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The relationship between molecular complexity and organismal complexity is a 

central question in biology’s quest to understand the phenotype-genotype connection. 

Several recent studies tackled this problem on a genome-wide scale in the context o f the 

origin o f animal multicellularity. A study by Grau-Bove et al. (2017) leveraged newly- 

available genomes o f lineages closely related to Metazoa in order to characterize 

spliceosomal intron evolution in animal ancestors. The authors reconstructed an 

“explosion” o f introns in the branch leading to the last common ancestor o f  metazoa. 

Notably, they also reconstructed an independent proliferation o f intron gains in the 

lineage o f another Eukaryote, the Ichthyosporea. Scrutiny o f their reconstructions 

revealed that they infer a surprisingly high number o f intron gains at the same site, or 

parallel gains, in these two lineages. Given that previous results suggest that parallel gain 

can be overestimated by models that fail to account for differences in evolutionary rates 

across sites, I sought to reanalyze these data using more appropriate models. In this 

thesis, reanalysis o f Grau-Bove et a/.’s intron presence-absence data using the intron 

reconstruction software Malin, the same statistical program used by Grau-Bove et al., 

suggests that the method may systematically underestimate ancestral intron density. 

Furthermore, attempts to incorporate rate variation across sites resulted in unstable



behavior by Malin, perhaps due to over-parameterization o f the likelihood with more 

taxa, particularly across deep macroevolutionary timescales. Finally, reanalysis with an 

alternative likelihood method suggests, in contrast, that the last common ancestor o f  

animals and their sister group, choanoflagellates, already had an intron density 

comparable to modem, intron-rich animals. More work will be necessary to resolve this 

controversy.

is a correct representation o f  the content o f  this thesis.
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Introduction

Spliceosomal introns are characteristic features o f eukaryotic genomes. They are 
transcribed along with the exons o f the genes they reside in but are not present in the 
mature RNA that codes for proteins (mRNA), due to their removal by an intermediate 
step called splicing. Consequently, when they were discovered in the late 1970s by Dr. 
Phil Sharp and Sir Richard Roberts, they were thought to be “junk” DNA. Roughly four 
decades later, we now know that many introns play vital roles in cells including 
regulating gene expression at multiple levels, mRNA localization and quality control, 
generation o f new genes by exon shuffling, and increased protein diversity from 
alternative splicing (Chorev et al., 2017). For example, somatic mutations affecting 
intron splicing contribute to many types o f human cancers (e.g. Dvinge and Bradley, 
2015), and mis-regulation o f a network o f neural microexons, each only a few 
nucleotides long, was linked to autism (Irimia et al., 2014).

Despite the importance o f  introns, many fundamental questions regarding their 
origin and subsequent evolution remain unanswered. Intron abundance varies by several 
orders o f  magnitude between species, from hundreds o f  thousands to only a few. 
However, some orthologous genes share introns in the same position even across 
eukaryotic kingdoms. For example, humans Homo sapiens and the green plant 
Arabidopsis thaliana, both intron-rich, have roughly 25% o f their intron positions in 
common. Yet it remains unresolved how much o f this positional concordance represents 
evolutionary conservation due to retention o f  ancient introns and how much reflects 
parallel gain occurring independently in different lineages. Several studies have estimated 
that the eukaryotic ancestor was already intron-rich (e.g. Roy and Gilbert, 2005a; 
Sverdlov et a l ,  2005) whereas other analyses using different probabilistic models instead 
inferred substantial rates o f  intron gain along several o f the deepest branches, particularly 
along the lineage leading to the origin o f animals (Carmel et al., 2007a; Csuros, Rogozin, 
and Koonin, 2011).

Most animals have intron-rich genes, however the reason for this remains 
obscure. In order to better understand the relationship between genome and organismal 
complexity, it is important to resolve whether intron richness was important in the origins 
o f multicellularity, and, in particular, if  the transition from a unicellular ancestor to the
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first animal was accompanied by a burst o f introns. One large hurdle to overcome with 
this question is a large sampling bias, a common problem in phylogenetic reconstruction. 
For example, there are thousands o f assembled metazoan genomes available but only 
three species for the two closest outgroups (two choanoflagellates and one filasterean). 
Also, until recently, most o f the few unicellular eukaryotic genomes that had been 
sequenced were all relatively intron-poor.

