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Abstract 
Non-paradigmatic genetic processes and systems in fungi and arthropods 
illuminate and challenge foundational ideas in molecular evolution 

 

Noelle Marie Anderson 

Doctor of Philosophy in Quantitative and Systems Biology 

University of California, Merced 

2023 

 

Exceptions to paradigms are important in at least two ways, including highlighting 
limits of existing paradigms and in providing novel opportunities to test general 
hypotheses.  In the context of genetic processes and systems, non-paradigmatic 
processes such as complex patterns of inheritance can reveal what may be 
overlooked in conventional systems and even inform us about established general 
ideas in evolutionary and population genetics. This thesis explores the potential of 
non-paradigmatic genetic systems as valuable tools for understanding 
evolutionary processes. In Chapters 1 and 2, I focus on an atypical genetic system 
in arthropods with genetic peculiarities that allow for less biased natural 
experiments for testing hypotheses regarding several fundamental questions 
regarding selection, mutation, and drift, and about sex determination system 
turnover. To highlight this system’s use for several fundamental evolutionary 
questions, chapter 1 presents the power of X chromosomes for evolutionary 
analysis, the limitations of this approach, and how the atypical system resolves 
these limitations. I first present both the value in comparing sex chromosomes to 
autosomes, and the challenges in interpreting data from these studies due to the 
co-occurrence of confounding differences between X chromosomes and 
autosomes— primarily the hemizygosity of the X chromosome in XY males, and 
the unequal transmission of X chromosomes through the sexes. I describe ways 
in which this confounded problem has been previously addressed, then introduce 
an atypical arthropod genetic system and explain how the system allows for the 
isolation of hemizygosity as a driver of X chromosome and autosomal difference. 
Finally, I discuss the implications of potential findings in evolutionary rate, 
sequence diversity, and codon bias. In Chapter 2, I employ the same exceptional 
genetic system in arthropods in comparison to relatives with typical genetic 
systems to test a very different question, namely the origins of haplodiploidy. In 
this chapter, I specifically investigate the origins of male-haploid systems and the 
relationship of gene-rich X chromosomes with sex-determination system turnover 
and find evidence to support intragenomic conflict as a driver of turnover. 
Intragenomic conflict is generally understudied and its effects on evolutionary 
processes, potentially substantial, remain largely untested. Thus, I offer some of 
the first empirical testing of its contribution to major genetic and evolutionary shifts. 
In Chapter 3, I study the history of a gene fusion of two enzymes involved in 
subsequent steps of fungal leucine biosynthesis, an essential metabolic process 
in fungi, through phylogenetic reconstruction on the fusion domains. I find a very 



 

 xiv 

complex history, featuring ancestral fusion, multiple instances of gene fission and 
loss, and abundant gain of the fused construct through horizontal gene transfer. 
This result is somewhat surprising given the core nature of these enzymes and 
longstanding paradigms of eukaryotic metabolic and genic evolution. Altogether, 
this doctoral body of work aims to demonstrate the value in studying exceptional 
genetic systems and evolutionary processes and how they are revealing for a 
broad set of important ideas in molecular evolution and genetics. 
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Chapter 1: A genetic system without X-Autosome 
transmissional differences removes confounding 
contributing force to resolve diverse biological 

questions 
 

1.2 Abstract 

 

Sex chromosomes evolve under different conditions than autosomes. Therefore, 
comparison of sex chromosomes with autosomes can reveal key insights into 
various foundational evolutionary processes. Many influential conclusions about 
mutational dominance and forces affecting selection have been gleaned from such 
comparisons. However, these studies are confounded by the presence of multiple 
potential causal forces for certain differential patterns, due to the multiple important 
ways that X chromosomes differ from autosomes. These may be broken down into 
two, namely hemizygosity of the X chromosome in males and differences in how 
X chromosomes and autosomes are transmitted through the sexes. The co-
occurrence of these factors has complicated the interpretation of observed 
molecular differences, leading to very different evolutionary conclusions. The aim 
of this chapter is to present and explicate a strategy for overcoming this essential 
confound through focus on an atypical genetic system. I first discuss the 
importance of X chromosome and autosome comparisons in evolutionary research 
and the ways in which various potential underlying contributing factors are 
obscured by the dual presence of X hemizygosity and transmissional differences. 
Then, I discuss previous attempts to address this difficulty in study. Finally, I 
propose a novel approach to disentangle these factors and thus also the 
conclusions we draw from them using an atypical genetic transmission system 
found in three hexapod families. The proposed model offers a promising 
framework to resolve these complexities and gain a better understanding of the 
fundamental questions in evolutionary biology and population genetics. 

 
1.3 X-Autosome differences, why they matter for key biological questions, 
and why identifying causal forces is challenging 
 
The two sex chromosomes in species with differentiated sex chromosomes (X/Y 
or Z/W) tend to exhibit strikingly different genic contents, reflecting very different 
evolutionary conditions since their evolution from an ancestral autosome pair. 
While Y and W chromosomes typically have few and functionally-biased genes, 
reflecting massive gene loss and movement, X and Z chromosomes largely retain 
the ancestral gene complement. Given that autosomes typically contain quasi-
random collections of genes, this implies that X and Z chromosomes, at least 
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initially, also largely contain a quasi-random collection of genes. Therefore, 
differences in gene content and sequence patterns between X chromosomes and 
autosomes are largely the result of the evolutionary conditions Xs now find 
themselves in. Because they evolved from autosomes and now are under different 
conditions within the genome, sex chromosomes are an excellent tool for studying 
evolutionary biology and have been used to make some of the most valuable 
inferences in population genetics and molecular evolution. 
 
A wide variety of studies have exploited this natural experiment to test an equally 
wide set of evolutionary hypotheses. Indeed, many important conclusions about 
evolution have been drawn from the comparison of sex chromosomes and 
autosomes— that recessive beneficial mutations play a significant role in 
adaptation, that effective population size is an important determinant in genetic 
diversity, that sexual antagonism is a contributor to chromosomal gene content 
and to recombination suppression, that deleterious mutations affecting codon bias 
are largely recessive, and more. These conclusions have been drawn from the 
different patterns in genomic sequence observed between Xs and autosomes, 
patterns such as faster adaptive evolution of the X, greater female- and male-
biased expression on the X, more gene traffic on and off the X chromosome, 
reduced X-linked nucleotide diversity, and greater codon usage bias on the X 
(Schaffner 2004; Vicoso and Charlesworth 2006; Ellegren 2011; Abbott et al. 
2017). 
 
However, in many cases, there is reason to be concerned that the observed X 
chromosomal patterns that have been taken as evidence for various evolutionary 
conclusions could actually be due to different forces— that is, that the experiments 
suffer from a confoundment. While the differences between X chromosomes and 
autosomes are exactly what makes them such useful tools in comparative 
genomics, that there are multiple differences can complicate their use. Specifically, 
this limitation derives from the coexistence of two key differences between X 
chromosomes and autosomes— (i) the hemizygosity of the X in males and (ii) the 
differences in the ways that Xs and autosomes are transmitted through males and 
females. Importantly, the various experiments testing fundamental hypotheses 
have emphasized one of these two differences; however, the co-occurrence of the 
two differences are inherently convoluted. Put another way: while each observed 
molecular difference between X chromosomes and autosomes is typically 
assumed to be due to one of these differences (transmission or hemizygosity), it 
has been impossible in most cases to fully exclude the possibility that the 
molecular difference is instead due to the other. Under both hemizygosity and 
transmissional differences, the relative contributions of parameters such as sexual 
antagonism, effective population size (Ne), mutation rate, recombination rate, and 
zygosity to the observed differences between autosomes and sex chromosomes 
remain difficult to disentangle (Vicoso and Charlesworth 2006). Thus, experiments 
are needed wherein the effects of hemizygosity and transmissional differences can 
be differentiated. 
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The central purpose of this work is to propose and explain a new model for 
disentangling these questions, namely an atypical system of genetic transmission 
that has evolved at least three times in hexapods (only dipterans are discussed 
here, other hexapods in Chapter 2). I first explain various distinctive features of X 
chromosomes that have been observed, highlighting both the potential 
implications for large biological questions and the ways that confoundedness 
between transmission and hemizygosity leave these implications as provisional. I 
then explain previous attempts to unravel transmission and hemizygosity in typical 
and atypical genetic systems. Finally, I introduce a new atypical system and 
explain how it allows for an improved experiment for disentangling transmission 
and hemizygosity to make cleaner conclusions about phenomena central to 
molecular evolution and population genetics. 
 

1.4 The problem and the stakes: Observed X-A patterns with various 
evolutionary implications and potential causes 
 
1.4.1 Faster-X either implies many adaptive mutations are recessive or are 
sexually antagonistic 
 
One major observed difference between X chromosomes and autosomes is in 
observed faster protein evolution of X chromosomes (Meisel and Connallon 2013). 
This phenomenon has two major proposed causes. On the one hand, faster-X 
could be due to differences in transmission if sexually antagonistic mutations are 
common (Charlesworth et al. 1987; Vicoso and Charlesworth 2009). Faster-X 
could also be due to differences in effective population size (Ne; because for each 
mating pair, there are 4 autosomes and 3 X chromosomes, thus NeX = 3/4NeA, 
see Box 1) if many mutations are slightly deleterious and accumulate on the X via 
enhanced drift under lowered Ne (Charlesworth et al. 1987; Vicoso and 
Charlesworth 2009). On the other hand, faster-X could be due to X hemizygosity 
through increased efficiency of selection on the haploid X in males if many newly 
arising adaptive mutations are recessive (Haldane 1924; Charlesworth et al. 1987; 
see Box 1). The results on faster-X (or its ZW parallel, faster-Z) in a diversity of 
species, from dozens of empirical studies over the past 20 years, have failed to 
paint a cohesive picture of what forces are predominantly responsible for increased 
evolutionary rate. Unraveling this difference between hemizygosity and 
transmissional and Ne differences is important because these varied possibilities 
have different implications for fundamental questions in evolution, particularly 
regarding the nature of new mutations and their dominance, and general and sex-
specific fitness effects. I now explain these dynamics and implications.  
The degree of dominance/recessivity of new mutations, particularly beneficial 
mutations, is of central importance for many key evolutionary/genetic questions 
including the evolution of sexual reproduction, recombination, the evolution of 
selfing, evolution within small populations, hybrid inviability, inbreeding 
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depression, and the maintenance of genetic variability (Connallon and Hall 2018). 
While experimental evolution studies have made headway in estimating the 
distribution of mutant fitness effects and dominance, these studies mostly allow for 
the study of newly-arising deleterious mutations, and are limited in their ability to 
assess new beneficial mutations(Orr 2010). Instead, much modern work on the 
dominance of beneficial mutations has focused on the comparison of the 
evolutionary rate between X chromosomes and autosomes, drawing upon long-
established theory. 
 

 
 
Theoretical considerations indicate that X chromosomes are expected to evolve 
faster than autosomes when many new beneficial mutations are recessive and are 
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thus better exposed to selection in the hemizygous male (Haldane 1924; 
Charlesworth et al. 1987; see Box 1). While the rate of substitution on the X is most 
often discussed in terms of the effect of greater positive selection, more efficient 
selection in hemizygous males could also drive more removal of deleterious 
recessive mutations, which would be expected to lead to a slower-X effect 
(Charlesworth et al. 1987; Vicoso and Charlesworth 2009). Notably this theory only 
applies to newly arising mutations, as adaptation on standing variation is expected 
to drive a slower-X effect as well (Charlesworth et al. 1987; Orr and Betancourt 
2001). 
 
When faster-X evolution has been observed, it has been largely attributed to 
positive selection (Baines et al. 2008; Hvilsom et al. 2012; Langley et al. 2012; 
Meisel and Connallon 2013; Kousathanas et al. 2014; Sackton et al. 2014; Dean 
et al. 2015). A lack of faster-X is sometimes attributed to increased purifying 
selection, rather than positive selection, due to hemizygosity in the heterogametic 
sex, as seen in some butterflies (Rousselle et al. 2016). 
 
An interesting and informative parallel to X chromosomal evolution is evolution on 
the Z chromosome. Despite the similarities between faster-X and faster-Z, faster-
Z is complicated by a reduction of NeZ/NeA below ¾ due to greater variance in 
male reproductive success and the reversed heterogamety in the sexes. This 
reduction in Ne would be expected to cause fast-Z largely through relaxed selection 
allowing greater fixation of deleterious mutations and has been seen in some ZW 
species (Mank et al. 2010; Wright et al. 2015; Hayes et al. 2020). However, faster-
Z putatively due to positive selection has also been observed in silkmoths, turtles, 
and some birds (Sackton et al. 2014; Dean et al. 2015; Radhakrishnan and 
Valenzuela 2017). One possible explanation is that the Z is more frequently 
transmitted through spermatogenesis, which is often more mutagenic than is 
oogenesis due to more mitotic divisions, potentially providing more variation for 
selection to act on (Li et al. 2002; Kirkpatrick and Hall 2004; Ellegren 2007).  
 
Another issue relevant to faster-X and other X-A patterns is differences in 
recombination rate on autosomes compared to X chromosomes. Differences in 
recombination rate could play a role in the efficiency of selection on the X and thus 
contribute to or impede faster-X. However, the case is not so simple. For instance, 
in Drosophila, Xs have a higher recombination rate than autosomes because of 
the lack of any recombination in males and thus would be expected to be less 
subject to consequences of linked selection. The fact that faster-X has been 
observed extensively in Drosophila species (Meisel and Connallon 2013; 
Charlesworth et al. 2018), as well as in organisms where autosomes have a higher 
recombination rate than Xs, makes it unclear if recombination rate plays a major 
role in evolutionary rate differences.  
 
In short, the conflicting results of studies on the evolutionary rate of the X/Z 
chromosome are difficult to interpret and there is currently little definitive 
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consensus about the distribution of dominance and fitness effects of mutations and 
how they contribute to the evolution of the X chromosome. Understanding the 
faster-X phenomenon is essential to understanding adaptive evolution and the 
effects of hemizygous selection.  
 
