, even when accounting for Neopachysoma rodreguesi not having been 

included in the 16S tree. For cox1 Scarabaeus rugosus and Scarabaeus rusticus are 

identified as a cojoining pair, while for 16S Scarabaeus rusticus is the cojoiner of 

Pachysoma hippocrates and Scarabaeus rugosus is the cojoiner of Scarabaeus 

galenus.   

 

Suggestions as to why the different topologies hypothesised could not be confidently 

resolved (Villalba et al., 2002) and may not be well supported include too little sequence 

variation from 28S D2-D3 and 18S datasets (Ocampo & Hawks 2006). Forgie et al., 

(2006) suggested that additional sequences from different genes with very different 

rates of evolutionary change, should improve the poorly supported topologies. Philips et 

al., (2004) suggested that a high level of homoplasy occurs in Scarabaeinae molecular 

and morphological charactersistics.  This lack of agreement regarding the taxonomic 

status of the Scarabaeinae continues. 

 

There is little agreement as to the placement of each tribe, therefore it is difficult to know 

which tribe is expected to be most closely related to which. There is also disagreement 

over the monophyly of some tribes. A summary of the various positions are given for 

each tribe here. 

 

Tribe – Dichotomiine – not monophyletic 

The Dichotomiine have been identified as being a paraphyletic tribe by Zunino (1983), 

by Montreuil (1998) mixed together with Coprini, by Philips et al., (2004), Ocampo & 

Hawks (2006) and as a number of clades spread throughout the Scarabaeinae 

phylogeny proposed by Monaghan et al., (2007). 
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Tribe – Coprini – not monophyletic 

The Coprini contain a derived group of Dichotomiini (Zunino 1983) so are not a 

monophyletic group. Montreuil (1998) also found Coprini to be paraphyletic, again 

intermixed with the Dichotomini as do Philips et al., (2004) and Monaghan et al., (2007). 

Only Ocampo & Hawks (2006) report a tree in which the Coprini are found to be 

monophyletic, only having included two taxa, Copris minutes and Copris amyntor, 

identifying the clade as being the sister tribe to the Scarabaeini. The finding of Coprini 

as a monophyletic groups may be due to the limited number of taxa used, Monaghan et 

al., (2007) examining 14 taxa and finding 3 clades, two of which are sister to Canthonini 

and one of which is sister to Gymnopleurini however none of these clades was found to 

contain a derived clade of members of any other tribe. 

 

Tribe – Canthonini – not monophyletic 

The tribe Canthonini is the largest and most complex of the four tribes of Scarabaeine 

dung beetles within the roller behavioural guild (Medina, Scholtz & Gill, 2003) with 93 

genera and 803 described species (Hanski & Cambefort, 1991). Zunino (1983) and 

Luzzatto (1994) suggested the Canthonine to be the sister tribe of a clade containing 

the both the Gymnopleurini and Sarabaeini, however Pretorius et al., (2000) identified 

the Canthonini as being paraphyletic. One of the Canthonini clades was hypothesised 

as the sister group to a clade containing the Dichotomiine and Scarabaeini, while the 

other Canthonini clade was identified as sister to the Sisyphus tribe (Pretorius et al., 

2000). Again Philips et al., (2004) found Canthonini to be a polyphyletic tribe, one part 

being  sister to the polyphyletic Dichotomiini, another clade sister to a clade of Coprini 

(also polyphyletic) and a third clade of Canthonini sister to the monophyletic 

Scarabaeini clade. Ocampo & Hawks (2006) also found the Canthonini to be 

polyphyletic due to the inclusion of a single taxa, Amphistomus speculifer. The sister of 

this single individual belongs to the Dichotomini however the main clade of Canthonini is 

sister to a group of 3 tribes, the Onitini, Onthophagini and Oniticellini (Gymnopleurini not 

having been included in the analysis). Monaghan et al., (2007) also found the 

Canthonini to be polyphyletic with clades spread throughout the tree. 
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Tribe – Onitini – Monophyletic and not monophyletic 

Zunino (1983) identified the Onitini as being monophyletic and the sister tribe to 

Phaenaeini. Luzzatto (1994) partially agrees finding part of Onitini to form a derived 

clade within the Phaenaeini but uniquely hypothesised the Onitini to be paraphyletic and 

a second clade of Onitini to be sister to part of the paraphyletic Dichotomiini. Pretorius 

et al., (2000) only included one member of the Onitini, so found the tribe to be 

monophyletic and identified this as being the sister tribe to the Oniticellini. Three taxa 

from the Onitini were included in their 2004 paper (Philips et al., 2004), again the tribe 

being identified as monophyletic but the sister tribe relationship being unresolved, 

potentially being Oniticellini, Onthophagini or Eurysternini. Villalba et al., (2002) 

identified the Onitini as being monophyletc and the sister tribe to both the Oniticellini 

and Onthophagini, Eurysternini not having been included in the analysis. Ocampo & 

Hawks (2006) agreed with this finding placing the Eurysternini elsewhere. Monaghan et 

al., (2007) examined 8 members of the tribe Onitini, finding them to form a monophyletic 

group. The Onitini would be the sister group to both the Onthophagini and Oniticellini, 

however due to the inclusion of Digitonthophagus gazella and Phalops ardea 

(Onthophagini) the Onthophagini form a polyphyletic group within which the Onitini and 

Oniticellini sit. Generally there is agreement between molecular based hypotheses that 

Onitini are the sister tribe to a group that contains the majority of the Onthophagini and 

all of the Oniticellini, a finding that is also supported in part by the more recent 

morphological studies. 

 

Tribe – Eucraniini 

Zuino (1983) proposed the Eucraniini to be a derived tribe and sister to both Phanaeini 

and Onitiini. Luzzatto (1994) disagreed offering a considerably different alternative in 

which he proposed Eucraniini to be basal and the sister tribe to all other Scarabaeinae 

tribes. Since then further hypotheses have agreed with Zuino (1983) in that the 

Eucraniini are not basal, but disagreed in term of the identity of their sister tribe or 

tribes. Pretorius et al., (2000) suggested this sister tribe to be the Eurysternini, then the 

polyphyletic Canthoni and monphyletic Scarabaeini (Philips et al., 2004) while molecular 

evidence supports the Phanaeini as sister to the Eucraniini (Ocampo & Hawks 2006 
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and Monaghan et al., 2007) agreeing with Zuinio’s original hypothesis (Zuino, 1983). 

Overall the evidence appears to support the hypothesis that Eucraniini is the sister tribe 

to Phanaeini if molecular based hypotheses are preferred over morphologically based 

hypotheses. 

 

Tribe – Eurysternini 

Zunino (1983) proposed Eurysternini to be the sister tribe to a group of 7 tribes 

comprised of the Eucraniini, Phaenaeini, Onitini, Sisyphini, Canthonini, Gymnopleurini 

and Scarabaeini. Luzzatto (1994) proposed a different arrangement with Eurysternini as 

the sister to a group of 9 tribes, 6 of these the tribes as suggested by Zunino (1983) 

(Phaenaeini, Onitini, Sisyphini, Canthonini, Gymnopleurini and Scarabaeini) with the 

addition of 3 more being Dichotomini, Onthophagini and Oniticellini. However unlike 

Zunio (1983), Luzzatto (1994) finds that the Eucraniini does not belong within the sister 

group of tribes to the Eurysternini. Pretorius et al., (2000) then contradict this finding 

Eucraniini to be the sister, then unable to resolve the Eurysternini’s relationship to the 

Onthophagini, Onitini and Oniticellini (Philips et al., 2004). Ocampo & Hawks (2006) 

found Eurysternini to be the sister tribe to memberos of to the polyphyletic clades of 

Dichotomiini and Canthonini, and Monaghan et al., (2007) similarly found the sister tribe 

to be comprised of members of the polyphyletic Dichotomiini. Although the molecular 

based hypotheses appear to be more similar than the morphologically based 

hypotheses, it remains unclear as to the true identity of the Eurysternini sister tribe or 

tribes. 