Last year an important study by Grau-Bove et al. (2017) was published with 
genomes o f four species o f unicellular holozoans (the name for the clade that includes 
animals plus unicellular relatives, falling sister to fungi and associated lineages), 
including an intron-rich fish-parasite, Ichthyophonus hoferi. They assembled a set o f  342 
paneukaryotic orthologs from 40 complete holozoan and other eukaryotic genomes and 
analyzed the conservation o f intron sites according to a maximum likelihood method 
developed by Csuros et al. (2007). The species included and their relationships, as well as 
results described below, can be seen in Figure 3. Aligning each o f these 342 sets o f  
orthologs allows for identification o f  introns that fall at shared positions across different 
sets o f  species. Based on these phylogenetic patterns, the authors modeled the evolution 
o f intron presence-absence at each site in the alignment as an individual trait. Modeling 
intron presence-absence across the phylogeny, they inferred two periods o f  intense intron 
gains, in the branch leading to Ichthyosporea and again independently in the branch 
leading to Metazoa. Notably, Grau-Bove et al. assumed that all genes, and all sites within 
genes, have the same tendency to gain and lose introns, an assumption that is not 
supported by some previous studies. Clear differences have been observed over both 
short (Krzywinski, 2002) and macroevolutionary (Sverdlov, 2004) timescales, and 
previous results suggest that parallel gain can be overestimated by models that fail to 
account for differences in evolutionary rates across sites (Stajich, Dietrich, and Roy,
2007).

The evolutionary history o f current intron patterns—abundance, vast differences in 
distribution among species, and high positional conservation with our unicellular 
ancestors— is still open to debate. Further obscuring studies o f animal evolution is the 
longstanding question o f  whether poriferans (sponges) or ctenophores (comb-jellies) are 
the sister o f  all other animals (Fig. 1). It has become clear, through dozens o f conflicting 
studies, that inferences about the phylogenetic positions o f  ctenophores and sponges are 
highly sensitive to model o f molecular evolution, species sampling, and gene sampling 
(reviewed in Dunn et al., 2014). The purpose o f this thesis is to test the robustness o f  
previous findings o f  the history o f  intron density (Grau-Bove et al. 2017) to statistical
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models o f  intron loss and gain, as well as to the conflicting phylogenies at the node o f  
interest.

!Bilateria 
Cnidaria 0 
Placazoa*% 
Porifera 00 
Ctenophora A

1Bilateria 
Cnidaria 
Placazoa %  
Ctenophora H  
Porifera

Figure 1. Who is our most distant animal relative? The two main alternative hypotheses 
fo r  deep animal relationships. A. “Ctenophore-sister” hypothesis where comb-jellies are 
sister to all other animals. B. “Porifera-sister” hypothesis where sponges are sister to all 
other animals.
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Method

I first downloaded Figure 5-source data 1 from Grau-Bove et al. (Grau-Bove et 
a l,  2017). This spreadsheet includes the intron presence-absence data from 40 eukaryote 
genomes. It also includes the estimated probability an intron is present for missing sites 
in extant species based on the ancestral reconstructions o f Grau-Bove et a l.. These were 
calculated using Malin (Csuros, 2008), a probabilistic Markov model for intron evolution 
encompassing branch-specific gain and loss rates, but with an assumption o f constant 
rates across sites.

To revert back to the raw data, I used a custom Perl one-liner to extract only the 
columns with presence-absence data for extant species:

peri -F "\t" -nlae 'print join "\t", @>F[10. .49]'

I then used a custom Perl one-liner to recode ambiguous values back as missing data:

peri -pane ’ s / C ? ! ( ? : C l \ . 0 0 ) l ( 0 \ . 0 0 ) ) ) \ d \ . \ d { 2 } / \ ? / g '

This resulted in 8905 intron-bearing sites described with an evolutionary trinary character 
where an intron is either present (value “1”), absent (value “0”), or ambiguous (value “?”) 
at a particular position. Sites for which more than nine species had ambiguous characters 
were removed as in Grau-Bove et al.