1.4.2 Reduced nucleotide diversity may have implications for purifying selection, 
effective population size, or male-driven mutation 
 
Reduced nucleotide diversity on the X chromosome compared to autosomes has 
been observed in several mammals, birds (Z), plants, nematodes, and some 
Drosophila species (Sundström et al. 2004; Mank et al. 2007; Ellegren 2009; 
Leffler et al. 2012; Wilson Sayres 2018). This could be due to hemizygosity of the 
X/Z chromosome, due to stronger purifying selection on the haploid X in 
hemizygous males (Ellegren 2009). Alternatively, this may be due to the differential 
transmission of Xs and autosomes through the sexes. As discussed above in the 
context of faster-Z evolution, sex chromosomes and autosomes may experience 
different rates of mutation based on sex-biased transmission. In XY systems, the 
dynamics are reversed and X chromosomes are transmitted through females twice 
as often as in males, potentially reducing the mutational load of the X chromosome 
due to fewer rounds of mitotic division in oogenesis compared to spermatogenesis. 
Thus, from male-biased mutation, we may expect reduced mutation on the X 
(Ellegren 2007). Lower X chromosomal sequence diversity could also be attributed 
to reduced Ne of the X relative to autosomes in most systems, where increased 
drift may cause loss of diversity on the X. On the other hand, sexual antagonism 
on the X chromosome is expected to increase diversity via balancing selection 
(Mank 2017). 
 
Depending on the primary cause of the reduced nucleotide diversity on X 
chromosomes, we may conclude different things about sequence evolution. If Xs 
undergo more purifying selection due to hemizygosity, it lends evidence to the idea 
that many beneficial mutations are recessive. If the X experiences less diversity 
from relaxed selection due to drift, we may conclude that Ne plays a large role in 
selectional efficiency on the X. If the observed patterns of lower X diversity are due 
to lower mutation rates, this would give support to the notion that oogenesis is 
indeed less mutagenic than spermatogenesis, at least within that taxon. Thus, we 
can arrive at several different conclusions highly relevant for key evolutionary 
questions, and understanding the different true drivers of this pattern is important. 
 
1.4.3 Greater X-linked codon usage bias may be driven by enhanced hemizygous 
selection or by male-driven mutation  
 
The third pattern observed to be different between X chromosomes and 
autosomes is increased codon usage bias on X chromosomes. Higher codon 
usage bias (CUB) on the X/Z chromosome has been seen in multiple Drosophila 
species, C. elegans, chicken, and in some plants, but is not found in silkmoth or in 
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several mammalian species (Singh et al. 2005; Haddrill et al. 2010; Qiu et al. 2011; 
Rao et al. 2011; Kessler and Dean 2014; Sackton et al. 2014). The preferential 
usage of some synonymous codons over others for the same amino acid is thought 
to arise primarily from selection for translational efficiency and/or accuracy 
(Reviewed in Hershberg and Petrov 2008). Like other patterns described here, 
greater codon bias on the X may indeed be due to improved selection on the X in 
hemizygous males. However, increased codon bias on the X could also be due to 
a reduction in mutation rate on the X relative to autosomes due to the X’s less 
frequent passage through the more mutagenic spermatogenesis. Alternatively, 
codon bias has been attributed to differences in Ne and GC-biased gene 
conversion (Galtier et al. 2018). 
 
Similar to arguments for previous patterns discussed here, elevated X-linked 
codon bias due to hemizygosity would support the idea that many new beneficial 
mutations are recessive or that purifying selection is enhanced under 
hemizygosity. Primarily transmissional causes would support the conclusion of 
unequal gametogenic mutation rates between sexes in the species of study, other 
biased mutational processes, or strong effects of Ne. Codon usage bias is a 
complex and still misunderstood phenomenon, thus understanding what creates 
these patterns is important for fundamentally understanding sequence evolution.  
 
1.4.4 The evolution of haplodiploidy is allowed by male haploid viability or 
facilitated by genomic conflict 
 
The confounding presence of both transmissional differences and differences in 
zygosity also has implications for the evolution of unique genetic systems such as 
haplodiploidy. Haplodiploidy may be attributed to increased viability for newly 
haploid males due to more efficient selection in hemizygous males (Bull 1979; 
Goldstein 1994; Blackmon et al. 2015), or to genetic conflict between Xs and 
autosomes that destabilize sex ratios, leading to sex determination turnover (Haig 
1993a; Werren and Beukeboom 1998; Normark and Ross 2014). To understand 
the complex forces driving sex determination system turnover and the evolution of 
atypical genetic systems, it is important to distinguish these potential causes. 
These hypotheses are the topic of the second chapter of this thesis, where they 
are more fully developed and tested empirically.  
 
1.5 Previous attempts to disentangle causes of X-A differences 
 
Various groups have taken different approaches to untangle the effects of 
hemizygosity and transmission and differences in effective population size (Ne) 
between sex chromosomes and autosomes. Here, I describe three approaches 
commonly taken to better understand the separate contributions of shaping forces. 
 
1.5.1 Studying genes with sex-specific expression removes potential sexual 
antagonism  
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Differences in expression between sexes can be driven by differential selection in 
males and females due to sexual antagonism, when traits possess different fitness 
optima in different sexes (Rice 1984). Sex-biased or sex-specific gene expression 
is often attributed to historical sexual antagonism, where biased or private 
expression essentially resolves the problem of sexual antagonistic mutations 
(Connallon and Knowles 2005; Mank 2017; Wright et al. 2018). While female-
biased transmission is expected to favor female-benefiting sexually antagonistic 
mutations and potentially drive demasculinization or feminization of the X, 
hemizygosity of the X chromosome is expected to favor recessive male-benefitting 
mutations. Differential Ne, recombination, and mutation rates are also expected to 
contribute to patterns of sex-bias on the X chromosome. Indeed, many conflicting 
patterns of sex-biased gene expression on the sex chromosomes have been 
observed in a diversity of organisms and could be due to a number of evolutionary 
forces (reviewed in Grath and Parsch 2016). By focusing on genes with very 
different sex-specific expression patterns where current sexual antagonism is not 
expected to have a significant effect, the sex-biased transmissional forces are 
largely nullified, allowing tests of the effects of other potential variables. Thus, 
many groups attempted to remove the inherent confounds of the X chromosome 
by studying X-autosomal differences in genes with very different sex-specific 
expression patterns. 
 
However, empirical results even for genes with sex-biased expression do not 
reveal a clear story. In Lepidopterans, both faster-Z for the expected female-biased 
genes and a lack of this phenomenon have been observed, as well as evidence 
for relaxed selection in male-biased Z-linked genes, indicating signatures of both 
adaptive evolution through hemizygosity and of drift due to differences in Ne, and 
in some cases a surprising faster-Z result in male biased genes has been found 
(Sackton et al. 2014; Rousselle et al. 2016; Pinharanda et al. 2019; Mongue et al. 
2022). Similarly in birds, both presence and absence of faster-Z for female-biased 
genes have been observed (Mank et al. 2010; Dean et al. 2015). In Drosophila, 
strong faster-X in male-biased genes as expected through hemizygous adaptive 
evolution has been confirmed through many studies, though faster-X in female-
biased genes has also been observed (female-biased findings from Grath and 
Parsch 2012; Müller et al. 2012; other results reviewed in Meisel and Connallon 
2013 and Charlesworth et al. 2018). In mammals, evidence for faster-X in male-
biased genes and overall reduced X chromosomal diversity has been shown, both 
indicating increased selection due to hemizygosity, but is generally less explored  
(Torgerson and Singh 2005; Baines and Harr 2007; Kousathanas et al. 2014). 
Given that sex-biased genes, while biased and less likely to be subject to sexual 
antagonism, are still typically expressed in both sexes at some level through 
varying lineage-specific levels of dosage compensation, and are affected by 
differing recombination and mutation rates, this approach is informative but not 
uncomplicated.  
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1.5.2 Undifferentiated sex chromosomes or regions remove typical X-A differences 
 
Another strategy that has been used to address the confounding variables of 
hemizygosity and transmissional differences is taking advantage of entire sex 
chromosomes or regions of sex chromosomes that have not yet differentiated or 
are in various stages of differentiation. This is most commonly associated with 
newly-evolved sex chromosomes (“neo-sex chromosomes”) but can also occur in 
long-standing “homomorphic” sex chromosomes (i.e., cases in which sex 
chromosomes continue to recombine outside of a relatively small section holding 
the sex-determining gene(s)), when homomorphic sex chromosomes belatedly 
cease recombination and start to differentiate. 
 
When sex chromosomes or regions of them have not yet ceased recombination, 
individuals of the heterogametic sex (XY males, ZW females) still have both 
complements of the sex chromosomal genes that are both transmitted through 
males and females at equal rates, rendering them essentially identical to 
autosomal genes and thus subject to autosomal dynamics. By contrast, at times 
shortly after recombination has ceased, X/Z-linked genes experience 
characteristic transmissional differences (bias through one sex), but not 
hemizygosity, since they are coupled to functioning Y/W-linked gene copies (since 
these genes have not yet had time to degrade). 
 
These considerations give rise to the strategy of comparing X- and Z-linked genes 
that ceased recombination at different times in the past. Results from studies 
focusing on comparing newly formed neo-X/Z and ancient sex chromosomes, 
different sex chromosome strata (a stratum is a group of genes that ceased 
recombination at the same time), and pseudoautosomal regions of sex 
chromosomes have supported this strategy, though have lead to findings being 
attributed to various causes. In Drosophila, comparing hemizygous X/Z loci to 
diploid X/Z loci showed faster adaptive evolution of hemizygous regions, 
suggesting hemizgosity alone is sufficient to cause faster adaptive evolution (Zhou 
and Bachtrog 2012). Poeciliid fish (guppies) show a high diversity of differentiated 
sex chromosomes, and faster-X is found in species with highly differentiated Xs, 
absent in guppies with homomorphic chromosomes, and in species with 
intermediately differentiated sex chromosomes, faster-X is seen only in the oldest 
strata (Darolti et al. 2023). The correlation of faster-X with the degree of sex 
chromosome degeneration seen here is consistent with the effect of beneficial 
recessive mutations being better acted on by selection in hemizygous X-linked 
genes. While still an effective comparison, these studies are complicated due to 
the difficulty in demarcating evolutionary strata and estimating X-Y/Z-W 
divergence, along with varied rates of differentiation and dosage compensation 
across lineages (Charlesworth 2021). 
 
1.5.3 Unique pea aphid genetic system removes transmissional and Ne differences 
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A third approach for distinguishing confounding forces acting on sex chromosome 
evolution has been the use of a specific atypical genetic system in pea aphids. Pea 
aphids are facultatively sexual: they reproduce parthenogenetically to yield XX 
females across most of their life cycle, except for a single annual generation in 
which they reproduce sexually with XO males (Davis 2012). For this generation, 
XX females produce XO males through programmed loss of one X chromosome 
(Wilson et al. 1997). Conversely, matings between XX females and XO males 
produce only XX female progeny because of elimination of X-lacking sperm, 
yielding all X-bearing sperm in males. Because AO sperm are eliminated, males 
pass on one X in every gamete like females, unlike typical systems where males 
transmit the X in half of sperm and females in all. In aphids, this leads to equivalent 
transmission of Xs through both sexes, an autosomal-like inheritance which 
eliminates A-X differences in transmission and Ne (Jaquiéry et al. 2012). In this 
system, both equivalent and reduced X-linked diversity has been observed, 
producing mixed evidence toward increased purifying selection due to 
hemizygosity (Brisson et al. 2009; Jaquiéry et al. 2012). Faster-X evolution has 
been observed in pea aphids and was initially attributed to an increase in adaptive 
evolution on the hemizygous X (Jaquiéry et al. 2012). However, in follow-up work 
using expression and polymorphism data, Jaquiéry and colleagues conclude that 
the fast-X effect in aphids is primarily due to relaxed selection on many lowly-
expressed X-linked genes (Jaquiéry et al. 2018)They do conclude a minor role for 
positive selection however, due to the presence of stronger faster-X and low 
Tajima’s D in male-biased X-linked genes.  
 
While the unusual pea aphid inheritance pattern makes for an excellent model 
system, it is also complicated in its use by the existence of multiple female morphs 
in pea aphids. Only one annual generation of sexual morphs occur, and the rest of 
the 10-20 annual reproductive events are through asexual females (Jaquiéry et al. 
2012). It was recently discovered that nearly half of the pea aphid genome is 
expressed in morph-biased ways, and that morph-biased genes have an increased 
rate of evolution compared to unbiased genes (Purandare et al. 2014). These 
same authors also showed a significant decrease in codon usage bias with how 
morph-specific genes are and a higher Tajima’s D for rarer-morph-biased genes 
over asexual biased genes, both potentially indicating more relaxed selection 
driving accelerated evolution in these genes. Thus, this situation appears to be 
more complex than was initially hoped. Depending on the distribution of these 
morph-biased genes across the genome, estimates of X-linked versus autosomal 
rates of sequence evolution, diversity, and codon usage may be biased, muddying 
the clarity of expectations and implications drawn from results in the pea aphid 
system. 
 
1.6 A novel tool for the problem of confounding forces: The genetic systems 
of Cecidomyiid and Sciarid flies 
 



 

 

11 

In this chapter and the next, I discuss how the atypical genetic system of 
Cecidomyiidae and Sciaridae, two dipteran families of gall midges and fungus 
gnats, allows for the study of not only another route to understanding how sex 
determination systems originate, but also how their abnormalities can be used to 
test fundamental hypotheses in molecular evolution.  
 
Sciaridae and Cecidomyiidae, both families in the large and diverse cosmopolitan 
superfamily Sciaroidea, were once thought to be sister groups because of the 
genetic peculiarities described below. However, recent analyses strongly support 
that Sciaridae is more closely related several other families than to Cecidomyiidae 
(Ševčík et al. 2016). What makes these flies unique and valuable are two genetic 
peculiarities in males— somatic paternal X chromosome elimination (PXE) and 
germline paternal genome elimination (PGE). I will refer to this system in this 
chapter as “PXE-PGE”, and in Chapter 2 as simply “gPGE” to emphasize its 
contrast to other genetic male haploid systems, explained more in Chapter 2. (Note 
that neither family has Y chromosomes, however this is not surprising since XX/XO 
systems are relatively common in dipterans more broadly, unlike in mammals.) 
 