 

Tribe – Oniticellini 

Zunino (1983) proposed the Oniticellini to be a derived clade within the Onthophagini  

while Luzzatto (1994) proposed Oniticellini to be the sister of the Onthophagini. 

Pretorius et al., (2000) differed in finding the Onitini to be the sister tribe of Oniticellini, 

then finding the sister tribe relationship to be unresolved, but potentially sister to one or 

more of the Onthophagini, Onitini or Eurysternini (Philips et al., 2004). Villalba et al., 

(2002) identified the Onthophagini to be the sister tribe but did not include the 

Eurysternini in the analysis, while both Ocampo & Hawks (2006) and Monaghan et al., 
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(2007) placed the Oniticellini within the Onthophagini as was originally suggested by 

Zunino (1983). From these hypotheses it appears reasonable to accept that the 

Oniticellini form a derived clade within the Onthophagini. 

 

Tribe – Onthophagini 

Accepting that the Onthophagini contain the derived Oniticellini Zunino (1983) proposed 

the Onthophagini to be placed close to the base of the Scarabaeinae so sister to all the 

tribes examined with the exception of part of the polyphyletic Dichotomini that was 

hypothesised to be most basal. Luzzatto (1994) differed from Zunino (1983) placing the 

Onthophagini in a more derived position only being the sister group to both Dichotomini 

and Onitini. Philips et al., (2004) found the sister relationship to be unresolved, but 

potentially one or more of the Eurysternini, Onitini or Oniticellini. Villalba et al., (2002) 

did not include the Eurysternini in their analysis finding the Oniticellini to be the sister 

tribe of the Onthophagini. Ocampo & Hawks (2006)  found the Onthophagini (including 

the Oniticellini) to be sister to the Onitini. Monaghan et al., (2007) included two taxa, 

Digitonthophagus gazella and Phalops ardea) that expand the Onthophagini so that 

both the Oniticellini and Onitini form clades within the Onthophagini. Without the 

exclustion of these two species Onthphagini would have been recovered as being the 

sister to Onitini, however with their inclusion, the sister of Onthophagini is found to be 

Sisyphini (Monaghan et al., 2007). The evidence supports the Oniticellini as forming a 

clade within the Onthophagini (see above) and the Onitini thought to be the sister tribe 

to both of these. 

 

Tribe – Phanaeini 

Zunino (1983) suggested that Onitini formed a derived group within the Phanaeini, and 

that Eucraniini was the sister to these two tribes. Luzzatto (1994) also believed that the 

Onitini were found as a clade within the Phanaeini these being sister to the Oniticellini, 

Onthophagini, Dichotomini and Onitini. Pretorius et al., (2000) differed from Zunino 

(1983) and Luzzatto (1994) in finding the Phanaeini to be a monophyletic group, the 

Onitini being placed elsewhere as sister and differed in identifying Dichotomini solely as 

the sister tribe to the Phanaeini, then again as sister to part of the Dichotomini and also 
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part of the Coprini, both being polyphyletic (Philips et al., 2004). Both Ocampo & Hawks 

(2006) and Monaghan et al., (2007) identified the Eucraniini as the sister tribe to the 

Phanaeini. Both of the molecular based studies agree in placing the Phanaeini as sister 

to the Eucraniini however the morphological based studies show considerable variation 

in the identity of the sister group or groups. Originally Zunino (1983) also identified 

Eucraniini as the sister tribe therefore if molecular based hypotheses are preferred over 

morphologically based hypotheses Eucraniini can be accepted as the sister group to the 

Phanaeini. 

. 

Tribe – Scarabaeini 

Zunino (1983) and Luzzatto (1994) both proposed the Scarabaeini as the sister tribe to 

Gymnpleurini. Pretorius et al., (2000) identified Scarabaeini as sister to the 

Dichotomiine and then as the sister tribe to part of the polyphyletic Canthonini (Philips et 

al., 2004) based on 200 morphological characters. Using partial cox1 tRNA-Leu and 

cox2 sequence data Villalba et al., (2002) proposed Scarabaeini to be sister to the 

Gymnopleurini, while Ocampo & Hawks (2006) used 28S D2, D3 and 18S sequence 

data finding Coprini to be the sister tribe. As a third alternative Monaghan et al., (2007) 

used cox1, 16S and 28S sequence data finding the Scarabaeini to be the sister tribe to 

both the parts of the Dichotomiini and Canthoniini (both polyphyletic). Overall there is 

little agreement as to the identity of the sister tribe for the Scarabaeini based on 

morophological or molecular characters from these studies. 

 

Tribe – Sisyphini 

Zunino (1983) and Luzzatto (1994) both proposed Sisyphini to be the sister tribe to a 

clade containing the Canthoniini, Scarabaeini and Gymnopleurini. Pretorius et al., 

(2000) first finding Sisyphini to be the sister tribe to the Canthonini, then revising this by 

repositioning the Sisyphini as sister tribe to a group comprised of the Eurysternini, 

Onitini, Oniticellini and Onthophagini (Philips et al., 2004) based on 200 morphological 

characters. Using partial cox1 tRNA-Leu and cox2 sequence data Villalba et al., (2002) 

proposed Sisyphini to be sister to the Coprini (not having included the Canthoniini) while 

Monaghan et al., (2007) found Sisyphini to be the sister tribe to Onitini, Oniticellini and 
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Onthophagini. Although Monaghan et al., (2007) and Philips et al., (2004) disagree on 

the placement of the Eurysternini, both hypotheses agree in placing the three tribes 

Onitini, Oniticellini and Onthophagini as a group as sisters tribes to the Sisyphini. 

 

Tribe – Gymnopleurini 

Philips et al., (2004) stated that the monphyly of the Gymnopleurini has never been 

questioned, however the tribes position within the Scarabaeinae has. Zunino (1983) and 

Luzzatto (1994) both proposed Gymnopleurini to be the sister tribe of the Scarabaeini. 

Alternatively Philips et al., (2004) suggested that Gymnopleurini was sister to a part of 

the polyphyletic Canthonini however Monaghan et al., (2007) identified the some 

members (Catharsius and Metacatharsius) of the polyphyletic Coprini as the sister tribe. 

Both Philips et al., (2004) and Monaghan et al., (2007) point out that there is 

considerable instability within the trees and that the hypothesis may change with 

additional taxa and characters. 

 

 

Overall, a picture of the combined agreement of tribal level relationships are given in 

figures 9.10 and 9.11. 

 

Tribal level agreement 
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Figure 9.10. Tree showing the phylogenetic relationships between tribes within the 

Scarabaeinae for which there is general agreement or good support from the most 

trusted morphological and molecular studies discussed above. 
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Figure 9.11. An alternative hypothesis of the relationships between tribes within the 

Scarabaeinae for which there is general agreement or good support from the most 

trusted morphological and molecular studies discussed above and in which an 

additoinal clade for the Onthophagini identified by Monaghan et al., (2007) through the 

placement of Digitonthophagus gazella and Phalops ardea. 

 

Despite this general agreement Villalba et al., (2002) reported finding that Onitini, 

Onthophagini and Sarabaeini have an extra amino acid (serine) at the carboxyl end of 

cox1 deduced protein. Were this character to represent a true monophyletic grouping 

relationships between almost all tribes within the tree would then collapse. 
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The following examines the taxonomic consistency in terms of tribal monophyly but 

does not examine relationships between tribes for the Scarabaeidae data set. For the 

other two datasets taxonomic consistency is examined at the level of family with respect 

to gap opening and gap extension parameter space. 