In reviewing the data, the apicomplexan Toxoplasma gondii has the second- 
lowest intron density (-4.5%  o f that o f  Homo sapiens), behind only Corallochytrium 
limacisporum, which is almost devoid o f introns. However, it is known from my own 
work on intron density as well as previously published studies (e.g. Irimia and Roy,
2008) that T. gondii is a relatively intron-rich unicellular organism with approximately 
half as many introns as Homo sapiens. It was therefore excluded from the data set for all 
further analyses leaving 39 species and 8882 intron-bearing sites, again allowing a 
maximum o f nine ambiguous characters per site.
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I then ensured I could replicate Grau-Bove et a/.’s results by reconstructing the 
ancestral states o f  each intron using the same Malin implementation o f  the probabilistic 
model o f intron evolution developed by Csuros et al. (2007) starting from the standard 
null model, running 1000 optimization rounds (likelihood convergence threshold = 
0.001) and assuming no rate variation across sites. It is a continuous time Markov model 
specified solely by branch-specific gain and loss rates, as well as intron density at the 
root. For this first analysis, I assumed the same consensus eukaryotic phylogeny as in 
Grau-Bove et al., with multifurcating internal topologies for several points on the tree, 
namely: the SAR supergroup (stramenophiles, alveolates, and rhizarians), fungi, the root 
o f eukaryotes, and the earliest-branching animal group. Since, the scope o f this thesis is 
the origin o f animals, for comparison, I also repeated his analysis but with each o f  the 
conflicting Porifera-first and Ctenophora-first topologies for early animal evolution (see 
above).

I next employed rate variation models in Malin, sampling parameters and 
ancestral reconstructions by their posterior distributions for two and three discrete rate- 
loss categories across sites. I did not use different gain rates because previous research 
showed that only variation in loss rates has a significant impact on model fit (Csuros et 
al., 2011). I also tested the algorithm’s sensitivity to the initial values o f  estimated 
parameters such as initial values for the rate factors, initial ancestral intron density, and 
advanced options like line optimization o f individual branch-specific rates. To examine 
the effect o f long-branches, the ten taxa with the fewest introns were removed 
(metazoans: Drosophila melanogaster, Mnemiopsis leidyi; teretosporeans:
Chromosphaera perkinsii, Corallochytrium limacisporum\ fungi: Schizosaccharomyces 
pombe, Neurospora crassa; amoebazoans: Dictyostelium discoideum, Polysphondylium 
pallidum', the stramenophile Phytophthora infestans and the excavate Naegleria gruberi). 
This left 29 species and yielded 8186 intron-bearing sites, allowing a maximum o f nine 
ambiguous characters per site as before. However, to examine the effect o f ambiguous 
sites on Malin’s performance, I also performed an analysis including only sites with no 
ambiguous characters. This decreased the number o f sites from the original analysis by 
almost 87% yielding 1164 positions.

Uncertainty about inferred rate parameters and evolutionary history was assessed 
by bootstraps simulations using a Monte-Carlo approximation o f  100 samples. I 
calculated variance-to-mean-ratios to yield confidence levels for the estimates inferred by 
Malin; ratios higher than 1 suggest a model is over-dispersed, meaning the variance in the 
data is higher than the variance in the model, and that the results cannot be considered 
robust.
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Lastly, I used an alternative likelihood method o f intron evolution developed by 
Roy and Gilbert (2005) to estimate ancestral intron content independently for each node. 
Briefly, for a given node X representing the last common ancestor o f  two descendent 
groups 1 and 2 with an outgroup species 3, the estimated number o f ancestral introns 
(Nx) was calculated using the equation:

.  r (^ 1 2 3  +  W23 ) ( « i2 3  "b w 13)(r t 123 +  ^ 12)

where «i23 is the number o f  introns present in all three groups, m 2 the number present in 
only groups 1 and 2, and so forth. This was calculated using the most intron-rich 
representative for the trio o f  clades around each node and using both the porifera-first and 
ctenophore-first topologies for the evolutionary emergence o f  animals.

