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Abstract

Thiswork presents a phylogenetic analysis of the weevil subfamily
Dryophthorinae (Coleoptera: Curculionidae). Three genes (cytochrome oxidase I,
elongation factor 1-alpha, and 28S) were sequenced and analyzed using parsimony and
Bayesian techniques. The results were examined in comparison with the phylogeny of the
weevils' bacterial endosymbionts and plant hosts. The analysis showed that symbiosis
originated no more than once within this group of weevils, which is consistent with
results from other insect-bacteria systems. However, when the results of this and the
bacterial phylogeny are compared, at least five shifts of symbiotic partners are found.
Thisresult is robust based on the sequence data (probability of fewer stepsislessthan
0.001). The evolution of hostplant use was also investigated. The group was found to be

ancestrally palm-feeding and to have originated about 70 million years ago.
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Introduction
Animal and Plant Microbial Intracellular Symbioses

While the importance of intracellular symbioses (where the symbiont occurs
within host cells) in both terrestrial and marine ecosystems has been appreciated for
many decades (Paracer and Ahmadjian 2000; Buchner, 1965), the advent of molecular
technigues has galvanized new research into symbioses of multicellular plants and
animals with bacteria, fungi, and algae. In particular, PCR and sequencing permit the
identification of microbial symbionts and their gene products in species for which only
morphological descriptions existed before, resulting in the investigation of questions
concerning the number of symbionts present, their mode of transmission, whether or not
these occur in other related species, their evolutionary origins, and consequences for both
host and symbiont (Moran and Telang, 1998; Charles et al., 1997; Charles et al., 1995;
Campbell et al., 1992).

Molecular research has thus opened up an astonishingly wide range of phenomena
that both inform our understanding of symbioses and bring insights from these
interactions to other areas in evolutionary biology. For example, among recent notable
findings include combined molecular and fossil evidence that mycorrhizal associations of
Glomales date to 600 MY A, and thus possibly facilitated the colonization of land by

green plants (Redecker et a. 2000), and the bacterial symbionts of aphids confirm the
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theoretical expectations of Muller’ sratchet of accumulation of slightly deleterious

mutations when population sizes are as severely curtailed as they are in these symbionts

(Moran, 1996) .

To date, most intracellular symbioses studied fall into one of two categories: those

which are strictly vertically transmitted once the initial symbiosis forms, such asin

aphids (Moran and Telang 1998), or those with strictly horizontal transfer, asin Vibrio

with luminescent squid (McFall-Ngai and Ruby, 2000). According to Douglas (1994),

“dl intracellular symbiontsin insects are vertically transmitted.”

Insect-bacterial symbioses

Much of the most detailed work in animal-bacterial symbioses involvesinsects,

and in particular, the symbioses of aphids, carpenter ants, tsetse flies and weevilsin

subfamily Dryophthorinae (Moran and Telang 1998). Physiological experiments have

demonstrated the role of symbiontsin host nutrition in aphids (Sandstrom and Moran,

1999) and dryophthorine weevils (Grenier et a., 1997), and molecular phylogenetic

studies of have confirmed parallel phylogenesis between insects and hosts in aphids

(Moran and Telang 1998), tsetse flies (Chen et al. 1999) and carpenter ants (Sauer et al.

2000).
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Symbi oses between insects and bacteria are quite widespread, and seem to occur

in insect groups that feed on nutritionally deficient food such as phloem, blood or wood

where the ability of symbiontsto produce essential amino acids would be useful. The

symbionts are often housed in cellsin the haemocodl, fat body, or midgut caeca (Douglas

1989). They have been reported in wood decomposers and detritus feeders such as

carpenter ants(Formicidae) and beetles (Throscidae, Nosondendridae, Bostrychidae,

Lyctidae, Anobiidae, Silvanidae and Cerambycidae), cockroaches (Blattidae), lice

(Phthiraptera); bloodfeeders such as bedbugs (Cimicidae) and tsetse flies (Glossinidag);

and some speciaist herbivore beetles (Chrysomelidae, Bruchidae, Curculionidae;

homopterans (A phididae; Cicadidae; Diaspididae); Douglas 1989; Moran and Telang

1998).

Our best knowledge of insect-bacteria symbioses comes from the aphid-Buchnera

symbiosis. In this system, careful analysis of the phylogenies of the symbiont and the

host have allowed researchers to deduce the age of the symbiosis, rate of gene loss by the

bacteria, the effects of small population size on the beetle’s molecular evolution, and

amount of horizontal transfer of the symbiont (Moran and Telang, 1998, and refs therein).

This aso builds on work determining the genes involved in the symbiosis, the

development of the symbiosis through an aphid’ s lifetime, transmission of the symbiont,

and many other factors (i.e., Buchner, 1965).
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The system: The bacteria

The second-best known insect-bacteria symbiosis is that between dryophthorine
weevils and their endosymbiotic, intracellular bacteria. These intracellular bacteria are
found only in specialized cells known as bacteriocytes, where they survive with no host-
derived membrane around them (Charles et al., 1997, Nardon et al., 1998) and are
transmitted maternally viathe ovarioles. Recent work on the phylogeny of the weevil
symbionts (Figure 1) reveal s three distinct clades within the g-3 proteobacteria, near
groupings containing other insect symbionts, as well as Escherischia coli and numerous
pathogens (Heddi et al. unpublished). The bacteria induce formation of an organ known
as a bacteriome in which they are housed (Charles et a., 1997), found around the gut in
the larvae and at the ovaries and the midgut caecain adults (Charles et al., 1997; Nardon
et al., 1998). Aposymbiotic weevils can be produced by heating to 38 °C, allowing
performance of symbiont-containing and aposymbiotic weevils to be compared.
Aposymbiotic weevilslose the ability to fly, and reproduction isimpaired unless
nutrients normally supplied by the bacteria (pantothenic acid, riboflavin, phenylalanine,
and proline) are provided in the diet (Charles et al. 1997; Grenier et al. 1994). Weight
gain per day was 45% higher, and devel opment time was 20% faster, in the symbiotic

strain than in the lab-created aposymbiotic strain of Stophilus granarius (Delobel and
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Grenier, 1993). The weevil controls symbiont number, as shown by mating experiments
between strains selected for high and low symbiont number (Nardon et al., 1998).

The symbiosis has apparently been lost in Stophilus linearis, which also has
switched to eating legumes (Charles et a., 1995). This species can not be raised on grain,
unlike its congeners which have been studied (Delobel and Grenier, 1993). Similarly,
some Egyptian strains of Stophilus granarius are reported to be naturally aposymbiotic

(Koch, 1967; Buchner, 1965), though other individuals in the species do have symbionts.

The system: Weevils in the subfamily Dryophthorinae (Curculionidae)

The weevil subfamily Dryophthorinae isinteresting in its own right, even without
the symbiosis. The group comprises 140 genera, totaling 1,010 species (Thompson,
1992). This group iswidely known for its economic importance as pests of monocots.
Three species alone, Stophilus oryzae, S. zeamais, and S. granarius, consume $35 billion
dollars worth of the world’ s grain annually (D. Shuman USDA-ARS, pers. comm.).
During World War |, infestations of grain storesin Australiawere so severe that at one
site alone, one billion weevils (i.e., over one ton) were swept up daily and destroyed
(Zimmerman 1993).