 

 

Materials and methods 

 

Selection of alignment parameter settings 

Quicke (2011) suggested that high gap extension and gap opening cost values of more 

than 20 produce meaningless alignments. Instead values between 2 and 12 are more 

appropriate. The size of the analysis for the intermediate and Coleoptera subfamilies 

was therefore restricted to 441 alignment parameter combinations within this range, 

however the full range of 0-100 was explored for the Scarabaeidae dataset. 

 

Multiple alignment 

40,401 alignments were built for each of the three datasets (Chapter 4), all 9008 

different alignments found for the Scarabaeidae dataset being examined here. 441 

alignments were selected from the intermediate dataset (Chapter 4) and 441 alignments 

from the Coleoptera subfamily dataset (Chapter 4) covering a range of values between 

2 and 12 for both gap opening and gap extension penalties were also selected for use. 

 

Tree building 

Maximum parsimony (MP) analysis was performed using Paup* version 4.0b4a 

(Swofford 1998) using huristic searches (TBR branch swapping) and a consensus tree 

of all equally parsimonius trees produced for each of the 9008 different alignments for 

the Scarabaeinae dataset (Appendix 4.3) using the Paup* Contree command. For both 

the intermediate (Appendix 4.4) and Coleoptera subfamily datasets (Appendix 4.5)  a 

more limited range of alignment parameters, from 2-12 for both gap opening and gap 

extension penalty was used, covering 441 of the parameter combinations considered to 

be most appropriate. 
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Taxonomic consistency score 

Each of the 9008 consensus trees (see Chapter 6) recovered from alignments in the 

Scarabaeidae data set was examined and given a taxonomic consistency score 

increasing by one for each of the expected monophyletic clades found. These groupings 

expected to be monophyletic were the Aphodiinae subfamily outgroup, and within the 

Scarabaeiane subfamily 11 monophyletic groupings at the level of tribe for Sisyphini, 

Gymnopleurini, Canthonini, Coprinin, Scarabaeini, Phanaeini, Onthophagini, Oniticellini, 

Eurysternini, Eucranini and Dichotomini. Although it is widely agreed that the some 

tribes do not form monophyletic groups these were also included. A total maximum 

score of 12 was possible for each tree if all 12 groupings were recovered as being 

monophyletic. 

 

For the intermediate dataset 16 potentially monophyletic groupings were examined. At 

the taxonomic rank of family these were Bolboceratidae, Ceratocanthidae, Elateridae, 

Geotrupidae, Glaphyridae, Histeridae, Hybosoridae, Hydraenidae, Hydrophilidae, 

Leiodidae, Lucanidae, Passalinae, Scarabaeidae, Silphidae, Staphylinidae and 

Trogidae. 

 

For the Coleoptera subfamily dataset 40 potentially monophyletic groupings were 

examined. At the taxonomic rank level of family these were Anobiidae, Anthicidae, 

Bostrichidae, Bothrideridae, Buprestidae, Cantharidae, Carabidae, Cerambycidae, 

Chrysomelidae, Cleridae, Coccinellidae, Cryptophagidae, Dermestidae, Dytiscidae, 

Elateridae, Elmidae, Endomychidae, Erotylidae, Gyrinidae, Hydraenidae, Lampyridae, 

Lathridiidae, Lucanidae, Lycidae, Melandryidae, Meloidae, Melyridae, Nitidulidae, 

Noteridae, Ptilodactylidae, Rhipiphoridae, Salpingidae, Scarabaeidae, Scraptiidae, 

Silvanidae, Staphylinidae, Tenebrionidae, Tetratomidae, Trogossitidae and Zopheridae. 
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Results 

 

Scarabaeidae dataset 

 
Figure 9.12. Surface plot of the distribution of the number of expected monophyletic 

clades actually found across a range of gap opening and gap extension penalty 

parameter settings for ClustalW 2.0.9 for the Scarabaeidae dataset. Alignment 

parameter combinations that produce the most taxonomically consistent trees are found 

in 30 separate alignment island predominantly distributed around a gap opening penalty 

cost of 50.0 and gap extension penalty cost of 12.0.  

 

Of the 12 groupings examined, the Canthonini, Coprini, Dichotomiini, and Eucranini 

were never found to form monophyletic clades. However, three members of the 

outgroup, the Aphodius, were always recovered as being monophyletic. 
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Figure 9.13. Surface plot showing gap opening costs and gap extension penalty costs 

that ultimately enable the recovery of members of the tribe Oniticellini as a monophyletic 

clade and those which didn’t. The Oniticellini were identified as being monophyletic in 

1104 of the 9008 consensus trees recovered from the use of 5030 different gap opening 

and gap extension parameter combinations.
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Figure 9.14. Surface plot showing gap opening costs and gap extension penalty costs 

that ultimately enable the recovery of members of the tribe Onthophagini as a 

monophyletic clade and those which didn’t. The Onthophagini tribe was found to be 

monophyletic for only 1 of the 9008 alignments, produced through the use of 9 different 

alignment parameter combinations. 
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Figure 9.15. Surface plot showing gap opening costs and gap extension penalty costs 

that ultimately enable the recovery of members of the tribe Phanaeini as a monophyletic 

clade and those which didn’t. Members of this tribe were found to be monophyletic for 

577 of the 9008 different alignments, produced through the use of 1545 different 

alignment parameter combinations. 
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Figure 9.16. Surface plot showing gap opening costs and gap extension penalty costs 

that ultimately enable the recovery of members of the tribe Scarabaeini as a 

monophyletic clade and those which didn’t. Members of this tribe were found to be 

monophyletic for 7,443 of the 9008 different alignments, produced through the use of 

28,658 different alignment parameter combinations. The distribution differs considerably 

from that of Oniticellini and Phanaeini in that the areas from which the Scarabaeini are 

recovered as monophyletic form two large islands, rather than many small islands within 

the parameter space searched. 
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Figure 9.17. Surface plot showing gap opening costs and gap extension penalty costs 

that ultimately enable the recovery of members of the tribe Gymnopleurini as a 

monophyletic clade and those which didn’t. Members of this tribe were found to be 

monophyletic for 8,568 of the 9008 different alignments, produced through the use of 

36,854 different alignment parameter combinations. 
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Figure 9.18. Surface plot showing gap opening costs and gap extension penalty costs 

that ultimately enable the recovery of members of the tribe Sisyphini as a monophyletic 

clade and those which didn’t. Members of this tribe were found to be monophyletic for 

6,567 of the 9008 different alignments, produced through the use of 23,474 different 

alignment parameter combinations. 
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Figure 9.19. Surface plot showing gap opening costs and gap extension penalty costs 

that ultimately enable the recovery of members of the tribe Eurysternini as a 

monophyletic clade and those which didn’t. Members of this tribe were found to be 

monophyletic for 6,541 of the 9008 different alignments, produced through the use of 

23,671 different alignment parameter combinations. 

 

For the full specific details of how the total taxonomic consistency score is made up for 

the Scarabaeidae dataset see Appendix 9.1. 
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Figure 9.20. Scatter plot of the number of expected monophyletic clades recovered for 

the Scarabaeidae dataset plotted against the Simpson’s Index of diversity score for the 

alignment from which the consensus tree was created. 
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Figure 9.21. Scatter plot of the number of expected monophyletic clades recovered for 

the Scarabaeidae dataset plotted against the Shannon-Wiener index of diversity score 

for the alignment from which the consensus tree was created. As the overall diversity of 

the alignment decreases (the Shannon-Wiener score approaches 0) taxonomic 

congruence (the number of clades) expected to be found increases. 
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Figure 9.22. Scatter plot of the number of expected monophyletic clades recovered for 

the Scarabaeidae dataset plotted against the length consensus tree in terms of number 

of steps. 
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Figure 9.23. Scatter plot of the number of expected monophyletic clades recovered for 

the Scarabaeidae dataset plotted against the length of the alignment from which the 

consensus tree was built. Although all alignments with the highest number of expected 

clades found (7) are short, so are many of the alignments from which far fewer expected 

clades were found. 
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For the intermediate dataset 16 potentially monophyletic groupings were examined. At 

the taxonomic rank of family these were Bolboceratidae, Ceratocanthidae, Elateridae, 

Geotrupidae, Glaphyridae, Histeridae, Hybosoridae, Hydraenidae, Hydrophilidae, 

Leiodidae, Lucanidae, Passalinae, Scarabaeidae, Silphidae, Staphylinidae and 

Trogidae. Of the 16 potentially monophyletic grouping examined for the intermediate 

dataset (Bolboceratidae, Ceratocanthidae, Elateridae, Geotrupidae, Glaphyridae, 

Histeridae, Hybosoridae, Hydraenidae, Hydrophilidae, Leiodidae, Lucanidae, 

Passalinae, Scarabaeidae, Silphidae, Staphylinidae and Trogidae) only 5 were 

recovered as forming a monophyletic group in at least one of the 441 consensus trees. 