There is currently no standardized way to measure intron density. Throughout this 
thesis, I normalized reconstructed ancestral counts by the number o f  introns in Trichoplax 
adhaerens, which has the most introns in the Grau-Bove et al. data set. All organism 
silhouettes used in phylogenies were reproduced from phylopic.org.
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Result

I sought to test the robustness o f previous findings o f the history o f  intron density 
(Grau-Bove et al. 2017) to statistical models o f intron loss and gain. First, I replicated 
Grau-Bove et al.'s analysis, using Malin (Csuros, 2008) to reconstruct the posterior 
prediction o f evolutionary history assuming that all possible intron sites evolve at 
constant rates. My analysis closely replicated the previous report, including estimating an 
18% increase in intron density at the origin o f Metazoa (Fig. 2). The bootstrap 
distributions for inferred ancestral density similarly resulted in a variance-to-mean 
(VTM) ratio o f 0.71 for the metazoan node (M) and 1.6 for the common ancestor o f  
animals and choanoflagellates (M + C), with a log-likelihood score o f -53,921.

Figure 2. Reconstruction o f intron density at ancestral nodes, replicating Grau-Bove et 
a l  (2017). The animal ancestor is shown in red, the Ichthyophonida ancestor in light blue 
and the plant ancestor shown in green. The circles on the right show relative intron 
density in extant genomes. The value in red is the percent net intron gain inferred along 
the lineage leading uniquely to animals. Intron density for estimated and extant nodes 
were normalized to the number o f introns in Trichoplax adhaerens, the most intron-rich 
species in the data set.
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Importantly, the deepest relationships within animal history remain unresolved, an 
issue o f  potential importance in estimating changes in intron numbers associated with the 
origin o f animals. To determine the dependence o f  intron reconstruction on phylogeny, I 
performed the equivalent analysis for each o f  the conflicting topologies. Using the 
“Porifera-first” topology, where Porifera are sister to all other animals, Malin 
reconstructs a similar 18% increase in intron density at the origin o f  animals (Fig. 3a) 
with VTM ratios o f  1.0 (M) and 1.4 (M + C). However, when using the “Ctenophora- 
first” topology. Malin estimates a smaller 9.6% increase, which is only half as much gain, 
and VTM ratios o f  1.2 and 1.4, respectively (Fig. 3b). Despite the significant differences 
in the amount o f gain inferred, the log-likelihoods were nearly identical: -53,291 for 
Porifera-first and -53,290 for Ctenophora-first.
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Figure 3. Ancestral reconstruction o f intron density for Filozoa inferred with the method 
o f Grau-Bove et al., but with each o f the conflicting topologies for the origin o f animals. 
Red values are the percent net intron gain inferred along the lineage leading uniquely to 
animals. The circles on the right show relative intron density in extant genomes. The 
value in red is the percent net intron gain inferred along the lineage leading uniquely to 
animals. Intron density for estimated and extant nodes were normalized to the number o f 
introns in Trichoplax adhaerens, the most intron-rich species in the data set.
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I next tested the dependency o f these inferences to allow for the possibility o f 
differences in intron loss and gain rates across sites. Whereas the above analyses and 
those o f Grau-Bove et al. assume that all sites have equal rates o f intron loss and o f equal 
gain (although allowing for branch-specific rates o f  loss and o f gain), other work suggests 
substantial variation across sites (e.g. Carmel et al., 2007b; Roy and Gilbert, 2005b), and 
simulations have suggested that failure to account for such variations in intron loss rates 
can lead to systematic underestimation o f intron loss and overestimation o f  parallel gain 
(Stajich, Dietrich, and Roy, 2007). I sought to test the dependency o f  inferences about 
intron number increase in the ancestor o f  animals on these considerations.

First, I reran Malin assuming two discrete rate-loss categories. The resultant 
estimates provided differing exact values, but did not greatly change the qualitative 
results o f  Grau-Bove et al. (Fig 4.), estimating a 14% increase in intron density in the 
common ancestor o f  animals, with VTM ratios o f  0.80 (M) and 1.5 (M + C). However, 
when I performed the analysis assuming three discrete rate categories, Malin estimated a 
decrease in intron density o f a highly surprising 94% leading to the origin o f animals 
(Fig 5.), with very high VTM ratios o f  22 (M) and 372 (M+C), underscoring a very large 
degree o f  uncertainty for these reconstructions. Correspondingly, there is a slight 
reduction in log-likelihoods for these analyses with a score o f  -53,625 for two rate-loss 
categories versus -55,296 for three categories.