 
 
Figure 1-1. Simplified schematic of the Cecidomyid/Sciarid chromosomal cycle, 
showing paternal X chromosome elimination (PXE) and paternal genome 
elimination (PGE). “A” indicates autosomes while “X” represents X chromosomes. 
Red letters with subscript “m” indicate maternally-derived chromosomes, while 
blue letters with subscript “p” are paternally-derived. A different depiction of this 
system is shown in Figure 2-1A of Chapter 2 as “Germline-specific PGE” to 
highlight its contrasts to other genetic systems. 
 
In typical male heterogametic systems, (and as in all non-PXE-PGE families in the 
Sciaroidea superfamily), the X is present in two copies in adult females and each 
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egg carries a single X, while adult males are hemizygous for the X chromosome 
and pass it on half as often as females (transmitting the Y in the other half of 
sperm). Because of this, each sperm has a 50-50 chance of transmitting the 
maternally-derived X chromosome. However, under PXE-PGE, males begin life as 
XX zygotes and are determined by elimination of the paternal X chromosome 
(PXE) early in development to become X0 adults (Fig. 1-1). Next, males undergo 
elimination of the whole paternal genome (PGE) during meiosis I in 
spermatogenesis. This PGE event causes all paternally-derived chromosomes to 
be subsequently excluded from sperm (Fig. 1-1; reviewed in Sánchez 2014) 
Because of these two features, all PXE-PGE sperm contain an X chromosome 
(like eggs) and all X chromosomes and autosomes passed on by the male are 
maternally-derived (Fig. 1-1). Ironically, this complex system leads to a simplified 
set of differences between the evolutionary forces acting on Xs and autosomes. 
Specifically, under PXE-PGE, Xs and autosomes differ in adult hemizygosity as in 
typical diplodiploid systems, but unlike most systems, X chromosomes and 
autosomes do not experience transmissional differences, being transmitted 
through the sexes equivalently (Fig. 1-1). 
 
This equivalency in the transmission of Xs and autosomes has profound effects. 
Differences in chromosomal Ne, mutation rate, recombination rate, reproductive 
success between sexes, and demographic effects are eliminated as factors that 
could responsible for any observed difference between Xs and autosomes in these 
species. Effects observed in PXE-PGE species thus cannot be due to these 
transmissional differences between the X and autosomes, and thus can be 
attributed to the hemizygosity of the X, making X-autosome comparisons in these 
species better controlled natural experiments than those in other species. PXE-
PGE is not the only known system offering some of these advantages, as this 
effect is quite similar to the outcome of the genetic system in aphids, discussed 
above, but notably is without the complications of alternating modes of inheritance 
and multiple morphs that may bias results and conclusions (Jaquiéry et al. 2012). 
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In contrast to typical systems, drawing conclusions from the PXE-PGE system is 
much clearer, as hemizygosity of the X in adult males is the only potential driving 
force of X-A differences when transmission is equivalent. Table 1-1 below shows 
observed patterns of X-A difference discussed here and their interpretations 
depending on if the phenomenon is observed or absent in PXE-PGE systems. If 
we observe faster-X in a PXE-PGE system, we may conclude that hemizygosity 
plays a large role in the general faster-X phenomenon in enhancing selection on 
new beneficial mutations and in contrast to non-PXE-PGE systems, beneficial 
mutations at any dominance level are more likely fix on Xs over autosomes 
(notably, in one instance slower-X evolution is predicted in PXE-PGE, namely 
dominant female-beneficial sexually antagonistic mutations; See Box 2). By 
contrast, absence of faster-X in PXE-PGE would suggest a stronger role for 
sexually antagonistic mutations, Ne, mutation rate, or recombination in evolutionary 
rate. Without the unequal transmission through male versus female 
gametogenesis, male-biased mutation is not a factor in PXE-PGE, nor is sexually 
antagonistic mutation, thus these cannot contribute to reduced X-linked diversity 
or increased codon bias. Similarly this is the case with differences in Ne and 
mutation and recombination rates. Thus, if a reduction of X-linked diversity is 
observed in PXE-PGE, it would be expected to be due to increased purifying 
selection on the hemizygous X in males alone. In the absence of reduced diversity 
on the X chromosome, we may conclude that where this pattern is observed in 
other lineages it is due to differences in Ne, mutation rates and type, and 
recombination rate, and the same with absence of increased X-linked codon bias. 
Presence of increased codon usage bias on the X chromosome in PXE-PGE 
systems can only be due to increased selectional efficiency on the X, though may 
be both due to increased adaptive or purifying selection.  
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Phenomenon Conclusion if in PXE-PGE Conclusion if absent in PXE-PGE 

Faster-X  More efficient hemizygous 
selection on new beneficial 
mutations 

Among potentially beneficial newly 
arising mutations that fix, many are 
sexually antagonistic. Ne, mutation rate, 
or recombination rate may also 
contribute  

Reduced X 
diversity 

Hemizygosity increased 
efficiency of purifying 
selection 

Ne, mutation rate, or recombination rate 
contribute more to diversity reduction 

Increased X-
linked Codon 
bias 

Underscores the 
importance of selective 
efficiency for codon bias 

Underscores the importance of mutation 
for disrupting codon bias  

Table 1-1. Observed differences between X chromosomes and autosomes and 
their evolutionary implications when present or absent in the PXE-PGE system.  
 
Because of the simplification of observations and causal forces in the PXE-PGE 
systems, I propose the use of the atypical genetic systems of Cecidomyiid and 
Sciarid flies for cleaner study of some of the most complex and difficult to study 
phenomena in molecular evolution and population genetics. In the next chapter, I 
demonstrate their utility in distinguishing the confounding evolutionary forces that 
lead to systems like haplodiploidy. 
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Chapter 2: Gene-rich X chromosomes implicate 
intragenomic conflict in the evolution of bizarre 

genetic systems 

 
Noelle Anderson, Kamil S. Jaron, Christina N. Hodson, Matthew B. Couger, Jan Ševčík, 
Brooke Weinstein, Stacy Pirro, Laura Ross, Scott William Roy 

Proceedings of the National Academy of Sciences 2022 

 

2.1 Abstract 

 

Haplodiploidy and paternal genome elimination (HD/PGE) are common in 
invertebrates, having evolved at least two dozen times, all from male heterogamety 
(i.e., systems with X chromosomes). However, why X chromosomes are important 
for the evolution of HD/PGE remains debated. The Haploid Viability Hypothesis 
posits that X-linked genes promote the evolution of male haploidy by facilitating 
purging recessive deleterious mutations. The Intragenomic Conflict Hypothesis 
holds that conflict between genes drives genetic system turnover; under this 
model, X-linked genes could promote the evolution of male haploidy due to 
conflicts with autosomes over sex ratios and genetic transmission. We studied 
lineages where we can distinguish these hypotheses: species with germline PGE 
that retain an XX/X0 sex determination system (gPGE+X). Because evolving PGE 
in these cases involves changes in transmission without increases in male 
hemizygosity, a high degree of X linkage in these systems is predicted by the 
Intragenomic Conflict Hypothesis but not the Haploid Viability Hypothesis. To 
quantify the degree of X linkage, we sequenced and compared 7 gPGE+X species’ 
genomes with 11 related species with typical XX/XY or XX/X0 genetic systems, 
representing three transitions to gPGE. We find highly increased X linkage in both 
modern and ancestral genomes of gPGE+X species compared to non-gPGE 
relatives, and recover a significant positive correlation between percent X linkage 
and the evolution of gPGE. These are among the first empirical results suggesting 
a role for intragenomic conflict in the evolution of novel genetic systems like 
HD/PGE.  

  
Keywords: Sex chromosomes, sex determination, haplodiploidy, genome  

elimination, genomic conflict, insects, Diptera, springtail 
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2.2 Significance Statement 

 

Sex determination systems such as haplodiploidy, in which males' gene 
transmission is haploid, are surprisingly common, however, the evolutionary paths 
to these systems are poorly understood. X chromosomes may play a particularly 
important role, either by increasing survival of males with only maternal genomes, 
or due to conflicts between X-chromosomal and autosomal genes. We studied X-
chromosome gene richness in three arthropod lineages in which males are diploid 
as adults but only transmit their maternally-inherited haploid genome. We find that 
species with such atypical systems have far more X chromosomal genes than 
related diploid species. These results suggest that conflict between genetic 
elements within the genome drives the evolution of unusual sex determination 
systems.  

 

2.3 Introduction 

 

Many animal lineages have evolved genetic systems in which females are diploid 
but males are haploid or effectively haploid, with each male creating genetically 
identical sperm carrying the single haploid genome originally inherited from his 
mother (Ashman et al. 2014). Such systems range from haplodiploidy (HD), in 
which males are produced from unfertilized eggs; to embryonic paternal genome 
elimination, in which diploid males eliminate their paternal genome early in 
development; to forms of germline-specific PGE (gPGE), where the paternal 
genome is present in male diploid cells but excluded during male meiosis (Figure 
2-1a).  
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Figure 2-1. Schematic of different genetic systems discussed. a) Male production 
and spermatogenesis under diplodiploidy, and various forms of male genetic 
haploidy are shown. Blue and red letters indicate paternal and maternally-derived 
material respectively. A and X represent autosomes and X chromosomes, 
respectively. Shown are haplodiploidy (HD), where males develop from unfertilized 
eggs; embryonic paternal genome elimination, where males eliminate their 
paternally-inherited genome early in development; paternal genome 
silencing/elimination, a form of germline PGE where males silence paternal 
autosomes in somatic cells (indicated by the light blue “A” in males) and eliminate 
these chromosomes during meiosis; and germline-specific PGE (gPGE), as 
observed in Sciarids, Cecidomyiids and Symphypleonan springtails, wherein 
males are produced by somatic loss of the paternal X chromosome(s), and the 
paternal genome is eliminated in spermatogenesis. b-d) representative species 
with gPGE: b) the Hessian fly gall midge Mayetiola destructor (Cecidiomyiidae), 
image by Scott Bauer and publicly available via the U.S. Department of Agriculture; 
c) the fungus gnat Bradysia coprophila ( = B. tilicola; Sciaridae), image by Mike 
Palmer, used with permission; and d) the springtail Allacma fusca (Sminthuridae), 
image publicly available and taken by Andy Murray. Figure 1-1 in Chapter 1 
represents the gPGE genetic system (there called “PXE-PGE”) in a different 
schematic to emphasize the elimination events.  

 

HD/PGE is widespread, seen in ~12% of arthropods and having evolved roughly 
two dozen times (Ashman et al. 2014). This recurrent evolution perhaps reflects 
the various advantages of HD/PGE, particularly to mothers, who can increase the 
transmission of their genes over paternally-inherited genes, control the sex ratio, 
ensure reproductive success without a mate (in HD), and, under monogamy, 
reduce conflict between gregarious offspring (Brown 1964; Hamilton 1967; Hartl 
and Brown 1970; Bull 1979; Normark 2006). Given these general benefits, why 
does HD/PGE evolve in some lineages and not in others? An important clue comes 
from the finding that HD/PGE evolves from ancestral male heterogamety (XX/XY 
or XX/X0) (Gardner and Ross 2014; Blackmon et al. 2015). The most influential 
hypothesis for this association is the Haploid Viability hypothesis. This hypothesis 
emphasizes that, starting from an ancestral standard diploid system, newly-
evolved haploid males are expected to have markedly lowered fitness due to 
uncovered recessive deleterious mutations. However, because hemizygosity of X-
linked genes facilitates purging of recessive deleterious mutations, an ancestral 
increase in the proportion of genes on the X chromosome is expected to lead to a 
decrease in the total number of segregating recessive deleterious mutations, 
reducing the fitness burden of deleterious mutations for newly-evolved haploid 
males (Bull 1979; Goldstein 1994; Normark 2004; Blackmon et al. 2015).  

 

However other hypotheses are possible. In particular, the Intragenomic Conflict 
hypothesis, instead, is a more general hypothesis that sees conflicts between 
genes within individuals as forces that can destabilize genetic systems and thus 
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promote the origins of novel systems including, but not limited to, HD/PGE (Haig 
1993b; Werren and Beukeboom 1998; Normark and Ross 2014). X chromosomes 
seem to be more often associated with intragenomic conflict compared to 
autosomes (Burt and Trivers 2006; Mank et al. 2014; Bachtrog 2020). In particular, 
X-linked genes can evolve X chromosome drive (>50% transmission of the X in 
sperm), which can lead to female-biased population sex ratios. Under such sex 
biases, males have higher average fitness, thus driving selection for new means 
of producing males (Haig 1993a; Ross et al. 2010). This generally increased male 
fitness could select for production of haploid males. Moreover, silencing or 
foregoing the paternal genomic contribution (and in particular the paternal X) could 
be selectively advantageous insofar as selfish driving X alleles are expected to 
disproportionately act in males. Although more theoretical work is needed, 
according to the most developed model, HD/PGE in particular could evolve under 
the Intragenomic Conflict hypothesis through the exploitation of X chromosome 
drive by maternal autosomes that increase their transmission by becoming 
effectively X-linked (Haig 1993b). According to this model, the more genes are X-
linked, the more genes will be selected to promote X chromosome drive (and the 
fewer will be selected to suppress drive), increasing the chance of the evolution of 
male haploidy. 

 

These two hypotheses differ in whether they predict an association between X 
linkage and the origins of gPGE in those gPGE systems in which paternal 
chromosomes are expressed in the soma but are eliminated during male meiosis 
(Fig. 1a). Given diploid expression of autosomes in the male soma, gPGE, unlike 
other types of HD/PGE, does not uncover deleterious recessive alleles. Thus, the 
Haploid Viability hypothesis does not predict an association between X linkage and 
the evolution of gPGE. However, the notion that X-autosome conflict drives novel 
systems equally applies to gPGE and other HD/PGE systems, thus the 
Intragenomic Conflict hypothesis predicts an association between X linkage and 
the evolution of gPGE. (Notably, in most characterized gPGE systems including 
those studied here, the paternal genome remains present and expressed through 
the diploid pre-meiotic stages of spermatogenesis and is only eliminated during 
meiosis.) 