These were; Ceratocanthidae found 10 times, Elateridae found 69 times, Geotrupidae 

found twice, Hybosoridae found 15 times and Hydraenidae found 12 times. For 339 of 

the 441 alignment parameter combinations examined no monophyletic grouping was 

found. A single monophyletic grouping was recovered 96 times and on 6 occasions 2 of 

the expected monophyletic groups were recovered, these 6 having the highest 

taxonomic consistency scores for the alignment parameter area. 
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Figure 9.24. Surface plot of the distribution of the number of expected monophyletic 

clades actually found across a range of gap opening and gap extension penalty 

parameter settings for ClustalW 2.0.9 for the Intermediate dataset. Alignment parameter 

combinations that produce the most taxonomically consistent trees (containing 2 

monophyletic clades at the family taxonomic rank level) are shown in green forming 6 

separate alignment islands. The number of expected clades actually found appears to 

increase with higher gap opening and gap extension values as covered here. 

 

For the full specific details of how the total taxonomic consistency score is made up for 

the intermediate subfamily dataset see Appendix 9.2 
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Coleoptera subfamily dataset 

 

For the Coleoptera subfamily dataset 40 potentially monophyletic groupings were 

examined. Of these 10 groups were recovered as being monophyletic in at least one of 

the 441 consensus trees examined. These 10 families are; Cryptophagidae found11 

times, Elmidae found 252 times, Endomychidae found 5 times, Lampyridae found 2 

times, Lucanidae found 147 times, Meloidae found 440 times, Nididulidae found 441 

times, Ptilodactylidae found 6 times, Tetratomidae found 6 times and Zopheridae found 

30 times. 

 

 
Figure 9.25. Surface plot of the distribution of the number of expected monophyletic 

clades actually found across a range of gap opening and gap extension penalty 

parameter settings for ClustalW 2.0.9 for the Coleoptera subfamily dataset. The 

alignment parameter combination that produce the most taxonomically consistent tree 

(containing 6 monophyletic clades at the family taxonomic level) is shown in purple. No 
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clear relationship is found between the number of expected clades actually found and 

the gap opening and extension costs for the area of parameter space covered. 

 

For the full specific details of how the total taxonomic consistency score is made up for 

the Coleoptera subfamily dataset see Appendix 9.3. 
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Discussion 

 

Poltting the taxonomic consistency score for the Scarabaeidae dataset across gap 

opening and gap extension alignment parameter space (figure 9.12) reveals that there 

is considerable structure as to where high and low scoring alignments are found. 

Alignment parameter combinations leading to particularly low taxonomic consistency 

scores are found for combinations of high gap opening penalty costs with high gap 

extension penalty costs, while the highest taxonomic consistency is found for alignment 

parameters of approximately 50 for gap opening penalty and around 12 for gap 

extension cost. Such values do not agree well with the default values for ClustalW (gap 

opening cost of 15 and  gap extension penalty of 6.666).  

 

The specific distributions for the expected monophyletc groupings that were found, so 

are combined to make up the total consistency index score (total number of 

monophyletic clades expected to be found and found) are complex. These range from 

that of the 3 Aphodine sequences which are always found as a monophyletic group, to 

that of the Onthophagini clade, found to be monophyletic only once (figure 9.14). 

 

Surface plots for the Oniticellini (figure 9.13) and Phanaeini (figure 9.15) appear to be 

similar in terms of the alignments which lead to their recovery as monophyletic 

groupings are dispersed into many small islands across the parameter space. However 

there is little overlap in terms of which sets of parameters lead to both groups being 

recovered as monophyletic at the same time. 

 

Relationships for the Eurysternini (figure 9.19), Scarabaeini (figure 9.16), Sisyphini  

(figure 9.18) and Gymnopleurini (figure 9.17) demonstrate an alternative pattern, the 

groupings being recovered as monophyletic for most combinations of gap opening and 

gap extension penalty except for the particularly high parameter settings. In such cases 

gaps otherwise found in the alignment should not open or extend easily compressing 

the sequence data together and rendering the results meaningless. 
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When the number of expected clades found was plotted against the Simpson’s Index of 

diversity scores for each alignment no clear relationship was found (figure 9.20). Nor did 

the taxonomic consistency score correlate well with the total number of steps required 

by each consensus tree (figure 9.22). The highest taxonomic consistency scores were 

only found for short alignments, with the exception of 1 all occurring for alignments 

around 540 base pairs long (figure 9.23). However many alignments of similar length 

resulted in consensus trees in which very few of the expected monophyletic groups 

were recovered. From these results it would appear that high taxonomic consistency 

scores have little in common with what might be expected in terms of the biological 

reality of alignments. 

 

It is therefore surprising to find a strong relationship between minimising diversity as 

scored using the Shannon-Wiener index and maximising taxonomic consistency (figure 

9.21).  The distribution of alignments across the parameter space searched does 

appear to be very similar to that of the Shannon-Wiener scores (figure 7.8). For this 

dataset, it would therefore appear that selecting an alignment based on minimising 

diversity score as measured using the Shannon-Wiener Index of diversity minimises the 

amount of synapomorphy in the tree (Chapter 8), and maximises the taxonomic 

consistency score of the consensus tree recovered. Therefore where phylogeneticists 

wish to maximise the accuracy of a phylogenetic hypothesis the Shannon-Wiener index 

of diversity score may provide a useful method of selecting a phenetically optimal 

alignments that result in a tree that meets taxonomic expectations of monophyly. 

 

The results for the Scarabaeidae dataset do raise concerns for the use of taxonomic 

consistency as a measure of tree quality on its own. From figure 9.14 it can be seen that 

in some cases if we search intensely enough an alignment can be recovered that 

supports the monophyly of a particular clade that we might want to find, e.g. one single 

alignment produced by 9 different parameter combinations leads to the recovery of the 

Othophagini as a monophyletic clade. Selecting the best tree based on the recovery of 

monophyletic groups that one wishes to recover does not mean that the accuracy of the 

underlying data (the alignment) is high. However for 4 other groupings examined, 
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Canthonini, Coprini, Dichotomiini, and Eucranini, monophyletic groups were never 

recovered. Although it cannot be ruled out that searching parameter space at an even 

higher density might reveal an alignment, the consensus tree of which does contain one 

of these tribes as a monophyletic group, it does appear that some groupings cannot be 

made to be monophyletic through the manipulation of the gap opening and gap 

extension penalty costs. The polyphyly of the Coprini and Dichotomiini is well 

recognised, however it is surprising for the Eucraniini that form a behaviourally, 

morphologically and biogeographically distinct group. 

 

Results for the distribution of maximised taxonomic consistency score were less clear 

for both the intermediate (figure 9.24) and Coleoptera subfamily datasets (figure 9.25). 