In order to partition intron sites into categories o f rate variation, Malin assumes 
that intron sites belong to discrete categories, each defined by a specific loss rate factor 
(in addition to its branch-specific multiplier). For the optimized model using two rate-loss 
categories, 29% o f sites were assigned a rate-loss factor o f  0.446. This means that they 
are a little less than half as likely to be lost as the remaining 71% o f sites which were 
estimated to have a rate-loss factor o f  1.0, meaning there is no adjustment o f their branch- 
specific loss and gain rates. This is biologically plausible, as perhaps reflected in the 
VTM ratios which were on par with those o f the original analysis as described above. 
However, for three rate-loss categories, Malin assigned only 2% o f sites a 0.446 loss- 
factor, 4% a solely branch-specified value o f  1.0, while 93% o f sites were estimated to 
have a large loss-rate multiplier o f 8.926. This explains Malin’s inference o f almost 
complete intron loss at the emergence o f  animals; the improbability o f  this scenario is 
underscored with poor confidence ratios.
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Figure 4. Ancestral reconstruction o f intron density for Filozoa inferred with the method 
o f Grau-Bove et al., but with two categories o f  rate loss across sites. The value in red is 
the percent net intron gain inferred along the lineage leading uniquely to animals. The 
circles on the right show relative intron density in extant genomes. Intron density for 
estimated and extant nodes were normalized to the number o f introns in Trichoplax 
adhaerens, the most intron-rich species in the data set.
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Figure 5. Ancestral reconstruction o f intron density for Filozoa inferred with the method 
o f Grau-Bove et al., but with three categories o f  rate loss across sites. The value in red is 
the percent net intron loss inferred along the lineage leading uniquely to animals. The 
circles on the right show relative intron density in extant genomes. Intron density for 
estimated and extant nodes were normalized to the number o f introns in Trichoplax 
adhaerens, the most intron-rich species in the data set.
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I also experimented with other parameters including changing the starting 
ancestral intron density and increasing the number o f optimization rounds from 1,000 up 
to 50,000 but the inferred intron densities, log-likelihood, and VTM ratios remained 
qualitatively the same. Increasing the frequency o f edgewise optimizations o f individual 
branch-specific rates (under advanced options) from 100 to 50,000 rounds also had no 
significant effect when used with a constant rate model, but with two rate loss categories 
dramatically changed the results estimating a decrease in intron density o f  7.7% (Fig. 6) 
with VTM ratios o f  1.0 (M) and 1.53 (M + C), which are almost equivalent to the 
bootstrap values from replication o f Grau-Bove’s analysis. The likelihood score for the 
optimized analysis was higher at -53,723. However, even with 50,000 line-optimizations, 
Malin still broke down when implemented with three rate-loss categories estimating a 
seemingly unrealistic 94% plummet in intron density at the origin o f animals, with highly 
concerning VTM ratios o f 19.4 (M) and 17.2 (M + C) and a lower likelihood score o f  - 
55,533.
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number o f  introns in Trichoplax adhaerens, the most intron-rich species in the data set.
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I next removed the ten species with the fewest introns to investigate the effect o f  
long branches on reconstructing intron evolution over deep timescales. Interestingly, the 
same 18% increase in intron density as inferred in the original analysis was also 
estimated without the taxa having undergone the most intron loss (Fig.7). However, the 
VTM ratios o f 0.77 (M) and 1.03 (M +C) were better. The likelihood score o f -46,277 is 
significantly higher but can’t be directly compared to the scores o f  the previous analyses 
because there are fewer characters with only 29 species included. Performing the analysis 
with two discrete rate-loss categories also gave similar results to the original analysis 
with a 15% gain in intron density in the animal ancestor. The VTM ratios, however, were 
much worse with 132 for both nodes. Despite this, the likelihood score o f -46,266 was 
almost equivalent to that o f  the more stable constant rates model.
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Figure 7. Ancestral reconstruction o f intron density for Filozoa inferred with the method 
of Grau-Bove et al,, but with the ten taxa with the fewest introns removed {Drosophila 
melanogaster, Mnemiopsis leidyi, Chromosphaera perkinsii, Corallochytrium 
limacisporum, Schizosaccharomyces pombe, Neurospora crassa, Dictyostelium  
discoideum, Polysphondylium pallidum, Phytophthora infestans and Naegleria gruberi). 
The circles on the right show relative intron density in extant genomes. The value in red 
is the percent net intron gain inferred along the lineage leading uniquely to animals. 
Intron density for estimated and extant nodes were normalized to the number o f introns in 
Trichoplax adhaerens, the most intron-rich species in the data set.
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For the final experiment with Malin, I removed all sites with ambiguous, or 
missing, data from the original Grau-Bove et al. analysis (which allowed up to nine 
species to have missing data for any given intron-bearing site). This dramatically changed 
the outcome o f the ancestral reconstruction with a constant rate model, estimating a mere 
1% increase in intron density in the branch leading uniquely to animals (Fig. 8) with 
more favorable VTM ratios o f 0.89 (M) and 1.0 (M+C); this is on par with the previous 
analysis in which long branches were removed. Allowing two discrete rate-loss 
categories resulted in a dramatic swing where the density o f  introns in the animal 
ancestor plummets by -53%. Disturbingly, this odd outcome is about equally as supported 
as Grau-Bove et al.’s original analysis with VTM ratios o f 0.85 (M) and 1.11 (M+C). 
Increasing the complexity o f  the model to three rate loss categories resulted in Malin 
estimating a nonsensical 100% reduction in intron density with abysmal VTM ratios o f  
22 (M) and 320 (M+C). The likelihood scores without missing data were -5356 for the 
constant rate model and -5373 with two rate-loss categories, meaning again that they are 