 

To our knowledge, this differential prediction has not been noted or tested. gPGE 
systems that retain sex chromosomes and diploid expression of somatic 
autosomes are known from three lineages: flies in Sciaridae (Metz 1938) and 
Cecidomyiidae (White 1950) (fungus gnats and gall midges respectively, two 
families in the diverse dipteran superfamily Sciaroidea) and springtails in the order 
Symphypleona (Dallai et al. 2000). Sciaridae and Cecidomyiidae represent a 
substantial fraction of worldwide biodiversity and are some of the most abundant 
species of flying insects found in tropical rainforests and in temperate ecosystems, 
with many new species in these groups continuing to be described (Hebert et al. 
2016; Ševčík et al. 2022; de Souza Amorim et al. 2022). Sciaridae, Cecidomyiidae, 
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and Symphypleona have independently evolved similar variants of gPGE, in which 
males are produced through somatic elimination of paternal X chromosomes, while 
the remainder of the paternal genome is retained until its elimination during meiosis 
(Fig. 1-1) (C.W. Metz 1938; Gallun and Hatchett 1969; Stuart and Hatchett 1988a; 
Stuart and Hatchett 1988b; Dallai et al. 2000; Goday and Rosario Esteban 2001; 
Burt and Trivers 2006; Gardner and Ross 2014; Jaron et al. 2022). These clades 
offer a powerful opportunity to disentangle whether the origin of HD/PGE is better 
explained by the Haploid Viability hypothesis or the Intragenomic Conflict 
hypothesis. 

 

To test these two hypotheses for the origins of HD/PGE, we performed whole 
genome sequencing and comparative analysis of 17 genomes from species with 
gPGE and their non-gPGE relatives. We developed methods to estimate genome-
wide X chromosomal linkage using additional 35 dipteran species for validation, 
and then used these methods to estimate X linkage across the 17 studied species. 
We find evidence for ancestral gene-rich X chromosomes coincident with three 
independent origins of gPGE. These results provide the first empirical evidence 
suggesting a role for intragenomic conflict in the origins of atypical genetic 
systems. 

 

2.4 Materials and Methods  
 
2.4.1 Specimens and sequencing 
 
In order to compare X chromosomes of gPGE species to their diplodiploid 
relatives, we collected and sequenced males of 18 species, 14 belonging to the 
superfamily Sciaroidea spanning nearly all families within, two outgroup species in 
the dipteran families Anisopodidae and Bibionidae (Sciaroidea and these families 
are both in the infraorder Bibionomorpha), and two springtail species, Allacma 
fusca and Orchesella cincta. Eleven Bibionomorphan specimens were collected 
and provided by Jan Ševčík, Catotricha subobsoleta by Scott Fitzgerald, 
Bolitophila hybrida by Nikola Burdíková, and Bradysia coprophila (= B. tilicola) was 
cultured at the University of Edinburgh. Springtails were provided by Jacintha 
Ellers. Both specimens were flash-frozen and stored at -80°C. 
 
For 15 dipteran species, DNA extractions (Qiagen DNAeasy Blood & Tissue kit), 
library preparation (Illumina TruSeq kit), and sequencing (Illumina Hi-Seq) were 
performed by Iridian Genomes. Genomes were assembled using Megahit 1.13 (Li 
et al. 2016). For the two springtail species and the Sciarid Bradysia coprophila, 
DNA was extracted from male heads using a modified extraction protocol from 
DNAeasy Blood & Tissue kit (Qiagen, The Netherlands) and Wizard Genomic DNA 
Purification kit (Promega). TruSeq DNA Nano gel free libraries (350 bp insert) were 
generated by Edinburgh Genomics (UK) and sequenced on the Illumina HiSeq X 
(for springtails) or NovaSeq S1 (for B. coprophila) generating short reads (150 bp 
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paired-end). The genome for B. coprophila was assembled using Megahit 1.2.9 (Li 
et al. 2016). The genome of springtail A. fusca was assembled using SPAdes 
v3.13.1 (Bankevich et al. 2012). Both genomes of B. coprophila and A. fusca 
assemblies were decontaminated with BlobTools (Laetsch and Blaxter 2017). The 
assembly of A. fusca was annotated using BRAKER 2.1.5 (Hoff et al. 2019). We 
assessed the quality of all genomes using BUSCO (Simão et al. 2015), to 
determine the proportion of single copy orthologs expected to be present in either 
insects (insecta_odb10 for fungus gnat species) or arthropods (for springtails) in 
the genome assemblies (Fig. 2-S1). Lestremia cinerea was excluded from 
downstream analysis due to irregular genome coverage patterns and a low number 
of complete BUSCO genes present, indicating likely issues with the genome 
quality for this species (Fig. 2-S1 and 2-S2). We used publicly available genome 
assemblies for the Cecidomyiid Mayetiola destructor (GCA_000149195.1) and for 
the springtail Orchesella cincta (GCA_001718145.1). For M. destructor, we used 
publicly available male (SRR1738190) and female reads (SRR1738189), and for 
O. cincta, we additionally used available female reads (SRR2222657).  
 
2.4.2 Assigning ancestral linkage groups 
 
The X chromosome in each fly species was identified using two strategies— Muller 
group linkage and genomic read coverage, similar to strategies implemented in 
Vicoso and Bachtrog 2015 (Vicoso and Bachtrog 2015). Muller elements are six 
chromosomal elements first characterized in Drosophila that are regarded as being 
informative about chromosomal linkage (Muller 1940). The D. melanogaster 
proteome (flybase r6.32) (Marygold et al. 2016) was searched against each 
assessed genome translated into 6 frames using TBLASTN. Top hits for each D. 
melanogaster gene were identified and corresponding genes were classified by 
the Muller element of their closest D. melanogaster ortholog. The X chromosomes 
in springtails were identified using the coverage approach only. 
 
2.4.3 Identifying X linkage via coverage 
 
Our second strategy implemented DNA coverage levels to characterize autosomal 
and X-linked sequence, as we expect the single copy X chromosome in males to 
cause X-linked sequence to be found at half the coverage level of autosomes. Male 
DNA reads were mapped to their respective genome assemblies and repetitive 
sequence that could not be singly mapped was accounted for when calculating an 
adjusted coverage (See 2.6 Supplemental Methods and Figures below). For 
species in which female read data was available, M. destructor and the two 
springtails, the relative coverage of male to female was used. In the case of A. 
fusca, we used median coverage of two males and 11 females available (Jaron et 
al. 2022). To classify genes by coverage as either autosomal or X-linked, we used 
a multi-step protocol relying on the full genome and per-Muller male DNA coverage 
distributions (See detail in 2.6 Supplemental Methods and Figures). We also 
assessed 35 other dipteran genomes outside Bibionormorpha using publicly 
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available data and the same methods of analysis (Fig. 2-S5, Table 2-S1). 
 
2.4.4 Statistical analysis and phylogenetic correction 
To test the association between X linkage and the evolution of PGE, we estimated 
a Bayesian generalized linear mixed “threshold” model (Hadfield and Nakagawa 
2010) and a likelihood-based phylogenetic logistic regression described in (Tung 
Ho and Ané 2014). Both methods attempt to control for the phylogenetic 
relatedness of the species. For further detail, see 2.6 Supplemental Methods and 
Figures below.  
 
2.4.5 Testing for ancestral Muller group linkage 
To test for evidence of ancestral X linkage, we compared various pairs of species. 
We studied each Muller element for which both compared species had partial X 
linkage, in which the ancestral linkage groups have broken up and are now partially 
X-linked and partially autosomal. Genomes of each species pair were reciprocally 
blasted to defined putative pairwise orthologs using TBLASTX. Only best 
reciprocal hits and orthologs that blasted to the same D. melanogaster gene were 
included in further analysis. Each ortholog pair was then assigned based on its 
inferred X/autosomal linkage for both species (X-linked/X-linked, X-
linked/autosomal, autosomal/X-linked, or autosomal/autosomal). Association 
between X linkage across between-species orthologs was tested by a Chi square 
test.  
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2.5 Results and Discussion 

 

2.5.1 Development and testing of an improved method to estimate genome-wide 
X chromosomal linkage 

 

Illumina genome sequencing and assembly was performed for males of each 
studied Sciaroidea species, and average read coverage was calculated for each 
contig. For the dipteran species, putative orthologs of D. melanogaster genes were 
identified via TBLASTN searches of each genome. Each ortholog was then 
assigned to one of the so-called Muller elements, D. melanogaster chromosomal 
linkage groups that have persisted over long evolutionary time in some fly lineages 
(Muller 1940; Sved et al. 2016) (though not all (Vicoso and Bachtrog 2015)). For 
each Muller group in each species, the fraction of X-linked genes was estimated 
from read coverage distributions using improved methods based on Vicoso and 
Bachtrog’s previous work demonstrating the lability of sex-linked Muller elements 
across Diptera (Vicoso and Bachtrog 2015) (see 2.6 Supplemental Methods and 
Figures for full detail). To validate our method, we ran our assignment on 35 
dipterans outside of Sciaroidea with a variety of DNA coverage distributions, 
recapitulating and expanding what was found about Muller element linkage across 
Diptera by Vicoso and Bachtrog (Fig. 2-S5, Table 2-S1) (Vicoso and Bachtrog 
2015). Publicly available chromosome level assemblies for B. coprophila, A. 
gambiae, T. dalmanni, and several Drosophilid species allowed for direct 
comparison to our assignment and for each we found our estimation of X linkage 
to be within 1% of previous estimates, allowing us to be confident in our 
assignment of X-linked and autosomal genes (Fig. 2-S5a). 

 

2.5.2 Increased numbers of X-linked genes in gPGE species relative to related 
species 

 

To test whether the evolution of gPGE is associated with gene-rich X 
chromosomes, we estimated the proportion of the genome that is X-linked for 17 
species of Sciaroidea flies and two species of springtails. We sampled the flies 
across seven families spanning the root of Sciaroidea, including two families with 
gPGE and two outgroup species within Bibionomorpha. We used the publicly 
available genome assembly and annotation supported by physical mapping for the 
Hessian fly, Cecidomyiid Mayetiola destructor (Richards and Stuart; Aggarwal et 
al. 2009), and also used available female read data to estimate relative male to 
female coverage. For the springtails, we performed genomic sequencing of males 
and females from one species from the gPGE order Symphypleona, Allacma fusca 
(Fig. 2-1d), and of Orchesella cincta, from Entomobryidae, the closest relative 
springtail order with standard XX/X0 sex determination. In Springtails, instead of 
orthologs, we used genome annotations to estimate the gene density and used 
both male and female read coverage data. Our assignment methods provided 
clear estimates of X linkage for nearly all our species, with exceptions in one 
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species, the Cecidomyiid Lestremia cinerea, which showed three distinct peaks in 
genome coverage rather than two, as well as a low number of complete BUSCO 
genes present (Fig. 2-S1, 2-S2). 

 

Among all non-gPGE fly species of Bibionomorpha, we found very few X-linked 
genes, with the X chromosome in all species comprised mostly of genes from the 
diminutive F Muller element (<1% of all genes), consistent with the previous 
inference for the ancestral dipteran X chromosome (Fig. 2-2a) (Vicoso and 
Bachtrog 2015). Interestingly, no Muller elements exhibited clear X-linked peaks 
in coverage in Platyura marginata and Symmerus nobilis, the latter of which is 
sister to all other Sciaroidean species, suggesting either homomorphic sex 
chromosomes, a lack of an X chromosome, or neo-X chromosomes too recently 
evolved to be distinguished via coverage as previously observed (Vicoso and 
Bachtrog 2015).  
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Figure 2-2. Frequency of X-linked and autosomal genes in gPGE species and 
related diplodiploid species, assessed by DNA read coverage. a) Sciaroidea and 
outgroups within Bibionormorpha; topology based on Ševčík et al. 2016. Plots for 
each Muller element show log2 male read coverage normalized by putative median 
autosomal coverage, with assigned X linkage (blue) and autosomal linkage (red) 
indicated. The y-axis represents gene frequency scaled to the maximum in each 
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distribution. Red dashed vertical lines at 0 indicate the expected autosomal 
coverage peak, blue dashed lines at -1 indicate the expected position of the X-
linked peak, at half the coverage of the autosomes. Blue and black species names 
and genome-wide estimates represent gPGE and diplodiploid species, 
respectively. Percent estimates represent percent X linkage for each Muller and 
across each full genome, with error represented by 2SD. As with the two 
springtails, for the Cecidomyiid Mayetiola destructor, female read data was 
available and thus male/female coverage is shown. In M. destructor genes are only 
included if assignments agree with previous physical mapping placements or were 
previously unassigned (Aggarwal et al. 2009). b) Whole genome autosomal and X 
linkage distributions for springtails diplodiploid Orchesella cincta and gPGE 
Allacma fusca showing relative male/female coverage. 

 

By contrast, for all six studied gPGE species in both the Sciaridae and 
Cecidomyiidae clades, genome-wide, we found large fractions of genes to be X-
linked, including genes from all six Muller elements (Fig. 2-2a, 2-3). Notably, our 
results agree with previous results for M. destructor, identifying Muller elements C, 
D, F, and E as partially X-linked (Vicoso and Bachtrog 2015), and our methods 
additionally detect a small minority of X-linked genes for elements A and B. We 
also found a clear contrast between the two studied springtail genes: while only 
16% of genes in the genome of non-gPGE Orchesella cincta are X-linked, for the 
gPGE springtail Allacma fusca, 38% of annotated genes are X-linked (Fig. 2-2b).  
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Figure 2-3. Number of ortholog pairs in which both genes are X-linked, compared 
to the null expectation, for pairs of gPGE species from the same family. Within-
family comparisons are shown, between-family comparisons in Fig. 2-S3. Color 
indicates Muller element. Muller elements for which species do not share X-linked 
orthologs are excluded, as is the F element. Shapes indicate significance via Chi 
square. Error bars represent 95% CIs computed from 10,000 bootstrap replicates. 
Observed/Expected value if no association between X-linked orthologs is 1. 

 

2.5.3 Statistical tests support the relationship between gPGE and X linkage 

To test the association between percent X chromosome linkage and the evolution 
of gPGE, we used multiple statistical methods. While the number of transitions to 
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gPGE with X chromosomes is small and all current phylogenetic methods with a 
binary response variable are prone to inflated Type 1 error rates with small sample 
sizes (Ives and Garland Jr. 2014), we are only aware of those transitions 
represented here and took several approaches to mitigate this issue. First, we 
used two different phylogenetically informed methods, a Bayesian probit model 
and a likelihood model using logistic regression, which gave similar results. In 
addition, we performed stringent diagnostics of our models, including 
bootstrapping, checks for Markov chain convergence, and autocorrelation of 
samples in the posterior distribution. 