For the intermediate dataset it appears that gap opening costs and extension penalties, 

both in the region of 12, lead to higher taxonomic consistency, however taxonomic 

consistency was generally low for this dataset. Although the Elateridae were recovered 

as being monophyletic on 69 occasions, that only 5 of the 16 family groups expected to 

be monophyletic were recovered suggests that either there is a problem with the 

morphologically based taxonomic system or that the 16S gene sequence is not very 

useful for resolving family level relationships for this dataset. It is possible that true 

monophyletic groupings based on morphological characters are not recovered because 

of the considerable amount of homoplasy found to occur in 16S (see Chapter 8). 

However, 16S was more useful for identifying monophyletic groups at family level for 

the Coleoptera subfamily dataset (figure 9.25 and Appendix 9.3). 

 

 

The exact nature of how minimising the Shannon-Wiener index of diversity maximises 

taxonomic consistency for the Scarabaeidae dataset, other than by reducing the amount 

of synapomorphy is not clear. The amount of homoplasy found in alignments appears to 

be positively correlated with the amount of synapomorphy (see Chapter 8). It can be 

speculated that rather than reflecting a true biological reality it may be that minimising 

diversity of alignments acts to tidy up the gap regions. In doing the number of incorrect 

steps required in the tree is reduced, allowing the true homology relationships within the 
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secondary structure stem regions to overcome the effect of the poorly aligned sequence 

data from secondary structure loop regions, so increasing the accuracy of the tree. 
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Chapter 10 
 

The effect of tiebreaking and sequence orientation for length variable sequence data on 

the size of alignment space and quality of alignments. 

 

Abstract 

 

Deterministic alignment programs such as Clustal, Muscle and T-coffee return a single 

alignment for a given set of alignment parameters. In doing so many equally good 

alternative alignments may be disregarded during the alignment building process. Rules 

were identified as to the handedness of these three alignment programs from the results 

of two hypothetical datasets. When these findings are applied to a real 16S dataset by 

varying input sequence orientation Clustal alignment space is found to be approximately 

twice the size it first appears to be when Clustal is used as was intended. Alignment 

quality, as measured by the Simpson’s Index of Diversity, varied between the two sets 

of alignments recovered, the best alignment being found using Clustal not as intended, 

but with sequence orientation reversed. Investigators searching for high quality 

alignments using deterministic alignments programs should consider the effect of 

varying the orientation of input sequences, in addition to varying the alignment 

parameters. 

 

 

Introduction 

 

DNA sequences operate in a directional manner from the 5’ to 3’ end. “This 

directionality is so entrenched in our perception of these molecules, that we unthinkingly 

process every sequence from left to right, regardless of the purpose of the analysis” 

Landan & Graur (2007). When using an alignment program, an a priori expectation 

often held is that the alignment algorithms, and the alignments produced by them, are 

independent of the orientation of the input sequences. For some programs this a priori 

expectation is shown to be incorrect by the accompanying manual, however, for other 
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alignment programs it is not so clear. Where alignment programs do not recover 

orientation independent alignments, equally good alternative alignments may be 

disregarded during the alignment building process, without a justifiable reason for the 

selection of one over another. This may be done in order to reach a ‘good’ but 

suboptimal alignment, in a time thought to be acceptable to the user. However, at best 

arbitrarily reporting only one of the two or more alternatives obscures the fact that for 

any further analysis the result is at most as equally as reliable as the alternative 

unknown result (Landan & Graur, 2007). 

 

Higgins (2006) was unable to provide an exact explanation about how the Clustal family 

of alignment algorithms operate to break tied scores. However, he stated that “the exact 

rule is hard wired into the code” and that the “decision is an arbitrary code choice in the 

order of three statements”. The cost of not opening a gap is scored, the cost of opening 

a gap in sequence 1 is scored and the cost of opening a gap in sequence 2 is scored. If 

the cost of opening a gap is greater than not opening a gap in sequence 1 or 2, no gap 

is opened. If the cost of opening a gap in sequence 1 is less than not opening a gap, or 

opening a gap in sequence 2, then a gap is opened in sequence 1. Alternatively, if the 

cost of opening a gap in sequence 2 is less than not opening a gap, or opening a gap in 

sequence 1, then a gap is opened in sequence 2. In the tied score situation, opening a 

gap in one of the sequences is equal to the cost for not opening a gap. The difference in 

the positioning of the gap, and so choice of tiebreak, arises due to the function used – 

either “equal to or greater than” or “greater than”. Where the score between opening a 

gap and not opening a gap is tied, if the statement reads ‘open a gap if the cost of 

opening a gap is less than not opening a gap’, no gap will be opened. But, if the 

statement reads ‘open a gap if the cost of opening a gap is equal or less than not 

opening a gap’, a gap will be opened.   

 

The two extreme positions, of always breaking ties by opening a gap on the left or 

always breaking ties by opening a gap on the right, have been termed the high-road and 

the low-road through alignment space (States & Boguski, 1992; Dewey, 2001), and are 

thought to occur at the extreme edges of the range of all alignments that can be built up 
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from equally good choices disregarded in the early stages of alignement. It is one of 

these extreme alignments that pairwise alignment programs are thought to usually 

report as the final alignment.  

 

Here the hard wired decisions that three deterministic alignment programs (Muscle, 

Clustal and T-coffee) take when dealing with length variable sequences are examined 

using hypothetical data. The effect of the arbitrary decision made in the Clustal 

algorithm is then explored across a wide range of alignment parameter space. The pairs 

of alternative alignments that can be recovered by varying the orientation of sequence 

data in Clustal is also compared to that for PRANK which differs in its ability to randomly 

select one of two or more tied score positions.   

 

 

Method 

 

Sequence alignment 

 

The alignment program Probablistic Alignment Kit, otherwise known as PRANK, was 

installed on desktop computers across the NHM site and a Pearl script written to 

repeatedly run PRANK multiple times under the default settings.  A Pearl script was also 

written to automate variation of opening and extension cost parameters ranging 

between 0 and 100 for the alignment programs Muscle, ClustalW 1.83 and T-coffee. 

ClustalW 2.0.9 (Larkin et al., 2007) was compiled for use on the HPC facility and Bash 

scripts written to cycle through the range of opening cost and extension costs required. 

Bash scripts were also written to compare all alignments identifying all those that were 

different from each other. 

 

A simple experiment was undertaken to demonstrate the result of tiebreaking in 

alignment programs through the placement of gaps. Two short hypothetical sequences 

(ACGGTA and ACGTA) were designed to create a situation where a tied score situation 

occurs, it being possible to represent the correct alignment in one of two ways. The two 
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hypothetical sequences were aligned using ClustalW 1.83 under parameter combination 

settings ranging from 0 to 100 for extension and opening costs at intervals of 1 (101 x 

101 parameter combinations). Similarly the same sequences were aligned using the 

Muscle alignment program, again varying alignment parameter combination settings 

ranging from 0 to 100 for extension and opening costs at intervals of 1 (101 x 101 

parameter combinations). The same was applied to the alignment program T-coffee 

again producing 10,201 alignments (101 x 101 parameter combinations). Despite the 

same number and range of alignment parameter values being used these parameters 

are not directly comparable between the three programs. In addition, the upper limit for 

these parameters accepted by Muscle and T-coffee is not known. 

 

Edgar (2006) stated that the Muscle alignments do not suffer from tiebreaking problems 

as the final alignments recovered are as equally good as each other. Therefore, a 

second experiment was designed, again using hypothetical data, in an attempt to reveal 

whether or not this statement was correct. Four sequences (AAAGATTT, AAAGTTT, 

AAAGGCCC and AAAGCCC) were designed, with the purpose of disproving this 

statement if Muscle was found to act in a consistent way when breaking tied alignment 

situations during the process of building up a multiple alignment. 
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Results 

Figure 10.1. PRANK was run 250 times under the default settings, the program 

operating as it was designed to, using a random seed. No alignment was recovered 

twice. The range of lengths of alignments recovered was normally distributed and varied 

from 798 to 913 base pairs long. 