The seed feeding habit isfairly unusual in this group, however. Most of the

Dryophthorinae are stem borers as larvae and adults (Zimmerman 1993). Hosts include
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palms (Aracacae), bromeliads (Bromeliadae), bananas (Zingiberales), yucca (Liliales),
sugarcane (Poales), and other monocots (Zimmerman, 1993, many others — see
references) The phylogeny of their hosts, after Bremer (2000), is shown in Figure 2. The
weevils often target wounded plants (Vaurie, 1970). Primary centers of diversity seem to
be Africa and the Indo-Pacific, with tropical America as a secondary center of
diversification (Zimmerman, 1993). Members of this group have become fairly
widespread due to introductions. These introduced species include many severe economic
pests and can also disturb native plant species. For example, a recent introduction of the
Mexican/Central American Metamasius callizona now endangers native speciesin the
bromeliad genus Tillandsia (the state-protected T. utriculata, and T. paucifoliaand T.
fasciculata) in Florida (Frank and McCoy 1995).

Therelatively well-studied physiology and natural history of the interactions
between the Dryophthorinae and their endosymbionts and hostplants provide a natural
opportunity for the integration possible with a well-supported phylogeny of these groups.
To accomplish this, | have been engaged in an over two year collaboration with
researchersin the Nardon lab at INSA-Lyon in France, who have provided me with a 16S
phylogeny estimate of the symbionts, plus numerous beetle samples. Here | present the
results of this collaboration. | have sequenced cytochrome oxidase I, elongation factor 1-

alpha, and 28S from the weevils. This thesis integrates the preliminary results from their
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analysis with the results from my phylogenetic investigation of the beetles, which uses

parsimony tests and Bayesian analysisto provide a statistical basis for the conclusions

drawn about evolution in this system.

10
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Methods
DNA acquisition and extraction: Weevil specimens were obtained from colleaguesin
France, the US, and Australia. DNA extractions were done using a salting out protocol
(Normark et al. 1999) or using a Qiagen Tissue Kit (Qiagen catalog number 29304).
Additional beetle DNA template was obtained from the INSA-Lyon lab for taxa

otherwise difficult to acquire.

DNA amplification: Mitochondrial protein-coding gene cytochrome oxidase | (COI),
nuclear protein-coding gene elongation factor 1-alpha (abbreviated EF-1a), and nuclear
rRNA-coding gene 28S were used for thisanalysis. Primers were standard Farrell lab
sequences (Table 1). The optimized PCR mix was 39.35 pl water, 5 pl 10x buffer, 2
MgCI, solution, 1l DNA template, 1l of forward primer, 1 pl of reverse primer, 0.4
dNTPs, and 0.2 pl Tag. Qiagen Tag Polymerase kits (Qiagen catalog number 201203)
were used for the buffer, MgCl,, and Tag enzyme. In some PCR amplification reactions,
5 Wl of Genereleaser (BioVentures) was used in place of an equal volume of water.
Reactions were run on MJ Research PTC-200 peltier thermal cyclers. Seven different
amplification programs were used. Three of the programs were simple “hot start”
programs; 95 °C for one minute, then 40 cycles of 95 °C for 30 s, the annealing

temperature for 60 s, then 72 °C for 90 s, finishing with a 72 °C fina extension step. The

11
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annealing temperature for each program was 42 °C, 44 °C, and 47 °C, respectively. For
some templates, programs were modified to extend the annealing and extension steps to
120 sand 150 s, respectively. This doubled reaction yield. The seventh program was a
touchdown program. After a95 °C for 60 s denaturing step, cycles of 95 °C for 30's, an
annealing temp for 60 s, and a 72 °C for 60 s take place. Initial annealing temperature
was 52 °C. Each cycle would drop the annealing temperature down by 2 °C. The cycle
with the final annealing temperature of 42 °C was repeated 19 times, followed by a72°C
for five minute final extension step. The touchdown program was primarily used for EF-

1a; the 42 °C programs were used for COI, and the 45-47 °C programs were used for 28S.

Sequencing: Sequencing was carried out mostly on an ABI 370a machine, though afew
samples were run on an ABI 3100. Reactions were run following ABI protocols. Dye
terminators were used for the 370a machine, sometimes using half TERM (GenPak, Ltd)
to dilute the reactions from half-reactions to quarter-reactions. Plates were poured using
Sequagel (National Diagnostics) or Long Ranger (FMC Bioproducts). Big Dye was used

on the 3100 machine.

Sequence editing and alignment: Sequences were edited in Sequencher 3.0 and 3.1.1

(Gene Codes Corporation). COI and the coding regions of EF-1awere aligned by eye.

12
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The intron was aligned with Clustal X 1.6 (Thompson et al., 1994) using the default
15/6.66 gap opening/extension ratio.

ClustalX 1.6 was used for the 28S alignment, according to the technique of
Maddison et al. (1999). Gap opening/extension costs were 50/5, 20/5, 15/6.66, 15/3, 12/7,
10/5, 10/2, 8/3, 7/2, 5/1, 3/2, and 3/0.5. Taxamissing internal stretches of sequence were
aligned in multiple parts. These sequences were reunited in MacClade 4.0 (Maddison and
Maddison, 2000) after the alignment was complete.

A two-step process was used to choose the final alignment. On the first pass, the
three obviously best alignments were chosen by eye by examining the character matrix in
MacClade, without referring to taxon names. These three alignments had been created
using gap opening/extension costs of 10/2, 10/5, and 20./5. Each of these three
alignments was then scored for number of hypervariable regions, the number of basesin
hypervariable regions, the total number of parsimony informative characters, and the
number of non-hypervariable parsimony informative characters. The 20/5 alignment, was
selected, asit had the highest number of parsimony informative characters and lowest
number of hypervariable characters. The taxon names were then covered and obvious
errorsin the matrix were corrected by eye. Subsequent analyses excluded the 28S
hypervariable regions, as well as the intron of EF-1a, due to uncertainty in primary

homology assessments in those regions. The sequences appear in Appendix |1 [not in pdf].

13
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ILD test/taxon selection : The ILD test (also known as partition homogeneity test)
is used to test for incongruence between different partitions of the data (Farris et al.,
1995). In this case, the data were partitioned by gene. A 500-replicate ILD search, with 5
random addition sequence heuristic searches per replicate, TBR branch swapping, was
performed, using PAUP* version 4.0b6 (PAUP* versions 4.0b6 to 4.0b8 were used for
this analysis— Swofford 1998). Only taxa with all three genes were used in this and later
ILD analyses (including taxa without certain partitions would bias the ILD non-
conservatively). As there was some conflict found (see results), pairwise comparisons
were run to find which gene was causing the most conflict. Once this gene was identified,
the possibility that one taxon was causing the problem was tested by using a batch file to
automate a taxon jackknifing ILD test. Testing over all three partitions, the file removed
one taxon, performed an ILD test with the remaining taxa, replaced that taxon, removed
another, and so forth for all taxain the analysis. One sequence was found to be causing
the incongruence. As there were strong grounds for thinking that this sequence had been
misidentified, it was removed from further analysis. The ILD test for all genes together
was then run again. All taxa with at least two genes sequenced were used in this analysis.
The outgroup sequence, Tanysphyrus lemnae, comes from Erirrhininae, the sister group

of Dryophthorinae (Marvaldi et a., 2001).

14
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Total evidence searches and support: Parsimony heuristic searches under a
variety of strategies were attempted in PAUP*. The first search used 500 random taxon
addition sequences and TBR branch swapping, saving multiple trees per replicate. A
second search used 50,000 random trees instead of random taxon addition, saving only
one tree per replicate. A third search used the parsimony ratchet (Nixon, 1999), as
implemented in PaupRat (Sikes and Lewis, 2000) in a 500 replicate search.

Bootstrap proportions for the total evidence tree were calculated in a 1000
bootstrap replicate, 50 random taxon addition sequence per rep, TBR branchswapping
search. Bootstrap values should not be interpreted literally as probability of support for a
clade: as has been shown in numerous studies, these values are only roughly correlated
with the clade’ s probability of actually existing (Hillisand Bull, 1993). The Bayesian
methods used later in this thesis also calcul ate these val ues.