 

Our non-phylogenetically informed generalized linear model (glm) inferred a 
positive and significant effect of the degree of X linkage on the evolution of gPGE, 
with every one standard deviation increase in percent X linkage increasing the log 
odds of evolving gPGE by a factor of 3.34. However, occurrences of gPGE group 
in two tight clusters on the phylogeny, and we detected a strong phylogenetic 
signal in the amount of X-linkage (Blomberg's K = 0.946; p = 0.012), meaning this 
correlation could largely result from phylogenetic proximity. Therefore, we used 
Bayesian estimation with a mixed phylogenetic model and found a robust, positive 
effect that does not overlap zero (mean = 1.87, 95% 95% CI = 0.366 - 3.73, 
pMCMC = 0.005; MCMC effective sample size = 304,300). In addition, we 
performed Ives and Garland's binary phylogenetic logistic regression (Ives and 
Garland  Jr. 2010) with 10,000 bootstrap replicates and found an even stronger 
standardized effect (mean = 3.37, 95% bootstrap CI = 3.36 - 3.40, p-value = 
2.382e-08) which is similar to the estimate with the non-phylogenetic glm. Thus, 
all three methods support transitions to gPGE being more prevalent in lineages 
with a higher proportion of X-linked genes (Fig. 2-S3; see 2.6 Supplemental 
Methods and Figures for full details). 

 

2.5.4 Correspondence between X-linked genes within families indicates 
ancestrally gene-rich X chromosomes 

 

Although we found an association between gene-rich X chromosomes and gPGE 
in all three independent origins of this genetic system, the observed association 
could be explained by either X linkage facilitating the evolution of gPGE or vice 
versa. Consistent with the former, we see the same patterns of Muller group X 
linkage within families (E>A>B in Sciaridae species; C>D>E>A>B in 
Cecidomyiidae). In addition, we found an association between X-linked gene 
subsets within individual Muller elements, as expected from ancestral linkage. For 
instance, the subsets of Muller B genes that are X-linked in the Sciaridae species 
B. coprophila and T. splendens significantly overlap, and the same is true for all 
partially X-linked Mullers in both Sciaridae (Fig. 2-3). By contrast, X-linked genes 
between Sciaridae and Cecidomyiidae do not significantly overlap, supporting 
independent origins of the large X in these two families (Fig. 2-S4).  
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Examination of Cecidomyiidae reveals an intriguing pattern. The deeply-diverged 
species C. subobsoleta and M. destructor show high correspondence between X-
linked gene subsets, indicating substantial ancestral X linkage. However, P. 
nigripennis shows divergent X linkage, with no significant pattern seen in shared 
X linkage with other Cecidomyiids, and a relative increase in X linkage on Muller 
elements A and B. This pattern suggests turnover and increases in X linkage in 
this lineage since the divergence from M. destructor (or, less parsimoniously, 
parallel loss of A/B linkage in the other lineages) (Fig. 2-2a, 2-3).  

 

2.5.5 X Chromosome lability and partial Muller linkage  

 

Our data attest to substantial dynamism of the X chromosome and Muller linkage 
in both gPGE families within Diptera. This is in contrast to the dominant model of 
Dipteran sex chromosome evolution where sex linked Muller elements are 
expected to remain stable over long evolutionary periods. Some notable cases 
indicate remarkable conservation, such as the X chromosome of the German 
cockroach which has remained conserved with the ancestral dipteran X 
chromosome (Muller element F) despite 400 million years of divergence (Meisel et 
al. 2019). On the other hand, even within Drosophila this pattern is disrupted, with 
fusions of ancestral drosophilid X-linked element A and typically autosomal 
element D in the obscura clade into the X chromosome, as well as in D. willistoni 
(Fig. 2-S5b) (Schaeffer et al. 2008; Vicoso and Bachtrog 2013). Vicoso and 
Bachtrog demonstrated abundant sex chromosome turnover across Diptera, 
broadly challenging the established paradigm of sex linked Muller element stability 
(Vicoso and Bachtrog 2015).  

 

In addition to demonstrating cases of lost and replaced sex chromosomes, Vicoso 
and Bachtrog also showed cases of partial linkage, where parts of multiple Muller 
elements are incorporated into sex chromosomes (Vicoso and Bachtrog 2015). 
Specifically, they find partial linkage for the B element of Holcocephala fusca and 
for the E element of M. destructor, both of which our methods also identified as 
partially X-linked (35% and 40% of genes, respectively). We additionally find minor 
partial linkage of Muller elements A and B in M. destructor (Fig. 2-2a). In Anopheles 
gambiae, element A is typically discussed as if fully X-linked, however the X 
chromosome has been previously shown to be only partially composed of element 
A and parts of other Muller elements, while the rest of ancestrally Muller A genes 
are now found on autosomes (Keller Valsecchi et al. 2021), consistent with our 
results (Fig. 2-S5, Supplemental table 2-S1). Additionally, minor partial X linkage 
of A. gambiae elements E (11%) and F (33%) has been previously identified (M. 
et al. 2002) and is consistent with our findings of 11% and 29% X linkage 
respectively (Table 2-S1). Our methods demonstrate the resolution to detect low 
levels of X linkage and suggest partial linkage and general Muller element 
breakdown may be more common than is generally appreciated.  
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2.5.6 Concluding remarks 

 

We find that species in the gPGE groups Cecidomyiidae and Sciaridae have, on 
average, X chromosomes 24 times more gene-rich than non-gPGE Sciaroidea 
species, with a more than doubling of the X chromosome gene content of the gPGE 
springtail species compared to the diploid outgroup (Fig. 2-2a and b). Furthermore, 
we recovered a robust positive correlation between the percent X linkage in the 
genome and the evolution of gPGE (Fig. 2-S3). While having additional 
independent origins of X chromosome-containing gPGE would add strength to our 
conclusions, we are only aware of those studied here.  

 

Notably, while previous similar reports of an association between the extent of X 
linkage and atypical sex determination are consistent with either the Haploid 
Viability hypothesis or the Intragenomic Conflict hypothesis (Blackmon et al. 2015), 
these findings represent the first empirical evidence that suggests Intragenomic 
Conflict as a strong driver of the evolution of unconventional sex determining 
systems such as gPGE and haplodiploidy. Given the widespread and repeated 
evolution of male haploidy, and its association with many unique ecological and 
life history strategies, our findings point to an important role for intragenomic 
conflict in shaping biology at all levels from molecule to organism to community. 

 

2.6 Supplemental Methods and Figures 

 

2.6.1 Identifying X linkage via coverage 

 

We used expected DNA coverage levels to distinguish X-linked and autosomal 
sequence: Because the X chromosome is present in a single copy in males, in 
males, sequence that is X-linked is expected to be at half coverage compared to 
autosomal sequence. Trimmed to 50 nucleotides, Male DNA reads for each 
Bibionomorphan were mapped to their respective genome assemblies using 
Bowtie with default parameters except for the addition of the -m1 flag to discard 
reads that mapped to multiple locations in the genome. Because some 
Bibionomorphan contigs contained large amounts of repetitive sequence that 
prevented reads from mapping singly, we corrected coverage estimates to only 
account for singularly mappable positions on the contigs. To do this, we simulated 
50nt reads from every mappable position on each contig, mapped them back to 
the genome from which they were generated using Bowtie, and subtracted the 
number of reads from each contig that were unable to map singularly from the 
contig length. This provided us with an adjusted contig length that excluded 
sequence content that could not be mapped to singularly to use for adjusting 
coverage estimates; contigs with less than 1000 mappable bases were excluded. 
Coverage was calculated as: (Read count x read length) / (Contig length - number 
of multiply mapping reads for that contig + 1). Because male and female DNA 
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sequence for M. destructor is available, the comparison of male to female read 
coverage was used as with the springtails, in addition to using linkage information 
previously established by physical mapping to more stringently classify X linkage 
(Aggarwal et al. 2009).  

 

To assign genes as autosomal or X-linked via coverage, we used a multi-step 
protocol. First, we used standard methods to (i) identify the highest peak in the full 
genome coverage distribution and (ii) identify the highest peak in each Muller 
element distribution that falls closest to the full genome distribution highest peak. 
The highest peaks were assigned as autosomal centers in all species except 
Porricondyla nigripennis and Drosophila willistoni, where the X chromosomal peak 
was larger. Next, to detect a second coverage peak, we counted genes in 
coverage bins outward from the highest peak to the left or right, depending on 
whether the search for the secondary peak was for the X-chromosomal peak, 
expected to be at half coverage, or autosomal peak, expected to be twice the X-
linked coverage. Each bin count was compared via Chi square to an expected bin 
count calculated as the average between the bin count and the adjacent bin count, 
such that only significant rises in coverage like a true peak could be identified. 
Next, we searched for the second highest peak center within bins with the most 
significant increase and identified those as potentially X-linked (with the exception 
of the two species listed above where the secondary peaks were autosomal). 
Distributions with candidate secondary peaks were labeled as bimodal if the 
secondary peak was at least one tenth of the height of the highest peak, otherwise 
unimodal. Genes per Muller element distribution were assigned as X-linked or 
autosomal via k-means clustering, using the Muller-specific X and autosomal 
peaks as initial cluster centers. The doubled standard deviation of the proportion 
of X-linked genes in each distribution was estimated as a proxy for the 95% 
confidence interval. 

 

2.6.2 Statistical analysis and phylogenetic correction 

 

To test the statistical significance of the association between gPGE and the X-
linked proportion of the genome within Bibionomorpha, we used Bayesian 
estimation with a mixed phylogenetic model. The distribution of the predictor 
variable, the percent of the genome which is assigned as X-linked, includes several 
zeros and is overdispersed. We therefore transformed it using a Box-Cox power 
transformation (shifting parameter lambda2 = 0.1; maximum likelihood estimated 
transformation parameter lambda.hat = -0.1; R package AID v. 2.6 (Asar et al. 
2017)), confirming the normality of the data using a Shapiro-Wilk test (p = 0.0565). 
Before proceeding, percent X linkage was also centered at zero and scaled to 
improve model specification and ease the interpretation of priors and parameters.  

 

Binomial logistic regression using R's generalized linear model function 
(glm(gPGE~%X-1, family=binomial(link="logit"))) predicts a positive and significant 
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effect of the degree of X linkage on the evolution of gPGE, with every one increase 
in the standard deviation of percent X linkage increasing the log odds of evolving 
gPGE by 3.343. We then used the wald.test function of the aod package v 1.3.1 
(Lesnoff and Lancelot 2010) and calculated a chi-squared test statistic of 5.4, with 
one degree of freedom, and a p-value of 0.02, indicating that the effect of percent 
X linkage in the genome is statistically significant on the evolution of gPGE. To see 
how well this non-phylogenetically informed model performs, we tested whether it 
fits the data better than a null model (with just an intercept) by calculating the 
difference in deviance (14.586). Next, we performed a Chi-square test with one 
degree of freedom to obtain an associated p-value of 0.00013, telling us the model 
with percent X as a predictor of gPGE fits significantly better than a null model. 
Finally, we calculated various diagnostic statistics with the R package modEvA v. 
2.0 (Márcia Barbosa et al. 2013), which all showed a strong correlation between 
percent X linkage and the evolution of gPGE (D2 = 0.658; R2 Cox-Snell = 0.572; 
R2 Tjur = 0.756; R2 McFadden = 0.641; R2 Nagelkerke = 0.78).  

 

However, this correlation could result from increased genomic conflict in lineages 
with greater X linkage, as predicted by the Intragenomic Conflict Hypothesis, or 
simply from shared phylogenetic history. The latter is especially of concern 
because occurrences of gPGE occur in two tight clusters on the phylogeny. 
Therefore, to incorporate phylogenetic contrasts, we first obtained a tree with 
branch lengths based on Ševčík et al. (Ševčík et al. 2016). Branch lengths for two 
species missing from the Ševčík tree, P. marginata and B. hybrida were calculated 
as the average of their clades and branch lengths for three other absent species, 
Symmerus nobilis, Trichosia splendens, Macrocera vittata, and Exechia fusca, 
were assigned by proxy as branch lengths from congenitor species in the tree. We 
then used the chronos function in ape v. 5.5 (Paradis and Schliep 2019) to obtain 
time-calibrated branch lengths using penalized likelihood with a "correlated" 
evolution model. We did this over absolute time by calibrating the rootage to 160 
mya, the divergence time for the family Bibionomorpha in the dipteran Timetree of 
Life (Bertone and Brian M. Wiegmann 2009). For comparison, we also generated 
a tree with Grafen's (Grafen 1989) branch lengths (power = 1).  

 

We first calculated the phylogenetic signal of the continuous predictor variable, 
percent X linkage, using Pagel's lambda and Blomberg's K with the phylosig 
function in the R package phytools v. 0.7-90 (Revell 2012). Lambda ~ 1 using both 
the chronogram (1.03; p = 0.010) and the Grafen's branch length tree (0.965; p = 
0.009), meaning the evolution of percent X linkage in the genome along the 
phylogeny roughly corresponds to a Brownian motion expectation. Testing 
Blomberg's K with our chronogram, percent X linkage in our 16 Bibionomorphan 
taxa is again as expected under Brownian motion with K = 0.946 (p = 0.012). Using 
Grafen's branch lengths results in a somewhat lower phylogenetic signal, but still 
highly significant (K=0.706, p=0.001).  
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Since percent X linkage and gPGE could be correlated largely due to phylogenetic 
proximity, we analyzed the evolution of gPGE with a Bayesian generalized linear 
mixed model using MCMCglmmRAM (Hadfield and Nakagawa 2010), fitting a 
reduced version of Wright's threshold model (Wright 1934; Felsenstein 2005; 
Hadfield 2015). The results of this model were generally robust to prior 
specification but, to improve precision and the efficiency of the MCMC sampling, 
we used a parameter expanded prior for the variance of the covariance matrix that 
is strongly skewed toward low variances of phylogenetic signal (prior = list(R = 
list(V = 1,fix = 1),G = list(G1 = list(V = 1, nu = 1000, alpha.mu = 0, alpha.V = 1)))). 
We ran the model for 50 million iterations with a burn-in period of 50,000, saving 
every 100th iteration and using slice sampling to update the latent variables. We 
inspected MCMC chains visually, and all fixed and random effect variances passed 
the Heidelberg convergence and half-width diagnostics in the R package coda v. 
0.19-4 (Plummer et al. 2005), which tests the null hypothesis that the sampled 
values come from a stationary distribution. Moreover, autocorrelation was 
essentially nonexistent for the fixed and random effects variances. The positive 
correlation between percent X linkage and gPGE described in our results uses our 
chronogram but is also robust with Grafen's branch lengths (mean = 1.613, 95% 
CI = 0.2221 - 3.3602, pMCMC = 0.0097; effective sample size = 195,625).  To 
better understand how our model is performing, we used the predict2 function of 
the postMCMCglmm package in R v. 0.1-2 (Wiley 2013) to calculate the average 
marginal, out-of-sample predicted probability of evolving PGE using all of the 
posterior samples. Unfortunately, post-MCMCglmm only supports ordinal models. 
Fortunately, the threshold model is identical to an ordinal model, except the 
residual variance now refers to the variance of the link function rather than the 
variance of the non-identified residuals. Therefore, we multiplied our threshold 
model’s location effects by sqrt(2) and the variance components by 2, making the 
predictions equivalent.  