 
Figure 10.2 In Chapter 5, PRANK gap rate and extension probability space was 

searched at a density of 0.01, once for each parameter combination. Alignment length 

for the parameters covered varied from 518 to 6010. 
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Figure 10.3. Length distribution of 250 PRANK alignments recovered using the default 

values plotted against the single use of all other allowable alignment parameter values 

as discussed in Chapter 4. For PRANK a great deal of the variation exists in the lengths 

of alignments that can be recovered for this dataset through use of the default 

parameters alone. However, variation length variation in PRANK alignments is far 

greater across the entire alignment space, than within a single parameter setting. 

 
For the alignment of the two hypothetical sequences, ACGGTA and ACGTA, the same 

alignment (set out below) was recovered by Muscle and T-coffee on every occasion. 

Therefore, these two programs were insensitive to the choice of alignment parameters 

for the range of alignment parameters covered. 

Sequence 1 ACGGTA 

Sequence 2 ACG - TA 

ClustalW 1.83 alignments differed from Muscle and T-coffee for the alignment of the 

same pair of sequences, in that the above alignment was never recovered. Instead the 

equally good alternative alignment below was found for 298 parameter combinations.  
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Sequence 1 ACGGTA 

Sequence 2 AC - GTA 

Unlike Muscle and T-coffee, the alignment solutions showed sensitivity to the 

combination of parameter values used. For this example, where the sum of the gap cost 

and extension cost exceed a total value of 19, the cost of opening a gap becomes so 

prohibitively expensive that ClustalW 1.83 fails to open a gap within the sequence. The 

sub-optimal alignment recovered by ClustalW 1.83 for 9,803 of the 10,101 alignment 

parameter combinations is 

Sequence 1 ACGGTA 

Sequence 2  - ACGTA 

Reversing (but not complementing) the same two unaligned sequences so that they are 

input in the 3’→5’ direction again leads to two equally good alignments. However in 

each case the right handedness of Muscle and T-coffee or left handedness of ClustalW 

1.83, leads to the recovery of the alternative equally optimal alignment, not previously 

found when rerun under the same parameter combinations. Additionally a second sub-

optimal alignment is recovered by ClustalW 1.83, again when the gap and extension 

costs combine to exceed the same threshold value as before.  

Sequence 1 ATGGCA 

Sequence 2  - ATGCA 

These results show that given a tied situation where two alignments of equal quality are 

found, Muscle and T-coffee act in the same manner, to place the gap on the right, while 

given appropriate values that allow a gap to be opened ClustalW1.83 takes the 

alternative solution, placing the gap in the left most position. 
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Figure 10.4. Diagrammatic representation of two alignment pathways leading to two 

different but equally optimal alignments.  

For the alignment of four hypothetical sequences (AAAGATTT, AAAGTTT , 

AAAGGCCC and AAAGCCC) three equally optimal alignments exist (optimal being 

defined as maximised matches and minimised mismatches) which are 

 

Each of the three alignments can be most parsimoniously explained in terms of three 

mutation and two independent insertion events. 

Inputting the four hypothetical sequences in the 5’→3’ direction (Figure 6.5), a single 

alignment is recovered by Muscle for all 10,201 parameter combinations. Again, this 

demonstrates Muscle’s insensitivity to the choice of alignment parameter settings. One 

single alignment is also recovered for all parameter settings used with T-coffee, 

however, this alignment differs from that  of Muscle. The T-coffee alignment is of poorer 

quality, in that an additional two mutation events are required to explain homology 

relationships between sequences in the alignment. ClustalW 1.83 differs from Muscle 

and T-coffee in this specific example by displaying sensitivity to gap opening penalty 

and gap extension penalty. Four different alignments are recovered, one of which is 

A A A G A T T T A A A G A T T T A A A G A T T T
A A A G T T T A A A G T T T A A A G T T T
A A A G G C C C A A A G G C C C A A A G G C C C
A A A G C C C A A A G C C C A A A G C C C
* * * * * * * * * * * *

ACGGTA 
AC - GTA 

ACGGTA 
ACG - TA 

Pairwise 
Alignment 

Muscle   (100%) 
T-coffee (100%) 

ClustalW 1.83 
 (approximately 4%) 

Input unaligned sequences 
for alignment in 5’→3’ 

direction 
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identical to that recovered by Muscle. None of these alignments are most optimal, the 

‘best’ being that recovered by Muscle and Clustal, requiring 2 deletions and 4 mutation 

events. 

Inputting the four hypothetical sequences in the 3’→5’ direction into each program 

(figure 10.6) again leads to a single alignment being recovered by Muscle, which is 

identical to that recovered for the sequences when input in the 5’→3’ direction (20,402 

alignments).  Edgar’s (2006) claim that all final alignments are as equally good as each 

other is not disproved as all final alignments were identical. It appears that Muscle 

alignments may not suffer from this tiebreaking problem as the gap position can be 

corrected during the iterative steps. However, the algorithm was insensitive to the range 

of parameters used, leading to overmatching of the data. Unlike Muscle, T-coffee 

displayed sensitivity to the range of parameters used and sensitivity to the direction of 

the alignment. Two different alignments were recovered, the threshold occurring for gap 

opening values of 7 or more. However, T-coffee appeared to be insensitive to variation 

in extension parameter costs. Both of the T-coffee alignments were of poorer quality 

than the alignment recovered using Muscle. Greatest sensitivity to alignment parameter 

choice was again shown by ClustalW 1.83. Five different alignments were recovered, 

also differing from those recovered by Muscle and T-coffee. However, one of these 

alignments was one of the three equally optimal alignments (requiring 2 insertion and 3 

mutation events). In total, using Clustal to align sequences in both the 5’→3’ and 3’→5’ 

directions, 7 different alignments were recovered (figure 10.7). 
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Figure 10.5. Flow diagram for alignments recovered from ClustalW 1.83, Muscle and T-coffee when sequences are input in the 

5’→3’ direction. Figures below alignment boxes give the number of times found by each alignment program specific to the 

alignment parameters used for each. 
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Figure 10.6. Flow diagram for alignments recovered from ClustalW 1.83, Muscle and T-coffee when sequences are input in the 

3’→5’ direction. Figures below alignment boxes give the number of times found by each alignment program specific to the 

alignment parameters used for each. The alignment highlighted in green represents the ‘best’ alignment requiring the fewest 

evolutionary changes (2 insertion  and 3 mutation events).
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Figure 10.7. Flow diagram for alignments recovered from ClustalW 1.83, when sequences are input in the both the 5’→3’ and 3’→5’ 

direction. Figures below alignment boxes give the number of times found as a percentage. The alignment highlighted in green 

represents the ‘best’ alignment requiring the fewest evolutionary changes (2 insertion  and 3 mutation events).
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For the Scarabaeidae dataset (discussed in Chapter 2) aligned in the 3’-5’ direction, 

a total of 40,401 gap opening cost and extension cost parameter combinations, from 

0 to 100 at intervals of 0.5 (producing 201 x 201 different parameter settings) were 

built. 8,353 different alignments were recovered, all of which differed from the 9,008 

different alignments recovered searching the same data aligned in the 5’-3’ direction 

(see Chapter 4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10.8. Diagramatic representation of alignment distribution of within ClustalW 

2.0.9 alignment parameter space for the Scarabaeidae dataset with sequences 

aligned in the 3’-5’ direction (n = 40,401 parameter combinations and 8,353 different 

alignments).
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Figure 10.9. Simpson’s Index of Diversity Scores for 9,008 ClustalW 2.0.9 alignments aligned orientated in the 5’-3’ 

direction (Chapter 4) and 8,353 alignments aligned orientated in the 3’-5’ direction. The overall minimum score was for the 

3’-5’ alignment, generated by extension cost 23.5 and opening penalty 0 scoring 69.806286 (552 base pairs long) 

compared with 69.81790056 (544 base pairs long) in the 5’-3’ direction for extension cost of 22.5 and opening penalty 4. 
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Discussion 

 

The way in which alignment programs deal with tied alignments of equal quality 

should be of concern to users of alignment programs. Löytynoja & Goldman 

(2008) warn against the overconfidence that can result from repeatedly 

recovering one alignment for one set of parameters from deterministic alignment 

programs. In using PRANK 250 times as intended under the default values, the 

same alignment was never recovered twice (figure 10.1) across the alignment 

parameter space covered (figure 10.2). Instead, 250 different alignments were 

found spread across a range of different alignment lengths. However, variation 

across the program’s parameter space was greater than variation within the 

range of alignments found under the default settings (figure 10.3). As PRANK is 

not deterministic, PRANK alignments must be regarded as not being 

reproducible. Where PRANK alignments are used in scientific publications, the 

alignment should be published with it. PRANK and the concepts behind it, 

including the use of a random seed, blur the meaning of reproducible methods, it 

being possible to reproduce the method but not necessarily reproduce the result. 