concerningly almost equally supported. However, the likelihood does drop significantly 

to -5521 for the unrealistic outcome of the analysis incorporating three rate-loss 

categories.
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Figure 8. Ancestral reconstruction o f  intron density for Filozoa inferred with the method 
o f Grau-Bove et al. using a reduced data set including only intron-bearing sites that are 
present in all 39 species (no ambiguous data). The circles on the right show relative 
intron density in extant genomes. The value in red is the percent net intron gain inferred 
along the lineage leading uniquely to animals. Intron density for estimated and extant 
nodes were normalized to the number o f introns in Trichoplax adhaerens, the most 
intron-rich species in the data set.

Support for ancestral intron reconstruction was determined with bootstrapping 
and the results were used to calculate the VTM ratios stated individually above for each 
analysis. I compared the average number o f introns in the animal ancestor from 100 
bootstrap simulations to the posterior prediction inferred by Malin, shown in Table 1. 
The two values were not significantly different from each other for all constant-rate 
models except for the analysis in which the ten longest-branched taxa were removed from 
the data set. For the four analyses incorporating two discrete rate-loss categories, there 
was a large discrepancy in the experiments removing long-branch taxa and without any 
ambiguous data. There was a significant difference for all four analyses with three 
discrete-rate loss categories. In all discordant cases, the mean bootstrap value is lower 
than the estimated intron density inferred by Malin (Fig 9.). This suggests that the model 
is upwardly biased and is systematically underestimating ancestral intron densities.



19

constant-rate

2 loss rates

3 loss rates

|  model of intron evolution j (jootstrap me;irt Malin estimate |

Grau-Bove et al. replication 1436 1443

Porifera-first 1441 1439

Ctenophore-flrst 1335 1332

50,000 edgewise optimizations 1444 1442

10 longest-branch taxa removed 81 1437

no ambiguous characters 71.6 71

Grau-Bove et al. 1445 1452

50,000 edgewise optimizations 1454 1463

no long branches 182.1 1742

no ambiguity 73 427

Grau-Bove et al. 216 249

50,000 edgewise optimizations 215 237

no long branches 565 4439

no am bigu ity  0  6 .8

Table 1. Comparison o f  the number o f introns in the animal ancestor calculated from 100 
bootstrap replications versus the posterior prediction from different models implemented 
in Malin.



20

comparison of mean bootstrap distribution w ith the 
inferred intron number in the animal ancestor
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Figure 9. Percent difference between the mean bootstrap distribution for intron count in 
the animal ancestor as compared to Malin’s posterior prediction using different models 
for the metazoan node. For example, taking the first data point, the mean bootstrap 
estimate is 0.5% lower than the number o f  introns inferred by Malin. Models shown in 
red have constant rates-across-sites, those shown in blue have two discrete rate-loss 
categories, while those in green have three discrete rate-loss categories.