Another way to examine support of nodesis Bremer support (Bremer 1988 and its
descendant, partitioned Bremer support. With this method, the length of the tree with and
without certain nodes is compared for different partitions of the data. The differencein
treelength isrelated to the amount of support that data partition (COI first codon position,
for example) givesto that node. In this analysis, the program TreeRot v2 (Sorenson,

1999) was used to generate a batch file, with character partitions as follows: COI 1%

15
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codon position, COI 2™ codon position, COI 3" codon position, EF-1a 1% codon position,
EF-1a 2™ codon position, EF-1a 3™ codon position, and 28S non-hypervariable region.
Each search at a given node was a heuristic search with 250 random taxon additions and
TBR branch swapping. Multiple most parsimonious trees are often found in the search
using al the data, but they often have different scores when only one character partition
isincluded. In such a case, the support values from different trees are averaged to give
the support value for that node and partition. The values may not all be integersfor this
reason. Since the program TreeRot introduced rounding error when parsing the output

file, Bremer support values were calculated manually within Microsoft Excel.

Searches by locus: Separate analyses for each locus were run with 500 random
taxon addition sequence TBR heuristic searches. Bootstrap values for gene trees were
calculated in a 500 bootstrap replicate, 50 random taxon addition sequence per rep, TBR

branchswapping search.

Likelihood: Full likelihood searches are prohibitively time intensive for this 27
taxon, three locus data set. Nineteen tree rearrangements took 38 minutes to perform
under an HKY model of likelihood in PAUP*. At thisrate, it would take over 32

computer-years to do the same number of rearrangements as was done in the 500 random

16
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taxon addition sequence parsimony search. Completing one random taxon addition
replicate would take over 23 days.

Likelihood could be used for branchlength optimization of a parsimony tree.
Model Test (Posada and Crandal, 1998) was used to determine the appropriate likelihood
model for each locus and for the combination of all three loci. Clock and non-clock
model tree scores were compared using likelihood ratio tests for the combined loci, for
COl aone, and for EF-1a aone. The clocklike gene was used to optimize the
branchlengths of the likelier maximum parsimony tree.

The calibration point, the oldest known dryophthorine fossil, from the Upper
Miocene (>33 million years ago), comes from Zherikhin (2000). This was used as a point
estimate for the minimum age of the base of the group, with other node ages calculated
from that. The tree is also consistent with the oldest known Stophilus fossil from the
Upper Miocene-Lower Turolian (Zherikhin 2000). The calibration rate of 1.5% per
million years for beetle COI from Farrell (2001) was also used to calibrate the clock,
using the divergence between Stophilus zeamais and S. granarius of 13.3% as the best
estimate of true (no multiple hit) divergence, which was then used to convert likelihood

branchlengths into percent divergence estimates, then ages.

17
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Bayesian MCMCMC analysis. Bayesian analysis was used in this study, one of
the first do so (for another paper using the technique, see Larget and Simon, 1999).
Appendix | defines terms, explains the technique, and discusses its advantages and
disadvantages. The program MrBayes (Huel senbeck, 2000), which uses the “Metropolis-
coupled Markov chain Monte Carlo” (MCMCMC) search strategy, was used for
Bayesian analysis. Eighteen searches (requiring over 100 computer-hours on Macintosh
G4 450 MHz machines) were run. Four chains were used per run, with atemperature of
0.2 and sampling every 100 generations. The total number of generations was 925,500;
number of generations per run ranged from 34,900 to 68,400; average number of
generations was 51417. Only samples from after the chain reached stationarity were used.
A general time reversible (GTR) model (number of substitution types=6) with gamma-
distributed site rates (four categories) was used with default, flat (uninformative) priors
and no specified tree topology. Posterior probabilities were calculated by getting a
majority rule consensus of the Bayesian tree samples within PAUP*. The Bayesian tree
was compared to the parsimony trees using the Shimodaira-Hasegawa test under aGTR +
gamma likelihood model (Shimodaira and Hasegawa, 1999) and using the Kishino-

Hasegawa, Templeton, and winning-sites tests under parsimony (Swofford et al., 1996).

18
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Stophilus relationships: The relationships within Stophilus are of great interest
due to the global economic importance and the intensive studies of symbiosisin this
genus. Exhaustive searches using just five Stophilus species and including the intron of
EF-1a and the hypervariable regions of 28S were done under the parsimony and
maximum likelihood criteria. To evaluate whether some trees were significantly better,
Kishino-Hasegawa, Templeton, and winning-sites tests were performed on al trees for
parsimony, while Kishino-Hasegawa and Shimodaira-Hasegawa (1000 RELL replicates)
were done on trees for likelihood. The likelihood model used was HKY 85 (number of
substitution parameters = 2). A bootstrap run of 500 bootstrap replicates, with 50 random

taxon additions per replicate, was also performed under the parsimony criterion.

Hypothesis testing: Confidence in hypotheses about rel ationships was assessed
using Bayesian and parsimony based methods. Bayesian results can be used to calculate
the total posterior probabilities of hypotheses by finding the proportion of Bayes trees
which meet the constraint of the hypothesis. This evaluates the absolute probability of the
hypothesis being true given the data and model of DNA subsitution, not the relative
support for two different hypotheses, though the Bayesian probabilities of the two
hypotheses could be compared. There are aso ways to test hypotheses under parsimony.

For example, tests like the Kishino-Hasegawa test, the Templeton-Wilcoxon signed ranks

19
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test, and the winning sites test are at |east intended to determine when certain trees are

significantly rejected based on other trees (Swofford et al., 1996). One way to test a

hypothesis, generally a statement of monophyly of some group, isto find the best trees

with and without this clade as a constraint and comparing these trees. Tests of monophyly

of beetles grouped by genus, hostplant, or symbiont clade use a simple two-node

constraint, while constraints for loci tree tests are perfectly-resolved trees. In this study,

the hypotheses to examine are monophyly of the genera, monophyly of the beetles

possessing a symbiont from one of the three clades recovered by Heddi and associates

(Figure 1), significant difference between the Bayesian and the parsimony trees, and

monophyly of beetles consuming a particular hostplant. These were all stored as

backbone constraints and 500 random taxon addition heuristic searches with TBR branch

swapping were done for trees which differed in the constraint from the most

parsimonious tree. These trees were then compared to the most parsimonious total

evidence tree with the higher likelihood score using PAUP*’ s implementation of the

Kishino-Hasegawa, Templeton (Wilcoxon signed ranks), and winning-sites (sign) tests

(Swofford et al., 1996). The Kishino-Hasegawa test was not quite the appropriate test to

use, as the test assumes the trees being compared were chosen a priori, which was

generally not the case (Goldman et al, 2000). The Bayesian p-value was calculated by

determining the proportion of trees in the Bayesian searches which met the constraint.

20
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Character optimization: Heddi and colleagues provided a 16S neighbor joining
phylogeny of the endosymbionts which included information on the host of each
symbiont.. Beetles were coded for a multistate character of having 1) no symbionts, 2)
clade one symbionts, 3) clade two symbionts, or 4) clade three symbionts. This character
was then mapped on the parsimony and Bayesian trees in MacClade 4 (Maddison and
M addison, 2000).

Information on host use came from the literature (see references) and from labels
in the Museum of Comparative Zoology collection. This, too, was mapped in MacClade

and optimized on the Bayesian and parsimony trees.