 

There is no reason to believe that Clustal is any different to PRANK in that at 

least 248 other alignments are discarded based on breaking tied scores. Clustal 

was found to do this by placing gaps to the left, while other programs such as 

Muscle and T-coffee place gaps to the right. In Chapter 4 not one of 9,008 

different Clustal alignments was found to be identical to any one of 273,417 

different Muscle alignments. This finding may in part explain why no two 

alignments were identical between programs. If, instead, the 273,417 5’-3’ 

Muscle alignments had been compared with the 8,353 3’-5’ alignments recovered 

here, perhaps the areas of alignment space would have overlapped and a few 

alignments might have been found to be identical.  
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T-coffee displayed sensitivity to the direction of the sequences and to opening 

cost parameter variation. However, performance was generally poor in terms of 

alignment quality. T-coffee is considerably slower than Muscle and Clustal and 

so is not favoured for use on any grounds, based on this experiment. 

 

In the experiments using two hypothetical sequences Muscle was found to be 

insensitive to the alignment parameters used, but was sensitive to sequence 

direction. Similarly, in the second experiment Muscle was again found insensitive 

to the alignment parameter combinations used, across the range of parameters 

investigated. However, in the second experiment Muscle was also insensitive to 

sequence direction. Some may regard Muscle’s insensitivity to alignment 

parameter combinations as a great strength, their aim being to have a ‘black box’ 

method that quickly returns a good alignment without the need to alter various 

parameters. In Chapter 5 it is shown that insensitivity to alignment parameter 

settings does not hold true for a real dataset of 212 16S Sarabaeidae sequences, 

almost every one of these alignment parameters leading to a different alignment 

(Chapter 5, figure 5.1). 

 

That reversing the direction of the sequence data to be aligned can lead to the 

creation of an entirely new set of alignments, given the same parameter settings, 

has consequences for the findings of Chapter 6. Using the program in this way 

almost doubles the number of alignments found, suggesting that the alignment 

accumulation curves in Chapter 6 underestimate the number of alignments by 

approximately half. It is also likely that a different tree topology will be recovered 

for each of these additional alignments. This being the case, at most, the tree 

topology space discussed in (Chapter 6 figure 6.3a) only represents half of the 

recoverable tree topologies available to select from. 

Reversing the direction of the sequence not only leads to an alternative 

alignment hypothesis, but the quality of this alternative alignment may be higher 

or lower. Where all alignments differ between the forward and reverse directions 
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and a sensitive scoring system is used to measure alignment quality, it is likely 

that one alignment will be of highest quality. Without knowing how many 

alignments are distributed across each version of alignment parameter space, 

there is no reason to expect that this ‘best’ alignment will be one of those from 

the forward direction, other than, all things being equal, the ratio of alignments is 

8,353:9,008. The higher quality alignment might therefore be expected to be one 

from the set of alignments recovered from the forward direction. 

Aligning the dataset orientated in the 3’-5’ direction led to an alignment being 

recovered which had a lower Simpson’s Index of Diversity score (figure 10.9) 

than any of those recovered from the 5’-3’ direction (Chapter 5). This alignment 

was recovered using the parameters 23.5 for extension cost and 0 for opening, 

even closer to the values of extension 22.5 and opening 0.83 recommended by 

Wilm et al., (2006). This ‘best’ alignment was 552 base pairs long compared to 

the 5’-3’ alignment at 544 base pairs long. This suggests that the reverse 

alignment might also be more biologically correct. 

 

Further work. 

That Clustal shows a sequence orientation bias is of interest in relation to 

Chapter 4. This finding raises the question would Muscle 5’-3’ alignements be 

more similar overlap or match with any of the 3’-5’ Clustal alignments. The 

presence of directional bias should be sought for other alignment programs and 

where found the handedness of the program identified. Other factors may also 

play a role determining the outcome of tiebreak situations. These alternatives 

should also be investigated and their effect on alignment space explored. 
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Conclusion 

 

Throughout this thesis the alignment of 16S has been demonstrated to be a 

complicated problem; the justification of one or a few of the highest quality 

alignments requiring a vast amount of computer processing resources and a 

considerable amount of time. From this work some general advice can be given 

to those who wish to use progressive pairwise alignment programs to align length 

variable sequence data such as 16S. 

 

1. No specific parameter setting will always be better than any other. Instead 

for each unique dataset, choices must be made between the different 

methods and their parameter settings, which must be justified. The sole 

use of alignment programs default values or the use of a value 

recommended based on other datasets such as a benchmarks are not 

justifiable. There are no short cuts to exploring alignment parameter space 

where the objective is to obtain an accurate alignment and so justify a tree 

topology. The appropriate alignment parameters, specified to some 

number of decimal places, will be specific to the dataset. 

 

2. The broader the phylogenetic range to be covered by a study, the greater 

the density of search (smaller step size between alignment parameters) is 

required. The choice of parameter settings must therefore be justified to 

ever more decimal places. Where investigators do not have the time or 

resources to investigate parameter space thoroughly, consideration 

should be given to reducing the phylogenetic breadth of the study. 

 

3. The alignments produced by different alignment programs vary 

considerably, however, the question of which alignment program is better 

is meaningless. No program is likely to be better than all others for all 

datasets. Which one is better for a specific dataset, will depend on how 
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alignment quality is defined, and what range of parameter combination 

settings are explored within each program. 

 

4. Even for a dataset of just over 200 16S sequences, so many alternative 

alignments exist that assessing alignment quality based on visual 

inspection is not practical even if it were an objective and reproducible 

method. Instead, it is necessary define some quantitative measure of 

alignment quality that can be applied to vast numbers of alignments via 

automated means. The Shannon-Wiener and Simpson’s index of diversity 

was applied to alignments here, the Shannon-Wiener being found to be 

particularly useful, minimising the diversity score appearing to be 

correlated with minimising synapomorphy and maximising taxonomic 

congruence. 

 

5. Alignment programs do not always work as they might be expected to. 

The availability of alignment programs such as online versions of Clustal 

via Graphical User Interfaces (GUI’s) may place limits on the range of 

parameter settings that the user is able to alter. In addition such GUI’s 

encourage use of programs as ‘black boxes’. Instead those using these 

programs should take time to read and understand program manuals and 

associated papers where further instruction on their use may be found. 

 

6. The size of alignment parameter space and the resulting tree topology 

space may so vast that it cannot be effectively explored without the 

automation of programs using command line scripts.  Investigators 

attempting to align length variable sequence data would do well to learn to 

write scripts and simple programs. Even where investigators have the 

appropriate script and program writing skills, they may not have 

appropriate computer processing resources. Such investigators are faced 

with two choices: reduce the complexity of the study, or apply for 
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processing time on the most powerful computer that they can gain access 

to. 