Lastly, I reanalyzed the original data set using Roy and Gilbert maximum 
likelihood. This is a relatively simple hybrid technique which combines maximum 
likelihood (ML) principles with parsimony. The method assumes that changes in, rates o f  
intron evolution depend only on the lineage, thus also assuming identical rates o f intron 
gain and loss across sites as in the Grau Bove et al. analysis. It estimated, however, that 
intron density increased by only about a quarter as much in the lineage leading uniquely 
to animals; 3.8% for the Porifera-first topology and 4.8% for the Ctenophora-first 
topology (Fig lOa-b).
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Figure 10. Ancestral reconstruction o f intron density inferred using Roy-Gilbert 
maximum likelihood. The circles on the right show relative intron density in extant 
genomes. The value in red is the percent net intron gain inferred along the lineage leading 
uniquely to animals. Intron density for estimated and extant nodes were normalized to the 
number o f introns in Trichoplax adhaerens, the most intron-rich species in the data set.
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Discussion

In evolutionary biology, the most detailed work on continuous time Markov 
models has focused on DNA or protein sequence data with large and diverse sets o f 
models available for analyzing these molecular sequences. Discrete characters, however, 
when they evolve rapidly, lose historical information surprisingly quickly meaning that 
models with high rates o f  character transitions will be quite similar to both models with 
low “phylogenetic signal” and with rates that accelerate through time (Harmon, 2018). 
Intron loss and gain rates vary by many orders o f  magnitude (Roy and Gilbert 2006), 
indicating potential problems with model identifiability and warning that we might not 
have good power to differentiate one model from another. This is borne out in the results 
o f this study which have a likelihood surface resembling a long flat “ridge” o f similarly 
likely, to declining, values instead o f a peak (Fig. 11).

iog-likellhooct of different estimates for intron density in the animal ancestor
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Figure 11. Log-likelihoods o f  ancestral intron counts-inferred by different methods 
implemented in Malin. Models shown in red have constant rates-across-sites, those 
shown in blue have two discrete rate-loss categories, while those in green have three 
discrete rate-loss categories.
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Depending on the model and options used the net change in intron density 
inferred at the genesis o f animals ranges from -100% to +94% (Fig. 12)! Although it is 
not discussed in Grau Bove et al., their analysis yields a high (greater than 1.0) VTM 
ratio for the Choanozoa ancestor (Metazoa and Choanoflagellates), suggesting that there 
is more variation in the data set than expected given the model used to analyze it. This 
may reflect the breakdown o f the assumption o f rate homogeneity used in their analysis 
across greater sections o f  the tree o f  life. However, none o f  the fifteen different 
implementations o f Malin that I tested, including those incorporating rate variation across 
sites had a VTM ratio below 1.0 for this deeper node (Table 2.). Another possible factor 
behind Malin’s lack o f stability is the way it uses a single correction for a lack o f  
invariant sites in which introns are absent in all o f the organisms using a method that was 
introduced in the completely different context o f restriction site analysis (Felsenstein, 
1992).

ft is particularly worrisome that, after replicating Grau-Bove et al.’s results, I 
calculated that 8,016 out o f 8,905 intron sites had an expected number o f  intron gains 
(computed as the sum o f intron gain probabilities on the branches) greater than 1.0, 
meaning that about 90% o f homologous positions were estimated to potentially result 
from parallel intron gains. This is not only intuitively surprising but is in conflict with 
results from the only systematic comparison o f Malin’s performance across different rate 
loss models which found that introns in certain positions are more prone to loss than 
others whereas no sites are more likely to gain an intron (Csuros et al., 2008). This is also 
in opposition to other studies reflecting high positional conservation across eukaryotes 
(Chorev and Carmel, 2014).