21
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Results

There were two sequences for the multi-copy gene EF-1a which had one more

intron relative to the other sequences. These were excluded to prevent paralogy, asthe

different copies of EF-1a can be distinguished by their number of introns (Normark et al,

1999). There were three other sequences that did not extend into this region, so the

presence of thisintron could not be directly determined. However, the known two-intron

copies had the motif AGCGA at position 474-478 whereas the known one-intron copies

had the motif TCNWS at those positions. Two of the unknown intron copies had a

TCCAS sequence at these positions, the same as the one-intron copies. The third

sequence had a NNTAC sequence (the first two bases were not certain from the original

sequence), which is also the same as the one-intron copy. Thus, only two EF-1a

sequences came from a different copy and needed to be excluded.

Theinitial difference between partitions of the data was found to be significant

(unpermuted data tree length 3698, best permuted data tree length was 3728, p = 1-

(499/500) = 0.002). Three pairwise ILDs were then run to compare pairs of loci. There

was no conflict between COI and EF-1a (p = 0.174), but there was between 28S and COI

(p=0.002) and 28S and EF-1a ( p = 0.002). Thisindicated that 28S had a different

history than the other two genes or that there was some other problem with the data

(perhaps a misaligned sequence or mislabeled taxon). In the ensuing taxon jackknife ILD
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test, removal of all but one taxon did not change the ILD result from the unchanged taxon
set (all p=0.002). However, when taxon 7 was excluded the ILD p-value went up to a
nonsignificant 0.100. Thus the conflict was pinpointed to the 28S sequence of this taxon,
labeled Stophilus zeamais. This was the only sequence which | did not sequence myself
— it came from an earlier study done by our lab on the phylogeny of phytophagous
beetles and was coded as RPRO2. When used in this analysis, the sequence was
incorrectly recoded as Stophilus zeamais. The ILD test after the removal of this 28S
sequence was not significant (p=0.100).

The number of parsimony informative characters for each locus were 501 of 1301
for COlI, 208 out of 877 for EF-1a, and 135 out of 776 for 28S. The 500 addition
sequence replicate search strategy on the total evidence tree on all taxawith at least two
genes found two trees (Figure 3) of length 4110 for 355 of the random additions (71
percent of the time). The search strategy using 50,000 random trees found these same two
trees of score 4110 (12420 times for one tree, 8773 for the other — saving one tree per
replicate precluded finding both trees in a given replicate. The next shortest tree was of
score 4113). The parsimony ratchet also found these two trees. The trees differ only in
reversing the placement of Rhynchophorus cruentatus and Rhynchophorus phoenicis.

The partitioned Bremer support (Figure 3) shows wide variation in different

codons and different loci. There are no trends when Bremer support values are graphed
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against time (based on a clock tree) or against bootstrap values (results not shown). Only
COlI second codon positions were free of conflict with the most parsimonious tree on
every branch. The average value of COI first codon position support was negative,
though they only had negative values on 7 of the 24 nodes, the same number as did 28S.
COl third codon positions had negative values at 9 nodes, EF1 first codon positions had
just one negative value, and EF1 second and third codon positions had three negative
values each.

Treesfor individual loci were found in a 500 random addition sequence replicate
parsimony heuristic search with TBR branch swapping. One most-parsimonious COI tree
was found in 173 of 500 replicates and was of length 2673 (Figure 4). One EF-1atree
was found in al 500 replicates and was of length 822 (Figure 5). Thirty-nine 28S trees
were found of length 556: three came from one TBR island (hit 26 times), 36 came from
another (hit 464 times) (Figure 6). Of all comparisons between single locus trees and the
total evidence parsimony tree, the only consistent significant difference under parsimony
tests occurred between the COI and the total evidence tree in explanatory power for all
the data (Table 2: 1V.2). The EF-1a and total evidence trees only significantly differed
under the winning sitestest for all the data (Table 2: VI1.2: p=0.02). No single locus tree
was significantly better than the total evidence tree at explaining the evolution of that

singlelocus (Table2: V.2, VII.2, and 1X.2).
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Modeltest found that the best likelihood model for COI was TRN with invariable
sites and gamma distribution (nst=6 base=est rmat=est rclass=(ab aac a) rates=gamma
shape=est pinv=est), while GTR + | + gamma was chosen for the combination of all three
loci, for EF-1a, and for 28S (nst=6 base=est rmat=est rclass=(a b c d e f) rates=gamma
shape=est pinv=est). The clock was rejected for the combined data and for EF-1a, but not
rejected for COI (-InL score 11523.76542 with clock, 11510.7136 without clock, 26
degrees of freedom, p = .457). COI was used to optimize branchlengths of the maximum
parsimony tree of greater likelihood.

The clock tree (Figure 7) provides estimates of the minimum possible ages, as a
single fossil was used as a calibration point for the base. The tree is consistent with the
first known Stophilus fossil, which comes from the Upper Miocene-Lower Turolian, five
to six million years ago (Zherikhin, 2000). Had this fossil been used instead, minimum
ages would be reduced by about 60 percent (age of the group would be 12.7 million years
old). A COI calibration in beetles of 1.5% divergence per million years (Farrell,
2001)were also used to calibrate the clock tree. Numbers on the branches are the length
of that branch in millions of years.

The Bayesian search result is shown in Figure 8. The searches reached stability
after about 10,000 generations, as shown by the likelihood score reaching an asymptote

(Figure 9). The searches resulted in 7455 tree samples after the initial burn-in samples
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were discarded. Figure 9 shows the progress of the search for trees by generation. These
samples contain 459 unique topol ogies. Negative In likelihood scores ranged from
20997.904 to 20838.422. The topology with best likelihood score was found most often
aswell, as would be expected in athorough Bayesian analysis. The mean score was
20890.686, with standard deviation of 32.178. Posterior probabilities of topologies,
calculated by the frequency of the topology in the sampled trees, ranged from 0.000134
for topologies found once to 0.17 for the most likely topology. The Bayesian tree with
posterior probabilities for each clade was calculated by loading all the tree samplesinto
PAUP* and creating a majority rule consensus tree.

The Bayesian and parsimony total evidence trees do not, in general, show
significant disagreement. The p-values of all the parsimony based tests comparing the
Bayesian and parsimony trees are greater than 0.35. The value of the Shimodaira-
Hasegawa test (Shimodaira and Hasegawa, 1999) comparing the Bayesian with the two
parsimony trees using a GTR plus gamma likelihood model found one comparison barely
significant (0.021) and one insignificant (0.055). The strict consensus of the two MP trees
with the best-supported Bayesian topology is shown in Figure 10 to show areas of
incongruence.

Theresultsin Table 2 show varying support for a priori hypotheses about

monophyly of genera. Monophyly was supported for Stophilus (Table 2: 1.2:
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probabilities of Stophilus being paraphyletic were al below 0.05) but was rejected for
Sphenophorus (Table 2: 1.5: p-values were all below 0.00013).! Though not found in the
most parsimonious trees, monophyly of Metamasius could not be rejected under the
parsimony tests (p>0.1), though it was not observed in the Bayesian trees. The most
unusual result from the hypothesis testing is from the test of the monophyly of
Rhynchophorus (Table 2: 1.4). The search enforcing the genus' monophyly found two
trees of length 4123, 199 and 46 times respectively, in a 500 random addition heuristic
search. These trees differed from each other at nine out of 25 nodes. The tree found more
often differed from the total evidence unconstrained trees at one to two nodes and showed
no significant difference under the parsimony tests, while the other tree differed at nine or
more nodes and did show significant differences (parsimony tests. p<0.02). The mixed
result shows that there is at least one parsimonious tree that keeps Rhynchophorus
monophyletic but does not strongly conflict with the unconstrained tree, so the
monophyly of Rhynchophorus cannot be rejected.