 

Finally, for comparison, we used the phyloglm function of the R package "phylolm" 
(Tung Ho and Ané 2014) to fit the phylogenetic logistic regression described in 
Ives and Garland (Ives and Garland  Jr. 2010) using Firth's penalized likelihood 
with 10,000 parametric bootstrap replicates. For lower X linkage, the predictions 
from the three models mostly overlap. However, the Bayesian GLMM threshold 
model made lower predictions for the evolution of gPGE at high X linkage 
percentages; in contrast, the phylogenetic logistic regression was in line with the 
non-phylogenetic GLM (Fig. S3). Nonetheless, all three methods support an 
association between a higher proportion of X-linked genes and transitions to 
gPGE. 
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Figure 2-S1. Genome assembly completeness by BUSCO analysis. Counts for 
each BUSCO category are shown with abbreviations in the bars. 

 

 
Figure 2-S2. Male DNA coverage distributions for the Cecidomyid Lestremia 
cinerea. Three distinct read coverage peaks were found in L. cinerea, present 
across all Muller elements. Our method is not designed to accommodate such 
multi-peak situations, and unsurprisingly breaks down in L. cinerea. Our current 
methods assign a majority of the L. cinerea genome as X-linked (55%), though 
because of the unknown identity of the far left peak, this estimate may be 
unreliable. This unusual distribution could be indicative of partial genome 
duplication, as suggested by the BUSCO results, but more investigation is needed. 
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Figure 2-S3. Predicted probability of evolving paternal genome elimination (gPGE) 
based on percent X linkage, as estimated from the data. Orange dots are the 
average, out of sample, predicted probability of gPGE with the MCMCglmmRAM 
threshold model, and black bars are the 95% confidence interval. The blue line is 
the average predicted probability made with the geom_smooth function in R 
(method = “loess”). The yellow line is the logistic regression curve made with the 
fitted coefficients from the phyloglm model using the plogis function in R. Red dots 
are the predicted fit from the non-phylogenetic GLM, and the green bar spans the 
six gPGE species. 
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Figure 2-S4. Number of ortholog pairs in which both genes are X-linked, compared 
to the null expectation, for pairs of gPGE species from different families. Between-
family comparisons are shown here, while within-family comparisons are shown in 
main Figure 2-3. Color indicates Muller element. Muller elements for which species 
do not share X-linked orthologs are excluded, as is the F element. Shapes indicate 
significance via Chi square. Error bars represent 95% CIs computed from 10,000 
bootstrap replicates. Expected value if no association between X-linked orthologs 
is 1. 
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Figure 2-S5. Distribution of X-linked genome content across diverse dipterans, 
assessed by male DNA read coverage. a) Phylogenetic tree showing the percent 
of X-linked genes estimated from the whole genome. b) Frequency of X-linked 
genes across Muller elements, showing log2 male read coverage normalized by 
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putative median autosomal coverage, with assigned X linkage (blue) and 
autosomal linkage (red) indicated. The y-axis represents gene frequency scaled to 
the maximum in each distribution. Red dashed vertical lines at 0 indicate the 
expected autosomal coverage peak, blue dashed lines at -1 indicate the expected 
position of the X-linked peak, at half the coverage of the autosomes. Percent 
estimates represent percent X linkage for each Muller and across each full 
genome, with error represented by 2SD. Drosophila melanogaster F element, the 
dot chromosome, is excluded for insufficient gene number. 

 
Table 2-S1. The estimated percentage of the full genome that is X-linked and the 
per-Muller element estimates for Bibionormorphan and non-Bibionormorphan 
dipterans. Error is represented as twice the standard deviation.  

Species X-linked 
percent of 
genome 

A B C D E 
 

F 

Bibionomorphan species included in main text figures 

Sciara 
coprophila 24% ± 0.91 

43% ± 
2.6 

13% ± 
1.7 

12% ± 
1.6 0% 44% ± 2 

8.6% ± 
6.7 

Phytosciara 
flavipes 44% ± 1.1 

57% ± 
2.6 

35% ± 
2.4 

33% ± 
2.3 

35% ± 
2.3 

58% ± 
2.1 25% ± 11 

Trichosia 
splendens 16% ± 0.75 

38% ± 
2.6 0% 0% 0% 39% ± 2 0% 

Diadocidia 
ferruginosa 

0.63% ± 
0.16 0% 0% 0% 0% 0% 

78% ± 
9.6 

Gnoriste 
bilineata 

0.52% ± 
0.15 0% 0% 0% 0% 0% 70% ± 11 

Exechia fusca 5.5% ± 0.59 
33% ± 

3.2 0% 0% 0% 0% 55% ± 14 

Macrocera 
vittata 0.26% ± 0.1 0% 0% 0% 0% 0% 46% ± 14 

Platyura 
marginata 0% 0% 0% 0% 0% 0% 0% 

Bolitophila 
cinerea 

0.62% ± 
0.16 0% 0% 0% 0% 0% 

79% ± 
9.5 

Bolitophila 
hybrida 

0.51% ± 
0.14 0% 0% 0% 0% 0% 68% ± 11 

Mayetiola 
destructor 41% ± 1.1 

17% ± 
2.1 

17% ± 
1.9 

70% ± 
2.3 

59% ± 
2.6 

40% ± 
2.2 75% ± 11 

Porricondyla 
nigripennis 66% ± 1.3 

67% ± 
3.1 

59% ± 
3.1 

68% ± 
2.7 

64% ± 
2.9 

71% ± 
2.3 66% ± 14 

Catotricha 34% ± 0.96 17% ± 16% ± 67% ± 42% ± 23% ± 79% ± 
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subobsoleta 1.9 1.8 2.1 2.3 1.7 9.2 

Lestremia 
cinerea 55% ± 1.1 

67% ± 
2.6 

67% ± 
2.3 

40% ± 
2.3 

36% ± 
2.4 67% ± 2 46% ± 13 

Symmerus 
nobilis 0% 0% 0% 0% 0% 0% 0% 

Penthetria 
funebris 

0.55% ± 
0.15 0% 0% 0% 0% 0% 72% ± 10 

Sylvicola 
fuscatus 7.7% ± 0.55 0% 4.6% ± 1 0% 

8.8% ± 
1.4 

17% ± 
1.5 

82% ± 
8.8 

        

Non-Bibio-
nomorphan 
dipterans 

X-linked 
percent of 
genome 

A B C D E F 

Tipula 
oleracea 

0.26% ± 
0.11 0% 0% 0% 0% 0% 36% ± 12 

Chironomus 
riparius 0% 0% 0% 0% 0% 0% 0% 

Culicoides 
sonorensis 30% ± 0.92 

46% ± 
2.5 

56% ± 
2.3 0% 0% 48% ± 2 57% ± 11 

Clogmia 
albipuntata 0% 0% 0% 0% 0% 0% 0% 

Mochlonyx 
cinctipes 0% 0% 0% 0% 0% 0% 0% 

Chaoborus 
trivittatus 0% 0% 0% 0% 0% 0% 0% 

Anopheles 
gambiae 7.7% ± 0.53 

29% ± 
2.3 0% 0% 0% 

11% ± 
1.3 29% ± 11 

Coboldia 
fuscipes 

0.29% ± 
0.11 0% 0% 0% 0% 0% 39% ± 11 

Hermetia 
illucens 

0.59% ± 
0.15 0% 0% 0% 0% 0% 

79% ± 
9.1 

Holcocephala 
fusca 7.0 % ± 0.51 0% 

35% ± 
2.2 0% 0% 0% 66% ± 11 

Megaselia 
abdita 

0.21% ± 
0.091 0% 0% 0% 0% 0% 31% ± 11 

Eristalis 
dimidiata 

0.20% ± 
0.095 0% 0% 0% 0% 0% 25% ± 10 

Tephritis 
californica 0% 0% 0% 0% 0% 0% 0% 

Bactrocera 
oleae 

0.57% ± 
0.14 0% 0% 0% 0% 0% 

82% ± 
8.7 
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Ceratitis 
capitata 

0.41% ± 
0.12 0% 0% 0% 0% 0% 59% ± 11 

Themira minor 
0.081% ± 

0.057 0% 0% 0% 0% 0% 
10% ± 

6.9 

Teleopsis 
dalmanni 15% ± 0.69 0% 

81% ± 
1.8 0% 0% 0% 0% 

Calliphora 
vicina 0% 0% 0% 0% 0% 0% 0% 

Lucilia 
sericata 

0.35% ± 
0.11 0% 0% 0% 0% 0% 51% ± 12 

Phormia 
regina 

0.44% ± 
0.13 0% 0% 0% 0% 0% 66% ± 11 

Glossina 
morsitans 33% ± 0.89 

84% ± 
1.8 

11% ± 
1.4 

10% ± 
1.3 

81% ± 
1.7 0% 

79% ± 
9.4 

Drosophila 
mojavensis 16% ± 0.65 100% ± 0 0% 0% 0% 0% 

5.1% ± 
4.9 

Drosophila 
virilis 15% ± 0.65 100% ± 0 0% 0% 0% 0% 0% 

Drosophila 
robusta 35% ± 0.86 100% ± 0 0% 0% 100% ± 0 0% 0% 

Drosophila 
grimshawi 14% ± 0.63 

88% ± 
1.5 0% 0% 0% 0% 0% 

Drosophila 
busckii 16% ± 0.66 100% ± 0 0% 0% 0% 0% 100% ± 0 

Drosophila 
albomicans 16% ± 0.65 100% ± 0 0% 0% 0% 0% 0% 

Drosophila 
melanogaster 16% ± 0.62 100% ± 0 0% 0% 0% 0% 0% 

Drosophila 
ananassae 15% ± 0.63 100% ± 0 0% 0% 0% 0% 0% 

Drosophila 
subobscura 15% ± 0.64 100% ± 0 0% 0% 0% 0% 0% 

Drosophila 
willistoni 35% ± 0.85 100% ± 0 0% 0% 100% ± 0 0% 0% 

Scapto- 
drosophila 

lebanonensis 17% ± 0.68 
91% ± 

1.3 0% 0% 
13% ± 

1.4 0% 100% ± 0 

Phortica 
variegata 13% ± 0.61 

83% ± 
1.8 0% 0% 0% 0% 0% 

Cirrula hians 15% ± 0.74 0% 0% 0% 74% ± 2 0% 0% 

Ephydra 
gracilis 11% ± 0.60 0% 0% 0% 

59% ± 
2.1 0% 38% ± 11 
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Chapter 3: A complex history of leucine 
biosynthesis genes in fungi: gene fusion, fission, 

loss and horizontal transfer 

 
Submitted: Noelle Anderson, Steven Sun, Scott William Roy 

 

3.1 Abstract 
 
Fungi exhibit unique metabolic capabilities and are highly dependent on their 
metabolic adaptations to thrive in diverse environments, making them an excellent 
model for studying metabolic adaptation and evolution. Here, we trace the 
distribution and history across fungi of a gene fusion involving two essential 
enzymes that work in subsequent steps in fungal leucine biosynthesis, 3-
isopropylmalate dehydrogenase (IPMDH) and 2-isopropylmalate isomerase 
(IPMI). Through phylogenetic reconstruction, we find evidence for a complex 
history involving ancestral IPMDH-IPMI fusion, secondary fission and loss of the 
fused genes, potential cases of secondary fusion, and multiple cases of horizontal 
gene transfer. While genes involved in the same metabolic pathways are often 
physically associated in ways thought to improve metabolic efficiency, suggesting 
adaptive significance for the fused gene, recurrent loss or fission of the fused gene 
complicates this narrative. The results presented here represent a remarkably 
intricate history for a pair of key enzymes, highlighting the complexities not 
captured by current dominant models of molecular evolution. 
 
Three figures too large for the printed thesis format are included as supplemental 
files: 3-S1 and 3-S2 represent full uncollapsed gene trees for separate IPMDH and 
IPMI domains with NCBI accession numbers and JGI protein IDs with taxa strain 
identifiers. 3-S3 represents a species tree from TimeTree of Pezizomycotina 
species in our primary search database. Full legends for supplemental figures are 
included in section 3.6 after the discussion. 
 

3.2 Introduction 

Fungi, unlike most eukaryotes, rely entirely on osmotrophic nutrient uptake and 
take in diverse substrates. Because of this, they are highly dependent on their 
metabolic capabilities, including their ability to specialize their metabolism 
((Watkinson 2016; Naranjo-Ortiz and Gabaldón 2019; Naranjo-Ortiz and Gabaldón 
2020), Naranjo-Ortiz and Gabaldón 2020). This fact, coupled with the availability 
of large genomic datasets, makes fungi an excellent model for studying metabolic 
adaptation and evolution. 
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Diffusion of products between enzymes can be a limiting step in metabolic 
pathways, a problem that can be mitigated in part by the physical association of 
enzymes that act in sequential steps of the pathway, often by means of increased 
substrate channeling efficiency, sometimes within enzyme complexes (so-called 
metabolons) (Sweetlove and Fernie 2018). The physical association of functionally 
related genes in gene clusters that has been frequently observed in fungal 
genomes and may be related to the increased importance of optimizing 
metabolism in fungi (Wisecaver et al. 2014; Wisecaver and Rokas 2015; Slot 2017; 
Nützmann et al. 2018; Rokas et al. 2018; Rokas et al. 2020).  
 