I also demonstrate that the Roy-Gilbert method is more robust to conflicting 
phylogenies at the node o f interest than Malin, with only a 1% difference in net intron 
gain inferred between Ctenophora versus Porifera-first topologies. Replicating Grau- 
Bove et al.’s analysis with each o f the conflicting hypotheses resulted in estimating 
roughly 50% less net gain using the Ctenophore-first topology. If Malin is potentially 
estimating too much parallel gain, it is also depressing ancestral intron estimates; long 
branches in the phylogenetic tree such as Ctenophores would then be expected to present 
a special challenge to the interpretation o f its results. Since massive intron gain during the 
genesis o f  animals was touted as a major finding o f Grau-Bove et al., and the 
Ctenophora-first results differ substantially from those they published using the 
multifurcating tree, it would have been prudent to include results from both topologies.
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Figure 12. Comparison o f percent change in intron density estimated by different 
models. All models except the two Roy-Gilbert likelihood analyses were implemented 
using Malin. Unless otherwise specified, the tree used for reconstruction had 
multifurcating internal topologies for the SAR supergroup, fungi, the root o f  eukaryotes, 
and the earliest-branching animal group as in Grau-Bove et al. (2017).
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constant-rate

2 loss rates

3 loss rates

| model of intron evolution | VTM ratio, lYletatps VTM ratio, QjsanSBasl |

Grau-Bove e t al. replication 0.8 1.4

Porifera-first 1.0 1.4

Ctenophore-firat 1.2 1.4

50,000 edgewise optimizations 1.1 1.4

10 longest-branch taxa removed 0.77 1.0

no ambiguous characters 0.89 1.0

Grau-Bove e t al. 1.0 1.4

50,000 edgewise optimizations 1.0 1.5

no long branches 132 132

no ambiguity 0.85 1.11

Grau-Bove et al. 21.8 248

50,000 edgewise optimizations 19.4 17.2

HO long branches 479 432

no ambiguity 22 320

Table 2. Variance-to-mean ratios for intron density in the metazoan and choanazoan 
ancestors as estimated by different models implemented in Malin. Values less than 1.0 
are highlighted; all other reconstructions shown are indicated to be over-dispersed.

Future work will focus on a more reliable characterization o f the dynamics o f 
intron evolution using a Bayesian, rather than maximum likelihood, framework. I will 
also explore the more realistic scenario that intron positions do not necessarily evolve 
independently from one another but can rather covary over time and across the 
phytogeny. In other words, although some sites in a genome are critical to function and 
likely never change, most sites switch between being free to evolve in some taxa and 
being fixed in others (Penny et al., 2001). In fact, for nucleotide substitution, rate 
variation over time or heterotachy was actually found to be a more important model 
component than rate variation across sites (Smedmark et al., 2006). Moreover, using this 
type o f approach would allow the number o f  unobserved, intron-less positions to covary 
as a hidden variable rather than applying a single, universal correction as in Malin. This 
may mitigate a systematic bias toward intron insertion in terminal lineages at the expense 
of intron number in ancestors.
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It is also possible that the lack o f model identifiability I found is due to a lack o f  
signal in the data, rather than resulting from the model itself. For my next step, I will test 
whether the Grau-Bove et al. data set contains adequate information to make any 
inferences at all about the history o f intron evolution in animals. It is possible that enough 
change has occurred in patterns o f intron distribution over the two billion years since the 
last eukaryotic common ancestor that traces o f the trait’s history have been obliterated. If 
this is the case, given current data types and technologies, we will not be able to estimate 
ancestral intron content with any precision, no matter how good the model we use.

Resolving this controversy is critical to understanding how genome and 
organismal complexity evolved in the history o f  all eukaryotic life. If introns were 
relatively sparse until premetazoans, their invasion may have been important in the 
transition to multicellularity in animals. However, if  introns were already numerous early 
on, they could have played a major role in the origin o f proteins and in the emergence o f  
many other pivotal features o f the eukaryotic cell such as the nucleus, linear 
chromosomes, telomerase, and the ubiquitin signaling system (Koonin, 2006). Instead o f  
introns invading intron-poor ancestral genomes to yield higher modem densities as 
concluded in the Grau-Bove et al. analysis, it is possible that intron-rich ancestral 
genomes have been stripped o f  their introns to yield relatively low modem densities. 
Considering the modeling concerns demonstrated in this thesis, the independent evolution 
o f multicellularity in plants and fungi, and the increasing discovery o f intron-rich non
animals, it is too soon to consider rampant intron gain to be a characteristic o f  the animal 
ancestor.
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