The exhaustive Stophilus search was inconclusive. Tree lengths ranged from 517
to 530 for parsimony, 6754.21676 to 6791.91536 for likelihood. None of the nodes had

over 46.3 percent bootstrap support under parsimony. Two of the trees were barely

! Note that monophyly of Stophilus was tested as probability of the clade not existing while monophyly of
Fohenophorus was tested as the probability of the clade existing because the opposite constraints were
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significantly worse than the best one under the likelihood Kishino-Hasegawa test

(p=0.0454 and p=0.0498), none were significantly worse under the likelihood

Shimodaira-Hasegawa test or any of the parsimony tests. These results suggest that the

topology within the Stophilus genusis not robust.

Hostplants of the beetles are mapped on the maximum parsimony and Bayesian

trees using MacClade ( Figures 11A and 11B). Group association shows great amounts of

homoplasy. Results of tests of monophyly of herbivores of particular plant groups are

shownintests1.8to 1.14 of Table 2. Monophyly of herbivores (both generalists and

specialists) of Poales (all herbivores and just stem-borers), Arecaceae, Zingiberales, and

Liliales were strongly rejected (all parsimony tests p<0.007). Presence of a single shift

away from monocots is aso rejected (parsimony tests p<0.0001). The only group for

which monophyly could not be rejected was weevils which feed on Bromeliads (Table 2:

[.10: p>0.16), though this was not recovered in the parsimony or Bayesian trees.

The symbiont clade present in each beetle, asindicated in Figure 1, was mapped

on the maximum parsimony and Bayesian trees in MacClade (Figures 12A and 12B).

Beetles with symbiont clade one were monophyletic on both trees, though the possible

found on the unconstrained most parsimonious trees. Had the opposite constraints been used, the parsimony
tests would be comparing identical trees, which provides very little information.

28



O'Meara Thesis Phylogenetics of endosymbiosis
paraphyly of this group cannot be rejected (Table 2: 111.2)%. Beetles containing symbiont
clade two are paraphyletic on the best trees. Monophyly of these taxais strongly rejected
(Table 2: 111.3, p<.0001). Beetles with symbiont clade three follow the same pattern
(Table 2: 111.4). Symbiosis as an ancestral character of the group is strongly supported.
The only topology which could create ambiguity in this reconstruction would place
Stophilus linearis as basal to the rest of the Dryophthorinae. This topology is strongly

rejected (Table 2: 11.2, p<0.0001)%,

2 Only taxa for which the presence/absence and identity of the symbionts has been determined were
included in this test and other testsin this section.

% Congtraint tree forced Stophilus linearis to be sister to the outgroup, which was included for this reason,
though its symbiont statusis unknown.
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Discussion

The phylogeny estimates and clock optimization allow evaluation of the direction
and rate of evolution of Dryophthorinae with their symbionts and hostplants. The
phylogenies show ancestral feeding on Arecaceae, followed by shifts onto other monocot
or dicot hosts (Figure 11). The approximately 70 million year old age of the group
postdates that of palms by about 10 million years (Cronquist, 1981). Except for avery
recent shift from palmsto cycads (in the South African genus Phacecorynes) all host
shifts took place between 20 and 50 million years ago, during the Eocene-L ate Oligocene
cooling and drying period (Farrell, pers. comm.). While the shifts to Sonoran cacti in the
two species of Cactophagous, and use of legume and dipterocarp seeds by single species
of Sitophilus have obviously not been accompanied by substantial diversity, shift to
Asteraceae in Rhodobaenus is at |east accompanied by aradiation of 70 species, though it
is not yet clear whether this represents elevated diversification rates. Many host shifts
occurred independently on multiple branches (monophyly was strongly rejected for
beetles on most hostplant families). These shifts seem to have no correlation with the
hostplant phylogeny, as shown by a nonsignificant test using TreeMap (Page, 1995). This
suggests that some other factor, perhaps host range or biochemical similarity, may be

playing arole determining host shifts (Strong et al., 1984).
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An interesting comparison is between the number of shifts between plant groups

and plant tissues. The beetles shift hosts from monocots to other plants five times. The

beetles shift from stem boring to seed feeding (in Stophilus) only once. Thisis further

evidence for arecurring observation of tissue use being less evolutionarily labile than

host use (Farrell et al. 2001).

The phylogeny of the weevils (under parsimony and Bayesian searches) shows

oneloss of symbiosis, which otherwise occursin all sampled species. Based on the

bacteria phylogeny alone (Figure 1), there must be three origins of symbiosisin the

bacteria. Thisin itself would not be terribly surprising: symbioses have originated several

times in bacteria (Moran and Telang, 1998), though they generally follow vertical

transmission once founded (i.e., Sameshima, 1999). The beetle phylogeny must show at

least three steps when bacteria are mapped on as a multistate character by clade.

However, the observed phylogeny requires at |east five steps. The statistical methods

used here demonstrate that this paraphyly iswell supported (p values for monophyly of

the beetles possessing clade two or clade three of the symbionts are all less than 0.001).

Bacterial clade one, the group of bacteriafound in Stophilus, appears to be acquired once

by the weevils (Figure 12), while the other two clades of symbionts must each show

paraphyly, indicating multiple acquisitions or horizontal transfer within this group. This

study can also date the origin of several of these symbioses. For example, Diocalandra
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and Stophilus share a common ancestor about 52.6 million years ago and have two
different symbionts, suggesting that for each genus the association with a particular
bacteria clade is this age or younger. The entire group, with its multiple origins/shifts of
beetle clade-bacteria clade associations, is approximately 68.7 million yearsold. This
contrasts with the well-known aphid symbiosis, which is 250 million years old and shows
no horizontal transfer or multiple origins (Moran and Telang, 1998).

One robust result of this analysisis an observed loss of symbiosis. If symbiosisis
scored as a presence/absence character, it is obvious that there isaloss of symbiosisin
Stophilus linearis (parsimony-based tests and Bayesian posterior probabilities strongly
reject treeswith S linearis at the base). Interestingly, this speciesis the only one known
to have switched onto legumes. Do legumes provide the amino acids which the symbiont
normally provides to other weevils, rendering the symbiont unnecessary? To answer this,
we need to know the amino acid profiles of legumes, palms, and grasses, as well asthe
profile of amino acids produced by the symbionts.

According to Moran and Telang (1998), “No study has yet produced evidence
contradicting the hypothesis of parallel phylogenesis for bacteriocyte-associated
endosymbiosisin insects.” This study shows strong evidence of just that, despite our
initial expectation of vertical transmission of symbiontsin Dryophthorinae. We would

predict vertical transmission for several reasons. First, we know that the symbionts are

32



O'Meara Thesis Phylogenetics of endosymbiosis

transmitted inside the egg, at least for Stophilus. Second, the association seems fairly
highly developed, with beetles exerting control over symbiont number (Nardon et al.,
1998), for example. Interestingly, though, there are some strains of wild Stophilus
species which lack symbionts, indicating some intraspecific variation. It is not known
why the beetles have lost their symbionts.

These observations, and the results of this study, suggest two possible hypotheses
for the multiple evolution of these associations. One is that beetles |ose their symbionts,
are symbiont free for some time, and then acquire new symbionts. If this were true, then
beetles should be found in nature without symbionts, as is the case for Stophilus linearis
aswell as some strains of Stophilus (Koch, 1967). This may have happened on the
branch leading to Stophilus, as the basal Stophiluslinearisis symbiont-free and the rest
of the genus has a different symbiont clade than their nearest relative, Diocalandra.
Anocther, closely related, hypothesisis that one strain of symbiontsis displaced by
another strain, probably through competition, though perhaps due to drift (small size of
symbiont inoculum to egg would increase the importance of drift rather than
competition). If this were the case, we should find some insect individuals with two
strains (intrahost competition) or two insects in the same species but each with a different
symbiont strain (interhost). Intrahost competition would lead to more “ selfish”

symbionts, more likely to have a higher reproductive rate to outcompete other symbionts
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in the same host. Interhost competition would result in symbionts adapted to aid their

host’ s survival, though symbionts could also evolve under this scenario to feminize males

and create cytoplasmic incompatibility, asin Wolbachia (Werren, 1997). Interhost

competition could also be observed under the first hypothesis of loss, then gain, if gains

happened before all the beetle individuals lost their symbionts.