 

 

Investigators should be prepared for the process of finding and justifying an 

accurate alignment, and so accurate tree topology, to take a considerable 

amount of time. Where quick and dirty methods are used the level of 

uncertainty should be reflected. Without doing so, more low quality trees are 

added to the literature. To those not familiar with phylogenetic techniques this 

is not only unhelpful, but ultimately causes them to disregard molecular based 

studies and has the potential to bring the entire subject of phylogenetics into 

disrepute. Therefore, a main recommendation of this thesis would be that if 

investigators do not have the necessary time and computing resources 

available to justify the selection of a high quality tree and alignment, they 

should not attempt to undertake the work. 

 

New sequencing technologies are adding to the size of datasets investigators 

wish to align and the price of sequencing continues to reduce to the point that 

DNA sequencing is now available to almost all who wish to use it. As such we 

are rapidly reaching the point where anyone can build a molecular based 

phylogenetic tree, albeit of questionable quality. Online tools are also 

available into which sequences may be submitted, aligned under default 

settings, a tree built, and the user provided with ‘the’ phylogenetic tree of 

interest to them. Currently the accurate alignment of variable length sequence 

data is a highly specialised skill, requiring a deep understanding of the 

problem and many interrelated factors need to be accounted for. Few 

researchers are likely to have the programming skills and computer 

processing power required for such work. Programs currently available to 

users such as BEAST (Drummond & Rambaut (2007), R (R Development 

Core Team, 2005) and MrBayes (Huelsenbeck & Ronquist, 2001; Ronquist & 

Huelsenbeck, 2003) are slow, inefficient in memory terms (being written in a 
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range of languages often inappropriate for use with current supercomputing 

facilities) or prohibitively expensive (thousands of licences for programs such 

as Paup* (Swofford, 2003) would be needed to use it on a supercomputer 

with thousands of nodes). Even where programs are appropriate for large 

scale analysis, input files of sequence data are often required to be input in 

different formats, and many programs contain low upper limits (e.g. a 

maximum of 1000 taxa). Even where programs are capable of handling more 

than 1000 taxa, ultimately displaying large trees is also a considerable 

problem. Programs written and developed by groups such as the EMBOSS 

team make these problems easier, however some form of common standards 

are required in order to stop making the situation worse. Until more efficient 

and accurate methods are devised for obtaining accurate alignments and tree 

topologies or until supercomputers are available to all, a temporary measure 

might be for sequence alignment specialists to align data on the behalf of 

researchers, who are then able to build phylogenetic trees with their own 

preferred method. 

 

For those who wish to continue using versions of Clustal, despite lacking the 

computer skills, processing power and time to justify their choice of alignment, 

specific recommendations are given here to minimise the harm they may 

cause, allowing them to achieve considerable improvement in alignment 

quality and tree topology beyond that typically recovered using the default 

settings on a single desktop computer. 

 

 In order to find the largest number of alignments given limited resources, a 

systematic search strategy is more efficient than randomly selecting points 

from the space. The entire alignment parameter space should be 

searched systematically varying opening and extension costs at intervals 

of 10. 

 Score these alignments using the Shannon-Wiener or Simpson’s Index of 

Diversity and select the parameter combination where this score is 
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minimised. Taking this position as a new starting point reduce the area of 

search by half, centred on this point and increase the search density by 

half. 

 Repeat this process until no new alignments are found. 

 Orientate the unaligned data in the opposite direction and repeat the 

process. 

 Select the one or few best scoring alignments based on minimum diversity 

and expectations as to the biological correctness of gaped regions. 

 Theoretically justify the use of Clustal alone.  

 

Alternatively, considering the challenge of accurate alignment, investigators 

may wish to reconsider the how appropriate this gene is to the purpose of their 

work. At the end of August 2008 the number of the most commonly sequenced 

genes of a useable length for Coleoptera species in genebank were as 

follows; 

 

Table 11.1 Number of sequence types for species of Coleoptera found in 

Genbank (Chesters 2007). 

 
 Number of species 

sequenced 
Ef1a 730 
Cyt b 1090 
Cox1 5’ 1582 
Cox1 3’ 3989 
Cox2 1052 
16S 2980 
18S 1127 
28S 2090 

At the time16S was the second most successfully sequenced gene, its popularity 

of choice being partly due Simon et al., (1994) and further recommendation as a 

gene of choice for phylogenetic work by Caterino et al., (2000). The ease of 

sequencing a gene may be different to the ease of aligning that sequence. 

Conserved stem regions may be ideal as primer binding sites, invariant across 
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many orders, however the position of both primer sites may be unhelpful to those 

who wish to use secondary structure based alignment programs. In the case of 

the 16S region, examined here, a trade off exists between the ease of alignment 

and ease of sequencing. Those who place the emphasis on the ease of 

sequencing a gene over the ease at which true phylogenetic signal can be 

obtained may produce large phylogenies, however if entirely based on 16S data 

the trees may be of very poor quality. For those who do not wish to go to such 

effort for aligning their data a number of other genes are available.  

Of mitochondrial genes, two regions of cytochrome oxidase 1, the 3’ end and the 

5’ end also known as the barcoding region, are commonly used. Both regions 

tend to be length invariant across a broad taxonomic range. The sequence is 

relatively easy to extract successfully and alignment is uncomplicated. Similarly 

cytochrome oxidase 2 and cytochrome b are thought to be length invariant 

across the Scarabaeinae. Alternatively, 12S is known to contain numerous 

insertion and deletion events. Those using this gene would face similar problems 

to those experienced for the alignment of 16S.  

Single copy nuclear protein coding genes are far more ideal for phylogenetic 

studies. Caterino et al., (2000) proposed the use of elongation factor-1 alpha 

(EF-1α), such sequences being said to be highly conserved with only the third 

codon position providing any information. Sequences for 18S and domain 2 of 

28S have also been suggested for use. Alignment problems do occur for these 

two sequences but resolving these problems is not thought to be difficult as for 

other genes such as 16S and 12S. 28S domain 3 is known to contain little or no 

variation. For this reason it is thought useful for recovering deeper relationships 

unlike the relationships found using 16S. Wingless (wg) is also has the potential 

to be a good marker. Despite containing a few indels, these typically occur as 

frame shifts in combinations of 3. 

However, if attempting to avoid problems in the alignment of sequence data, use 

of some nuclear protein coding genes should be avoided. CAD is one such gene 
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that contains insertion and deletion events. In addition to the genes already 

mentioned Caterino et al., (2000) suggest that the following genes have the 

potential to be useful and easy to align: ddc (dopa decarboxylase);  g6pdh 

(glycerol-3-phosphate dehydrogenase); hb (hunchbac); per (period); and pepck 

(phosphoenolpyruvate carboxykinase). However, before attempting to use any of 

these genes on a wide scale investigators might do well to carry out a pilot study. 

For example, if working on the Scarabaeine, sequencing one member of each 

tribe and carefully examining the alignment of this data, before deciding whether 

to continue sequence the same gene for many species. 

In the long term avoiding the use of sequences containing insertion or deletion 

events will not be possible. Rather than attempting to align single genes 

containing insertion and deletion events, in future the aim will be to align whole 

mitochondrial sequences and entire genomes sequenced using 454 and new 

generation sequencer technology. The number and length of this sequence data 

is likely to present enormous challenges, where accurate sequence alignment is 

the goal. 

Further work 

Although large steps have been taken here to improve the identification of high 

quality alignments and so high quality trees, a great deal of further work is 

needed in order to recover accurate alignments in a repeatable and justifiable 

manner. The ability to recover accurate alignments and so accurate tree 

topologies is now more urgently required in two particular cases. Firstly, 

identifying tree topologies accurately could enable mislabeled sequences, 

chimera sequences and sequence contamination events to be identified and, 

where stored in databases such as genbank, removed. Secondly, the accurate 

identification of tree topology for environmental plankton samples, may allow 

different genes from the same ‘species’ to be identified and concatenated 

together, building up the organism’s genome without the organism morphology 

ever being known. 
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