While metabolic gene clusters have been better studied for their metabolic 
properties, gene fusions are a less appreciated path to improving metabolism by 
physically associating genes. Indeed, metabolically related gene fusions have 
demonstrated improved enzyme kinetics over their unfused counterparts and 
substrate channeling, notably with yeast mitochondrial TCA cycle enzymes in a 
biochemical reaction (Lindbladh et al. 1994; Elcock and Andrew McCammon 
1996), though this claim has also been challenged on the basis of how kinetics are 
evaluated (Pettersson et al. 2000). In a study including a fusion of yeast glycerol 
pathway enzymes transformed in E. coli, multi-fold improvements in enzyme 
kinetics and glycerol biosynthesis were observed in vivo and in purified reactions 
(Meynial Salles et al. 2007). A single peptide with linked functional domains used 
in adjacent steps in a metabolic pathway may thus confer an advantage relative to 
unfused gene copies. However, in other cases no evidence has been found for 
increased metabolic flux in observed fusions of adjacent genes in a metabolic 
pathway (Castellana et al. 2014), and in some cases fusions show reduced 
enzyme activity compared to free enzymes (Kourtz et al. 2005). 
 
Another important process in metabolic evolution in fungi is lateral gene transfer 
(Richards 2011; Richards and Talbot 2013; Naranjo-Ortiz and Gabaldón 2020). 
While much more frequent among prokaryotes, this mode of evolution has now 
been observed across all three domains of life, often even involving HGT from one 
domain of life to another (Zhaxybayeva and Doolittle 2011; Gabaldón 2020; Cote-
L’Heureux et al. 2022). Horizontally transferred genes can have many positive 
effects on the genome, bringing in novel functions, replacing ancestral copies with 
equivalent functions, and even replacing ancestral copies with slightly (or more so) 
improved copies (Soucy et al. 2015). Genes that have been horizontally 
transferred in fungi are overrepresented in primary and secondary metabolic 
functions and gene clusters have been shown to be frequently horizontally 
transferred (Richards et al. 2011; Fitzpatrick 2012; Wisecaver et al. 2014; 
Wisecaver and Rokas 2015).Thus, fungi provide an abundance of opportunities 
for understanding the role of metabolically-related physically associated genes that 
may improve metabolic efficiency, and how HGT can be a path to propagating 
these metabolic improvements between divergent species.  
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Here, we report the complex evolution of fungal 3-isopropylmalate 
dehydrogenases (IPMDH, EC 1.1.1.85) and 2-isopropylmalate isomerases (IPMI, 
EC 4.2.1.33), two enzymes sequential in leucine biosynthesis and with confamilial 
variants in the TCA cycle (Fig. 3-1). In leucine biosynthesis, IPMI catalyzes the 
isomerization of 2-isopropylmalate into 3-isopropylmalate, while IPMDH 
decarboxylates the 3-isopropylmalate into α-ketoisocaproate. This fusion was 
previously identified in fungi and phylogenetically analyzed by Leonard and 
Richards, but too little fungal data was available at that time to reveal the more 
complex story we illustrate here (Leonard and Richards 2012). Consistent with 
roles for gene fusion and HGT in improving existing metabolic pathways, we find 
evidence for fused genes that encode both enzymes as separate domains, and for 
HGT of these fused constructs. At the same time, we also find evidence for 
recurrent fission and loss of these fused copies, complicating the simple story of 
directional evolution for increased metabolic efficiency. These results demonstrate 
the complex evolutionary histories within eukaryotes of even the most essential 
and well-understood genes. 
 

 
Figure 3-1. IPMDH-IPMI gene fusion domain structure. Length ranges show 10-
90th percentiles across fused genes observed across fungi.  
 
3.3 Methods 
 
Stimulated by a report of a gene fusion involving an aconitase gene in fission yeast 
(Jung et al. 2015), we used the ‘Clusters’ tool on the JGI’s Mycocosm website to 
manually search for unknown additional aconitase fusions (Grigoriev et al. 2011; 
Grigoriev et al. 2014). Multiple fusions of IPMDH-IPMI were found and in each 
case, the IPMDH domain (PF00180/IPR024084) lay upstream of the IPMI domain 
(PF00330/IPR001030) with an intervening linker region mode of 95 residues (Fig. 
3-1). Additional IPMDH-IPMI fusions not found in JGI’s Mycocosm Clusters were 
identified using NCBI’s Conserved Domain Architecture Retrieval Tool (Geer et al. 
2002). IPMDH and IPMI were then searched separately against all available fungal 
proteomes from the 1000 Fungal Genomes dataset in December 2018 (Grigoriev 
et al. 2014), and Genbank’s non-redundant (nr) protein database using BlastP 
2.7.1 (Altschul et al. 1990; Camacho et al. 2009) and highly-significant results 
compiled (e.g., e-value < 10-20). To compile the unfused homologs, 50 unfused 
versions of IPMDH and IPMI were randomly (but broadly taxonomically) chosen 
from JGI’s database and pblast searches were performed against all the same two 
databases. Additional sampling of taxa within groups underrepresented in our 
initial blast search was done to ensure adequate sampling. Full non- genera or 
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bootstrap value-collapsed IPMDH and IPMI gene trees with taxa NCBI accessions 
or JGI protein IDs are available in supplemental materials.  
 
Domain boundaries were identified HMMscan using HMMER version 3.1b2 
(http://hmmer.org/) sequences were then split into the respective IPMDH and IPMI 
domains before aligning individually using MAFFT with alignment strategy FFT-
NS-2 (Katoh et al. 2002). Model testing was performed in IQ-TREE version 1.6.10 
(Nguyen et al. 2015) and for both alignments, the LG model with 6 rate categories 
was chosen. Gene trees were constructed using IQ-TREE and ultrafast 
bootstrapping approximation with 10,000 pseudoreplicates was performed (Minh 
et al. 2013). 
 
Horizontal transfer events were identified by comparing the gene trees to the 
species tree. If the species with the identified fusions cluster while the rest of the 
phylogeny remains largely congruent with the species tree topology, the genes are 
likely to be derived from a common fusion event with multiple rounds of HGT, 
particularly when the taxonomic distribution of the fusion is punctate.  
 
For searching the Marine Microbial Eukaryote Transcriptome Sequencing Project 
(MMETSP) dataset (Keeling et al. 2014), the fused protein sequence JGI protein 
ID 441756 from the Entophlyctis helioformis JEL805 v1.0 genome was used as a 
BlastP query against all translated transcriptomes of the MMETSP project.  

 
3.4 Results 
 
3.4.1 Kingdom-wide search for IPMDH-IPMI fusions in fungi 
 
In our manual search of JGI’s Mycocosm, we identified genes containing IPMDH 
and IPMI (two enzymes in the isocitrate/isopropylmalate dehydrogenase and 
aconitase families, respectively) fused together in various Pezizomycotina 
species. Intrigued, we searched for the fusion across all available fungal protein 
sequences in Genbank and JGI’s Mycocosm database. To our surprise, we found 
that fusion genes were present in nearly all major groups. However, despite this 
broad distribution, the overall phylogenetic distribution of the fusion is punctate, 
suggesting a complex history. Fused genes are absent from entire groups (e.g. 
Basidiomycota, Saccharomycotina, Monoblepharidomycota, Microsporidia and 
Rozellomycota), and are found in only some species within other groups (e.g., 
Pezizomycotina, Taphrinomycotina, Mucoromycotina, Blastocladiomycota, 
Chytridiomyceta, Aphelidiomycota) (See Fig. 3-2). 
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Figure 3-2. Cladogram indicating the phylogenetic distribution of the fusion gene 
across all major fungal groups, with topology based on Li et al. 2021. Groups in 
which all assessed species either contain the fusion gene (green circle) or lack the 
fusion gene (red circle), or in which diversity within the group is observed (green 
and red circles together). Values by each taxonomic group represent the number 
of species with confirmed fusions found within that group (left), out of the number 
in the search database from JGI’s Mycocosm at the time of download, plus any 
fusions in species found only through NCBI (right). The single Aphelidiomycota 
fusion was located via NCBI.  
 
3.4.2 Phylogenetic analysis of fused genes and unfused homologs 
 
We used phylogenetic analysis to better understand the history of the IPMDH-IPMI 
fusion genes and their irregular distribution across fungi. We first separated fused 
genes into their two constituent domains, and then conducted extensive recursive 
BlastP searches of the nr database on NCBI and the JGI fungal genomes database 
to identify as many homologs as possible, both fused and unfused, from across 
available fungal genomes. We also performed searches across eukaryotes and 
prokaryotes more generally, and found a single fused gene outside of fungi in the 
Aphelidiomycota phylum (in the species Amoeboaphelidium occidentale, 
KAI3662018.1), which represents Opisthosporidia, a sister group to fungi 
containing Aphelidiomycota, Rozellomycota, and Microsporidia. 
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We separately performed phylogenetic reconstruction of gene trees, one each for 
the IPMDH- and IPMI domains, along with homologs from across fungal species 
and the aphelid Amoeboaphelidium occidentale (Fig. 3-2). Through much of the 
trees, there is a high degree of similarity between the two trees (described in detail 
below), as expected for multi-domain genes with a single shared history. However, 
other parts of the obtained trees revealed complex histories. For both IPMDH and 
IPMI trees, most fused domains fell within two major clades, both of which 
consisted exclusively or almost exclusively of fused domains. We now discuss 
these two major clades in detail. 
 
3.4.3 A diverse clade of fused genes suggests the presence of a fused IPMDH-
IPMI gene in early fungal ancestors 
 
For both of the IPMDH and IPMI gene trees, the larger of the two clades contained 
species from two major fungal phyla (Zoopagomycota and Mucoromycota) with 
representatives from all subphyla within (Mortierellomycotina, Mucoromycotina, 
Glomeromycotina, Zoopagomycotina, Kickxellomycotina, Entomopthoromycotina) 
containing the fused gene. Thus we refer to this clade as Z+M. Note that while 
Zoopagomycota and Mucoromycota were formerly classified as a clade under the 
group Zygomycetes based on morphology and reproduction, later evidence 
supported Zygomycete paraphyly where either group forms a clade with Dikarya, 
but still more recent event supports the initial hypothesis Z+M monophyly – thus 
the true relationships are best regarded as unresolved (Li et al. 2021). 
 
For both IPMDH and IPMI, within the Z+M clade, we found that the gene tree 
topology of the clades (see simplified tree summaries in Fig. 3-3) has clear 
similarities to known organismal relationships between the represented fungal 
groups (Fig. 3-2). This is particularly the case for IPMDH, which recovers the 
Mucoromycota clade (Glomeromycotina, Mortierellomycotina, and 
Mucoromycotina) with moderately high support (88bs), as well as a well-supported 
clade containing species within Zoopagomycota (Zoopagomycotina, 
Kickxellomycotina, and Entomophthoromycotina) species, as well as the 
speculated sister relationship between these two large clades (64bs) (Fig. 3-3, 
left). In the IPMI gene tree (Fig. 3-3, right), we reconstruct a highly supported 
(100bs) clade containing Mucoromycota and Zoopagomycota and while species 
from each subphyla group with high support and both Mucoromycotina and 
Glomeromycotina (97bs) and Kickxellomycotina and Zoopagomycotina (77bs) 
respectively form sister clades, relationships between other subphyla are less 
stable, with both Entomopthoromycotina and Mortierellomycotina species 
constituting a clade, but grouping outside of their expect subphyla-level 
relationships. Given the species-like IPMDH grouping and the modest IPMI 
bootstrap support (77-85bs), we speculate that these portions of the tree also 
represent vertical inheritance but with phylogenetic reconstruction errors in the 
IPMI tree reconstruction. 
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Figure 3-3. IPMDH (left) and IPMI (right) summary gene trees. Species with 
IPMDH-IPMI fusions are indicated with green circles and bars and those without 
with red circles and bars. Ambiguous cases (mostly likely missannotations, see 
text) are shown with question marks. Species are colored by subphyla, and 
congeners have been collapsed. Only nodes with > 50 ultrafast bootstrapping 
support (from 10,000 pseudoreplicates) are shown as resolved and BS values 
below 95 are shown in red (See Supplemental Figures 3-S1 and 3-S2 for full 
uncollapsed trees). The clade of fusions containing Zoopagomycota and 
Mucoromycota is marked as ‘Z+M’. 
 
The only clear exceptions to the Z+M broad species-like grouping are observed in 
the IPMDH gene tree. First, the aphelid Amoeboaphelidium occidentale falls within 
the Z+M clade as sister to a species-tree like group of Glomeromycotina. Second, 
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within the IPMDH Z+M clade, in contrast to the clearly species-like relationships 
between most species, there exists an additional three-gene clade including genes 
from three different Zoopagomycota groups.  
 
This pattern, in which the gene tree in these clades largely follows the species tree, 
is as expected if the IPMDH-IPMI fusion was present in deep fungal ancestors and 
has been retained by vertical inheritance by a wide diversity of extant fungi. On the 
other hand, this pattern is difficult to explain otherwise. The only major possible 
exception to this species-like pattern is the lack of any representatives of the 
Dikarya (comprising Ascomycota + Basidiomycota). This could represent gene 
loss early in Dikarya or, depending on phylogeny (see above), gene gain after the 
Z+M lineage diverged from Dikarya. 
 
Is it possible that this gene fusion evolved even deeper within the fungal tree? 
Notably, both gene trees include fused genes from the other two deeper branching 
major fungal groups [Blastocladiomycota and Chytridiomyceta 
(Neocallimastigomycota, Chytridiomycota, and Monoblepharidomycota), as well 
as the sister group to fungi (Aphelidiomycota, represented by the aphelid 
Amoeboaphelidium occidentale)], including most available Neocallimastigomycota 
and Blastocladiomycota species (Fig. 3-3). However, the case is far from simple. 
First, no fusions besides the single aphelid were found in other Opisthosporidians. 
Second, only one Chytridiomycota species contains the fusion, and no fusions 
were found in the closely related Monoblepharidomycota clade. Third, the 
Blastocladiomycota and Chytridiomyceta fusions do not group into a larger fusion 
clade along with the Z+M clade, as would be expected by this fungal ancestor 
hypothesis. Indeed, the Z+M clade groups closer to paralogs whose own broad 
representation and semi-species-like tree structure suggests they are ancient 
paralogs (and thus should not fall within another ancestral gene clade). In total, 
then, there is no clear preponderance of evidence for a fused gene in the fungal 
ancestor. 
 