So far, the question of where and how exactly the beetles acquire their new

partners (or, for the bacterial perspective, how the bacteria acquire new beetle hosts) has

been unexplored. According to the bacterial phylogeny (Figure 1), the nearest relatives of

the Stophilus-associated bacteria (clade 1) are tsetse fly symbionts. The nearest relatives

of symbiont clade two are vertebrate pathogens, followed by nematode and whitefly

symbionts. The nearest relatives of symbiont clade three are psyllid symbionts, followed

by carpenter ant symbionts. It may be that close relatives in the phylogeny are always

eukaryote-associated because these clades themselves were ancestrally eukaryote-

associated. However, the choice of taxaincluded in the bacteria phylogeny biases this

conclusion, as all the included taxa come from eukaryote associates, most of which are

mammal- or insect-associated..Other possible ancestors, such as pam pathogens, were

not included. For more rigorous conclusions, more bacteria from the weevils' habitat

should be sequenced, and these sequences should be analyzed under methods besides

neighbor-joining. The bacteriatree used in this analysis seems fairly robust, though, in its
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relevant result of three distinct bacterial clades (bootstraps 95 percent or better for the
clades).

This till leaves the questions of where the symbionts come from. Perhaps they
are weevil pathogens which evolve to be beneficial. Perhaps they are plant pathogens
which survive in the weevil gut. This study alone can rule out some possible causes of the
observed pattern. For example, geography does not explain the occurrence of
paraphyletic associations. The beetles which have symbiont clades two or three are all
New World, except for Diocalandra, which is Old World and has symbiont clade two.
The association also is not necessarily linked to plant host. Clade two symbionts are
found in beetles using pams and bromeliads, while clade three symbionts are found in
beetles using palms, bromeliads, Zingiberales, yucca, and grasses. This might hint that
clade three symbionts allow their hosts to use more plant taxa, but since there are only
three examples for each clade, further investigation into the weevil/symbiont associations

is warranted.
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Conclusion

The evolution of assocations between weevil speciesin the subfamily

Dryophthorinae and their symbionts in the g-3 proteobacteria has obviously followd a

complex history. Though there are only three symbiont clades, there are five steps when

these clades are mapped on the weevil tree, indicating horizontal transfer within

Dryophthorinae or convergent evolution of the symbiosis. While these weevilsinitially

attacked palms,and today are still largely monocot feeders, their associations with various

monocot groups does not follow the phylogeny of these plants.

This group provides a good complement to the known aphid symbiosis. In aphids,

we see the results of asingle, vertically-transmitted, 250 million year old infection. The

aphid system provides information on the development of a symbiosis through time but

little knowledge on origins of the symbiosis. In Dryophthorinae, there are severa origins

of symbiotic associations between beetle and bacterial taxain the last 70 million years.

There is apparently variation within the group for lack of symbionts (Stophiluslinearis

and some Stophilus granarius). This system, featuring a dynamic equilibrium of gains

and losses of symbionts, holds the promise of shedding light on the origin, maintainance,

and loss of insect-bacteria symbioses.
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Tablelegends:

Table 1: Primers used for sequences in this study.

Table 2: Hypothesis test results. All trees are based on all three loci unless otherwise
noted. In cases where the number of trees found was few, the results for each are
reported. Where multiple topologies were found, tests were done on all of them, but only
the mean result + one standard deviation was reported. In comparisons with most
parsimonious total evidence trees, comparisons with the second total evidence tree, the
one with higher likelihood score, were reported, though scores barely differ from those
calculated with the first total evidence tree (results not shown). Double lines separate
groups of trees used in a given comparison — all treesin the first section (test family 1)
were compared with the MP total evidence tree, all treesin the last section were
compared with the 28S gene tree, for example. Note that for less than completely
resolved constraints, such as monophyly of Metamasius (two nodes specified as
polytomies), the Bayesian probability isfor all trees that could have that group

monophyletic, not the probability of the most parsimonious topology with that group.
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Table 1: Primers used in this project

COl
S1460: TACAATTTATCGCCTAAACTTCAGCC
S1514: ACCAATCATAAAAATATTGG
S1541: TGAKCYGGAATASTAGGANCATC
S1718: GGAGGATTTGGAAATTGATTAGTTCC
S1847: GGAGCAGGAACAGGTTGAAC
S1859: GGAACIGGATGAACWGTTTAYCCICC
A1969: CCTTTAGGTCGTATATTAATTAC
S1991: GTAATTAATATACGACCTAAAGG
S2183: CAACATTTATTTTGATTTTTTGG
S2191: GAAGTTTATATTTTAATTTTACCRG
A2191: CCCGGTAAAATTAAAATATAAACTTC
A2442: GCTAATCATCTAAAAACTTTAATTCCWGTWG
S2442: CCAACAGGAATTAAAATTTTTAGATGATTAGC
A2542: GTAATATCAATTGATRAATTAGC
A2771: GGATARTCAGARTAACGTCGWGGTATWC
A2963: AGGRAGTTCATTATAIGAATGTTC
A3014: TCCAATGCACTAATCTGCCATATTA

EF-1A
EFA785: ARAGCTTCRTGRTGCATTTC
EFS149: GARAARGARGCNCARGARATGGG
EFSI: GTCGGTGTCAACAAAATGG
EFSII: GGTTACAATCCNGCTGCTG
EFSI: CTCTTATTGAYGCTTTGGATGC
EFSIV: GCCAACATCACCACTGAAG
EFAIl: CAGCAGCNGGATTGTAACC
EFAIIl: GCATCCAAAGCRTCAATAAGAG
EFAIV: GGTGGGAGAATRGCRTCCAAAG
EFAV: CCACCAATTTTGTAGACATC
EFAVI: CATTTCAACAGACTTTACTTC
EFAVII: GGGTGGGTTGTTCTTYGAGTC
EFA923: ACGTTCTTCACGTTGAARCCAA
EFA1106: GTATATCCATTGGAAATTTGACCNGGRTGRTT

28S
28553660: GAGAGTTMAASAGTACGTGAAAC
28SS1: GACCCGTCTTGAAMCAMGGA
28SA1: TCCKGTKTTCAAGACGGGTC
28SA335: TCGGARGGAACCAGCTACTA
28SA160: CGCCTCTTCTCGCAATGAGA
28SA247: CCTGACTTCGTCCTGACCAGGC
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Table 2: Hypothesis testing

Bayesian posterior Length p-value
Test # Treetype o Tree number ;
P probability (parsimony) [ Kishino-H asegawa| Templeton | Winning-sites
. 1 4110 best best best
1.1 MP total evidence, all taxa <0.00013 5 7110 best best best
. 1 4151 0.0082** 0.0080* * 0.0241*
1.2 Stophilus not aclade <0.00013 5 2151 0,004 0.0043"* 0.0L15
. 1 4215 0.1692 0.1714 0.1636
.3 Metamasius as clade <0.00013 2 4215 0.1317 0.1349 0.1017
1 4123 0.0067** 0.0067** 0.0106*
.4 Rhynchophorus as clade <0.00013 > 2123 03754 03776 03776
1 4215 <0.0001*** <0.0001*** <0.0001***
1.5 Sohenophorus as clade <0.00013 > 2015 20,0001 20,0001 20,0001
1.6 All Bayesian topologies 1 1-459 4230+ 6 0.223+ 0.133 0.224+0.132 | 0.214+0.146
1.7 Bayesian topology with best posterior prob. 0.17 1 4123 0.3883 0.3927 0.3506
1.8 Poales-feeders as clade <0.00013 1-2 4373 <0.0001*** <0.0001*** <0.0001***
1.9 Arecaceae-feeders as clade <0.00013 1 4334 <0.0001*** <0.0001*** <0.0001***
. 1 4115 0.1656 0.1655 0.2668
1.10 Bromeliad-feeders as clade 0.00013 > 2115 03842 03841 0.4862
1.11 Zingiberales-feeders as clade <0.00013 1-5 4211 <0.0001*** <0.0001*** <0.0001***
1.12 Liliales-feeders as clade <0.00013 1-3 4150 <0.004** <0.004** <0.005**
1.13 Poales-borers as clade <0.00013 1-8 4158 <0.006** <0.007** <0.006**
1.14 Monocot-feeders as clade <0.00013 1 4405 <0.0001*** <0.0001*** <0.0001***
1.1 MP total evidence, symbiont tested taxa plus outgroup 1 1 1720 best best best
1.2 Stophiluslinearis at base <0.00013 1 1756 0.0002*** 0.0002* ** 0.0003***
1.1 MP total evidence, symbionts tested taxa 0.444 1 1520 best best best
1.2 Symbiont clade 1 not a beetle clade 0.00241 1 1531 0.1725 0.1724 0.2148
1.3 Symbiont clade 2 as beetle clade <0.00013 1-3 1595 <0.0001*** <0.0001*** <0.0001***
1.4 Symbiont clade 3 as beetle clade <0.00013 1-3 1588 <0.0001*** <0.0001*** <0.0001***




Table 2 (cont): Hypothesis testing

Bayesian posterior Length p-value

Test # Treetype s Tree number :

s probability (parsimony) | Kishino-H asegawa| Templeton | Winning-sites
V.1 MP total evidence, taxawiatﬁ]cl)gé iCOI pruned, but length on <0.00013 ; 3989 best best best
V.2 COl tree, but length on all loci <0.00013 1 4077 0.0001*** <0.0001*** 0.0002***
V.1 COl tree, length on COI only <0.00013 1 2673 best best best
V.2 MP total evidence, taan|trc1)(r)]L|1;[/ COl pruned, length on COI <0.00013 ; 2707 0.0683 0.1033 0.2002
Vi1 MP total evidence, taxa without EF-1a pruned, but length on <0.00013 1 3847 best best best

: al loci <0.00013 2 3847 best best best
VI.2 EF-latree, but length on all loci <0.00013 1 3880 0.079 0.0801 0.0212*
VII.1 EF-1atree, length on EF-1a only <0.00013 1 822 best best best
Vil.2 MP total evidence, taxa without EF-1a pruned, length on EF- <0.00013 1 839 0.113 0.123 0.1013

' laonly <0.00013 2 833 0.2833 0.2999 0.2679

VIl MP total evidence, taxa without 28S pruned, but length on <0.00013 1 4012 best best best

) al loci <0.00013 2 4012 best best best

VIll.2 28S tree, but length on all loci <0.00013 1-39 4047 £ 11 0.082 + 0.122 0.084 + 0.123 | 0.114 + 0.155
IX.1 28Stree, length on 28S only <0.00013 1-39 556 best best best
IX 2 MP total evidence, taxa without 28S pruned, length on 28S <0.00013 1 564 0.2384 0.2384 0.3239

' only <0.00013 2 570 0.0521 0.0527 0.0673
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Figurelegends:

Figure 1. 16S neighbor-joining tree from Heddi et al. (unpublished). Bootstrap values
above nodes.

Figure 2: Monocot phylogeny, after Bremer (2000).

Figure 3: Total evidence (COI, EF-1a, 28S) parsimony tree, length 4110. Thisis one of
the two most parsimonious trees: the starred branch collapses in the strict consensus.
Bootstrap values are above nodes, partitioned Bremer values are bel ow nodes.

Figure 4: The single most parsimonious COI tree. Bootstrap values are above the nodes.
The branchlengths are parsimony-optimized lengths using COI only.

Figure 5: The single most parsimonious EF-1a gene tree. Bootstrap values are above the
nodes. The branchlengths are parsimony-optimized lengths using EF-1a only.

Figure 6: 28S genetree. Thisis strict consensus of the 39 parsimony trees. Bootstrap
values are above the nodes.

Figure 7: Clock tree: Thisisthe tree from Figure 3 after taxa without COI have been
pruned. The likelihood model is TRN+gamma+| (see text). Branchlengths in millions of
years appear above the branch. Three values are shown as three different calibrations
were used. Calibration A was the oldest known dryophthorine fossil, which sets the
minimum age of the group at 33 million years (Zherikhin, 2000). Calibration B used the
estimate of 1.5 percent COI divergence per million years of Farrell (2001). The 13.3
percent uncorrected divergence between Stophilus zeamais and Stophilus granarius was
used to convert the likelihood branchlengths into percent divergences. This comparison
was chosen because it was large enough to be logically comparable to other
branchlengths of the tree but least likely out of the significant divergencesto be affected
by multiple hits.

Figure 8: Thisisthe Bayesian phylogeny. Values above nodes are the posterior
probability of the clades (the probability of the clade given the data and the substitution
model). The tree was computed by bringing all the tree samples from the Bayesian
analysis after the burn-in period into PAUP* and computing the majority rule consensus.
Since the Bayesian search used an MCM CMC agorithm, the probability of a clade isthe
proportion of timesit was found in the search, after the burn-in period.
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Figure 9: Ln likelihood score versus MCMCMC generation. The scores reach quasi-
stationarity (stop going up) at about 10,000 generations, which was thus chosen as the
length of the burn-in period.

Figure 10: Thisisastrict consensus of the two most parsimonious trees and the Bayesian
tree (Figure 9). This shows the agreement between the trees.

Figure 11: Thisisthe optimization of plant host on the (A) strict consensus of the
maximum parsimony trees and the (B) Bayesian tree.

Figure 12: Thisisthe optimization of symbiont clade (mapped as a four state character:
no symbiont, clade one symbiont, clade two symbiont, and clade three symbiont). States
for beetles which have not been examined for symbionts were left as uncertainties. (A) is
the strict consensus of the parsimony trees, (B) isthe Bayesian tree.
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Figure 1: Endosymbiont 16S neighbor-joining phylogeny (Courtesy Heddi et al.)
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Figure 2: Monocot phylogeny with ages (figure and legend taken from Bremer 2000)
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Figure 3 Total Evidence Parsimony Tree
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Figure 4: COIl Parsmony Tree with Bootstrap Proportions
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Figure 5 EF-1a Parsmony Tree with Bootstrap Proportions
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Figure 6: 28S Parsimony Bootstrap Consensus Tree
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Figure 7: COI clock tree. Numbers are age by fossil/%divergence calibration in millions of years
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Figure 8: Bayesian Tree w/ Posterior Probabilities of Clades
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Figure 9: Ln likelihood vs. generation for 18 Bayesian runs
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Figure 10: Strict Consensus of Parsimony Trees and Bayesian Tree
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Figure 11a: Host plant mapped on MP tree
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Figure 11b: Host plant mapped on Bayesian tree
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Figure 12a: Symbiont clades mapped on MP trees
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Figure 12b: Symbiont clades mapped on Bayesian tree
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Appendix |: Bayesian and MCMCMC analysis

Asthisisone of the first times this technique has been used in phylogenetic
analysis, Bayesian analysis will be explained. This method is based on Bayes' rule, which
relates the probability of B given A to the probability of A given B and the probability of
B itself. The formulais Pr(B;| A) = Pr(A| B) x Pr(B;) + &[Pr(A[B,) x Pr(B,)], where the
sumisfrom j=1tok, Pr(B; |A) isthe probability of B, given A (Rosner, 2000). For
phylogenetic analysis, Pr(Ti|X), the probability of theith tree given dataset X, isPr(X| T))
x Pr(T;) + &[Pr(X|T,) x Pr(T)], where the sumisfor all trees. Pr(X|T)) is the likelihood
value, L (the probability of the data given the tree). Note that likelihood scores (L) are
usually reported as—nL, asL isvery low (for example, areported negative In likelihood
score of 2000 represents a probability of the data given the tree, Pr(X|T;), of 2.57 x 10°*®).
The probability of the tree, Pr(T)), isthe reciprocal of the total number of trees. By
solving this formula, we can find the probability of every tree given the data.

One way to do this would be to compute the likelihood score of every tree.
However, asthere are 5.8436 x 10* possible bifurcating trees for the taxa analyzed, this
israther impractical (Swofford et al, 1996). Bayesian analysis is often done with Markov-
chain Monte Carlo (MCMC) methods instead (Huel senbeck, 2000; Larget and Simon,
1999). Basically, thisworks by calculating a likelihood score for atree, proposing a new

tree (often derived in some way from the old — branch swapping, change of the gamma
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parameter, etc.), and getting a score for the new tree. Only one of the two treesis held for
the next step of swapping. Which tree is chosen is partly random and partly based which
has the better likelihood score. If the new tree is much better than the old one, thereisa
high probability of using the new one, but there isless probability of accepting the new
oneif the trees have similar scores. It is also possible to go to atree with aworse
likelihood score. The tree accepted is then used for the next step of the chain. Most
searches start from a significantly suboptimal tree, then the trees get better until the
likelihood score reaches an asymptote. The chain wanders around this value for the
remainder of the search, sometimes going up in likelihood, sometimes going down. The
initial period when the chain is going up to the plateau is the “burn-in” period. Samples
from this time are generally not used, as they are trees which were sampled only because
they were near the starting tree, not due to any special goodness. However, the treesin
the plateau are sampled according to their posterior probabilities: better trees are hit more
often by the search, since the probability of moving in their direction is higher. Asthis
search strategy may have trouble crossing steep valleys, a further refinement, called
Metropolis-coupled Markov chain Monte Carlo (MCMCMC) is used. This uses multiple
chains running in parallel. Some of these chains are “heated,” meaning that the posterior
probability is raised by a power less than one (technically, it israised by (1/(1+T(i-1))),

where T isthe chain’s “temperature” and i is the number of the chain). This flattens out
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the tree space for some chains, making it easier for the search to cross valleys.
Occasionally, two chains are made to exchange some states, allowing each to moveto a
different part of tree space.

Bayesian techniques have the advantage of combining a tree search with a search
for support, merging the traditional searches of a thorough search for atree with aless
thorough bootstrap search for node support. This results in significant speed advantages
over likelihood. A Bayesian search results in the posterior probability of every parameter
which is varied in the search, from topology to proportion of invariant sites, to be
calculated. It also allows easy tests of other phylogenetic hypotheses. For example, the
posterior probability of the monophyly of symbiont clade one can be determined by
filtering the total group of al Bayesian topologies for the presence or absence of this
clade and calculating the proportion of trees matching the constraint. This was quite
easily donein PAUP*, first loading a constraint tree to use as afilter. This technique will
aid in the adoption of a statistical, hypothesis testing mindset in phylogenetics, as was
implemented in thisthesis (i.e., Table 2).

Bayesian analysis using the method of MCMCM C does have some problems.
First, the posterior probabilities are dependent on the likelihood model. An incorrect
model will give incorrect posterior probabilities, which, while perhaps not resulting in an

incorrect topology, make it inappropriate to interpret the probabilities as the true
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probabilities of the observed value of the parameter given the data. Presumably, a more

parameter-rich model will better approximate reality and thus give more accurate

posterior probabilities. However, the more complex model has a cost in increased

computation time. In this analysis, afairly complex model (GTR [nst=6], gamma-

distributed rates, estimated base frequencies, clock not enforced) was used, which is

similar to the model chosen by Model Test for likelihood, though without invariant sites.

A philosophy of how to pick alikelihood model for Bayesian analysis has apparently not

yet developed, though the likelihood ratio test approach seems to work. Alternatively,

researchers could use the most complex model they had time to run, using the model

chosen through likelihood ratio tests as the lower bound of complexity. Time

requirements for this Bayesian analysis were not terribly severe, requiring about 100

computer-hours of time (compare with the estimate of years for alikelihood search). The

use of multiple runs allows the analysis to be run in parallel to some degree. However,

each individual run has a minimum number of generations required as a burn-in period,

so there is a minimum time required (an hour or so, in this study). Deciding the length of

the burn-in period isfairly easy as likelihood scores reach a definite plateau, visible by

eye, though more rigorous techniques (perhaps computing the slope for a best fit line

over aportion of the graph) could be used to determine when the chains reached

stationarity.
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MrBayes, the program used in this analysis, was not as user-friendly asit could
be, though it represents a significant advance in accessibility of Bayesian analysis for
empirical researchers. The main difficulty | had with the program was in an attempted
clock analysis. First, the program could not accept a perfectly constrained tree as an
input. This meant that the program could change the topology at some branches, which
makes recovery of branchlengths for these varying branches rather difficult (for example,
PAUP* cannot calculate a maority-rule consensus tree with branchlengths). MrBayes
should be able to do thisitself, but the “sumt” command, which should load in trees and
compute variances, did not work. As aresult, only likelihood optimization was used for
the clock treein this study. More experience with the program may allow meto useit for
clock optimization in the future, though.

Evaluating the thoroughness of the MCMCMC search is more difficult. How do
we know there are not “islands’ of trees which the analysis has not hit yet? For a standard
heuristic search, asimplemented in PAUP*, the proportion and number of times a certain
island was hit gives some suggestion as to a search’s thoroughness: hitting the best island
just once in a short search suggests that alonger search could find more; hitting the best
island in every random addition sequence replicate suggests that there are few other
islands. Thisinformation is not visible from a Bayesian analysis, at least as implemented in

MrBayes 1.0. In this study, | attempted to perform athorough analysis by doing many runs,
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which will follow different paths due to the statistical nature of the MCMCMC. The
program was allowed to find its own starting trees, though it is unclear from the program
documentation how these were found, so it is possible that all 18 runs started from the
same tree. The temperature of 0.2 was adequate in this analysis to cause frequent mixing
between the four chains in each run, which also helps search treespace and cross valleys.
One concern which | have isthe low posterior probabilities for the vast mgjority of the
tests done on hypotheses not found in the best trees (Table 2). This could represent atruly
low probability of these constraints, or it could represent a tree search which was not
thorough enough. | believe the former is the case, but the literature on how thorough a
search must be does need to be better devel oped.

| am optimistic about the future uses of Bayesian analysisin phylogenetics.
Searches are more efficient than likelihood searches but should still have the benefits of
likelihood. The method combines a topology search with a confidence search, further
saving time. Finally, Bayesian analysis using the MCM CMC algorithm provides an easy,
user-friendly way to test phylogenetic hypotheses by filtering the Bayes samples within

PAUP*.
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