3.4.4 Evidence for recurrent lateral gene fusion in Pezizomycotina 
 
A strikingly different pattern is seen in the second major clade of fused genes 
present in both trees, containing genes from within the large Ascomycota group 
Pezizomycotina. For this clade, the history implied is quite different at the gene 
and species level. At the level of the gene (i.e., gene fusion and fission), the clade’s 
history may be straightforward: within these clades the two domains mostly show 
highly similar topologies for the two genes, suggesting a shared evolutionary 
history for an ancestrally fused gene. 
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Figure 3-4. Presence and absence of IPMDH-IPMI fusions in Pezizomycotina 
classes. Species tree topology based on Li et al. 2021. Red circles indicate that 
species without the IPMDH-IPMI fusions were found in this class. Green circles 
represent fusion presence. For each class, numerator and denominator give the 
number of species containing fusions and the number of species in that class 
present in the JGI Mycocosm database at the time of searching (plus any fusions 
found on NCBI), respectively. For classes containing fusions, the number of orders 
represented with fusions is also given. 
 
On the other hand, at the species level the tree is far less simple. First, the fused 
genes in this clade represent only a small fraction of studied Pezizomycotina 
species [21 out of 514 Pezizomycotina species searched from the downloaded JGI 
database (note that some fusions were found on NCBI and have been included in 
both numerator and denominator counts in Figure 3-4, e.g. 4 Pezizomycotina 
species with fusions were found only on NCBI, thus is counted as 25/518)]. 
However, the species that contain the fused gene are largely distantly related, 
being found in 4 different orders and 5 different classes (Fig. 3-3, Fig. 3-4). 
Moreover, the gene trees do not reflect species tree relationships (Supplemental 
figure 3-S3). Both of these patterns are not at all as expected by vertical inheritance 
(which would require massive parallel gene loss and widespread failure of 
phylogenetic reconstruction specific to this clade). Instead, both patterns are as 
expected by multiple HGT events among Pezizomycotina species (and, notably, 
only among Pezizomycotina species, as non-Pezizomycotina species are absent 
from this clade).  
 
Taking a closer look at the Pezizomycotina species tree topology, we can infer at 
least 11-15 lateral transfer events (Fig. 3-4, Supplemental figure 3-S3). The range 
given is due to the possibility of either two transfers within Sordariomycetes (into 
the Hypocreales ancestor and the distantly related Xylariales species 
Pestalotiopsis fici, explainable with 7 losses based on the JGI Mycocosm species 
tree) or five transfers (transfers into each Sordariomycetes fusion species on the 
tips, except in Fusarium where most searched species have the fusion and thus 
likely was an ancestral gain explainable with 3 losses within Fusarium, discussed 
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below), or some intermediate. Notably the Sordariomycetes species do not group 
in species relationships outside of Fusarium (Fig. 3-3). In the other Pezizomycotina 
groups, while fusions occurred in single classes, the JGI Mycocosm species trees 
were also used to examine the positions of species with fusions to look for patterns 
of lateral transfer or gene loss. In all cases, species are sufficiently distantly related 
to parsimoniously conclude lateral transfer over gene loss.  
 
3.4.5 Other possible HGT events are less well-supported 
 
Other potential lateral gene transfer events are also observed in the larger trees, 
with clear and sometimes striking differences between the gene tree and species 
tree. These include the aphelid Amoeboaphelidium occidentale grouping with 
Glomeromycotina in the IPMDH tree and the presence of a fused gene in the single 
Taphrinomycotina species Neolecta irregularis (OLL24270.1) grouping with 
unrelated species (Fig. 3-3). However, these cases do not include the second line 
of evidence found in Pezizomycotina, namely spotty phylogenetic distribution of 
the fusion gene (their phylogenetic distribution being impossible to assess given 
relatively paltry genomic sequence of these lineages). Thus while these cases 
suggest HGT, given the real possibility of phylogenetic errors, we believe that 
misplacement alone is insufficient evidence to conclude an instance of lateral gene 
transfer. Possibly ongoing sequencing of these groups will allow for distinguishing 
the history of these genes in the future. 
 
3.4.6 Evidence for gene fission and domain loss 
 
Among the complex changes we see across the tree, we observe evidence for 
multiple instances of gene fission and domain loss, particularly loss of the IPMI 
domain. First, we observe a clade of four species within Mucoromycotina that lack 
a fused gene, but which contain unfused IPMDH but not IPMI genes (Fig. 3-3). The 
unfused IPMDH genes group in species-tree positions with the fused genes found 
within other Mucoromycotina species, exactly as expected if the ancestrally fused 
gene lost the IPMI gene in the ancestor of these four species. Indeed, the species 
with the IPMDH-IPMI fusions form a single clade (Endogonomycetes), the earliest 
branching Mucoromycotina class, suggesting a single event occurring after this 
early divergence involving fission of the ancestral fused gene and IPMI domain 
loss. Elsewhere in the three, the Entomopthoromycotina species Basidiobolus 
meristoporus also has an unfused IPMDH annotated without an IPMI domain (or 
any evidence for IPMI nearby in the genome). This unfused gene groups with 
related Zoopagomycota species in the IPMDH tree, consistent with secondary 
domain loss.  
 
Four other potential cases of fission could be due to the possibility of annotation 
errors. Both the Kickxellomycotina species Dimargaris cristalligena (IPMDH: 
RKP40269.1, IPMI: RKP40268.1) and the Blastocladiomycota species Catenaria 
anguillulae (IPMDH: ORZ31678.1, IPMI: ORZ31677.1) IPMDH and IPMI copies 
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annotated as genomically adjacent but separate genes. While these cases could 
possibly indicate gene fission, it is hard to explain simple missannotation of a single 
fused gene as separate genes. Both species fall within the Z+M fusion clade and 
while C. anguillulae falls in its phyla-level species tree relationship in both gene 
trees and D. cristalligena in the IPMI tree, in the IPMDH gene tree, D. cristalligena 
groups in the 3-gene Zoopagomycota group shared with B. meristoporus 
discussed above (Fig. 3-3). The Kickxellomycotina species Martensiomyces 
pterosporus (strain CBS 209.56 v1.0, JGI protein ID 265168) and Furculomyces 
boomerangus (PVU91561.1) are present in the IPMI but not IPMDH Z+M fusion 
clade, however, manual inspection revealed that these exceptions are likely due 
to a truncated annotated gene sequence that we could not confirm as a true fission. 
 
We also observe potential evidence for complete gene loss (e.g. as previously 
discussed in the dikaryon ancestor, and in the Chytrid phylum 
Monoblepharidomycota, depending on the species tree phylogeny and ancestral 
fusion timing). Another potential complete loss includes the Blastocladiomycota 
species Blastocladiella britannica, sister to Catenaria anguillulae which possessed 
unfused gene copies while grouping with the other Blastocladiomycota fusions in 
the IPMDH and IPMI gene trees, while B. britannica falls deep outside of the fusion 
clades. A similar pattern is seen for several Zoopagomycotina species, where one 
fusion groups with others in its phylum within the Z+M clade, while four searched 
species showed unfused genes and appear elsewhere or absent from the tree, 
indicating several losses. In Pezizomycotina, Fusarium pseudograminearum, 
Fusarium verticillioides, and Fusarium graminearum are our only sampled 
Fusarium species not present in our gene trees (See Fig. 3-S3), thus if the IPMDH-
IPMI fusion was transferred into the Fusarium ancestor as the abundance of 
Fusarium species with the fusion and their species-tree like grouping suggests, 
these may also represent complete losses. However, given phylogenetic 
uncertainty and potential genome incompleteness it is more challenging to be 
confident about these events.  
 
3.4.7 Homoplasies in complex gene evolution 
 
The history documented here includes multiple cases of secondary domain loss 
and complete gene loss, as well as recurrent lateral gene transfer, underscoring 
the remarkably complex history of these core enzymatic functions. How many 
times has the gene fusion occurred? If the gene trees are to be believed, the 
parsimonious explanation could be to infer multiple cases of fusion leading 
separately to the Z+M, Blastocladiomycota and Chytridiomyceta clades. However, 
given the possibility of phylogenetic errors, we again believe caution is in order. 
The initial origins of the Pezizomycotina gene fusion is particularly curious. This 
clade groups deeply within the tree, suggesting an ancient origin for this clade, yet 
the fusion is found only within small recent groups (including some single species) 
(Fig. 3-3). This anomaly could be resolved if functional changes, changes in the 
cellular environment of Pezizomycotina, or other factors have led to an increase in 
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evolutionary rate of this clade, in which case long branch attraction could have led 
to misplacement of this clade. If so, this clade could have emerged from within the 
Z+M (or another) clade; alternatively, this clade could represent an independent 
fusion. Another interesting case involves the Chytridiomyceta, in which subclades 
of fused and unfused genes group as sister, while Monoblepharidomycota is 
absent entirely (Fig. 3-3, Fig. 3-2). This pattern could be explained either by a novel 
fusion or by secondary fission and domain loss (depending on the ancestral state, 
which is difficult to infer given the weak bootstrap support for the deepest branches 
of the tree). In general, then, we do not believe that the current data provide clear 
evidence as to the number of gene fusion events responsible for the observed 
diversity. 
 
3.4.8 Reconstruction of the evolutionary history of IPMI and IPMDH genes in fungi 
 
In total, then, these results suggest a complex history, as depicted in Figure 3-5 
below. This history involves dozens of unexpected events, including at least: (i) 
one or multiple early IPMDH-IPMI fusions; (ii) recurrent loss of the ancestral fused 
gene, either by complete loss or by domain loss; (iii) many events of HGT. 
 

Figure 3-5. Summary of reconstructed evolutionary events involving the IPMDH-
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IPMI fusion across fungi and outgroups. HGT indicates horizontal gene transfer. 
“IPMI domain loss” indicates presence of a IPMDH gene related to fusions but 
lacking a fused IPMI, indicating gene fission and loss of the IPMI domain. Question 
marks indicate events with incomplete evidence (e.g., possible gene 
misannotation), or where different potential histories are plausible. In particular, 
the pattern observed in the Chytridiomyceta clade could by secondary fusion 
events in Chytridiomycota and Neocallimastigomycota, or alternatively by a 
retention of the ancestral fused gene or a single secondary fusion event, in either 
case followed loss in Monoblepharidomycota. The blue line indicates ambiguity as 
to the timing of the ancestral fusion event. As in Figure 3-2, green and red circles 
indicate presence and absence of gene fusion within each group, and numbers for 
fusions out of the searched JGI database are included as in Figure 3-3.  
 
3.4.9 An independent IPMDH-IPMI fusion event in green algae 
 
The recurrent acquisition of IPMDH-IPMI gene fusions in fungi raises the question 
as to whether such fusions are common across the tree of life. A search for 
additional annotated cases of such fusions through BlastP searches of IPMI and 
IPMDH domains for all of GenBank yielded no results outside of fungi beyond the 
single aforementioned aphelid, suggesting that IPMDH-IPMI fusions are much 
more common in fungi than other groups. However, an additional search of the 
predicted proteomes of 670 diverse eukaryotes represented within the MMETSP 
database (Keeling et al. 2014) revealed a single additional case in green algae. 
The species Chloroparvula japonica (MMETSP1310/RC2339) shows a very 
similar fusion to those observed in fungi, with the IPMDH domain upstream of the 
IPMI domain with a much shorter linker region between IPMDH and IPMI of 4 
amino acids, sequence below:  
 

>CAMPEP_0119120364:9-1048 

KIVVLPGDGIGPEIVEPAVSVLETVARARGHEFVFEEHLFGAAAIDAVGKPLPDTTLAAC 

KSAEAALLGAVGHPKYDGKPVRPEQGLLGLRKELGLYANLRPVSILSSSLSERTSPIRPE 

RLEGTDFIVVRELTGGIYFGQRQEANEKGEAWDRLEYSEKEIERIIRIAAQTARSRRKLV 

TSVDKNNVLATSRLWRRTAERVMREEFPDVQLEHMLVDAAAMHMLREPRHFDVMVTENMF 

GDILTDEASMLPGSLGLLPSASLSESGFGLYEPIHGSAPDIAGQGVANPMGTVLSAAMLL 

RHSLGLEEEARAVEAACRDVLDAGIHTPDIAVAGGRAATTREVGNAVLIRLQDLLRESPA 

TLYDKIFNEHVVRDCGDGTITMFVDRHLVHEVTSPQAFEGLRANGRAVRRRDCTLATVDH 

NVPTSSRAKYGGLAKYITEPESLNQCSALEQNVREFGVSYYGLGDRRQGIVHVIGPEQGF 

TLPGTTVVCGDSHTATHGAFGALAFGIGTSEVEHVLATQTLPQSRARNMRVTINGSLPSG 

VTSKDLMLHIIGVVGTAGGTNHTIEFAGKAIEEMSMEARMSICNMAIEAGARAGLVAPDE 

VTFEYLKDRPMAPTGKEWEAAVEHWKQLRTDEGAVFDKEVEINARDIAPTVTWGTSPEDV 

LPITGRVPDPAEEKDATKRAAMERALQYMGLTAGVALTDVPVDKVFIGSCTNSRIEDLRA 

VAAVAAGHKVADGVHAMIVPGSGVVKEQAEREGLVKIFEDAGFDWREPGCSMCLGMNPDQ 

LKPQERCASTSNRNFEGRQGAGGRTHLMSPAMAAAAAVTGCLADVRQLERKEHIAPSAMP 

DATAKQLSRPVGESGAGFVEAPPAAAVPRQAGGGAGGAGGVAKVDVLRGALAPLDRVNVD 

TDMIIPKQFLKTVQRSGLGKSAFYELRYNADGTERDSFVLNQPQYRGAPVLVTGANFGCG 
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SSREHAPWALLDCGVRCIIAESFADIFYNNCFKNGILLVTLPREQVAKLMADAAAGCEVE 

VNLGEQYVQTGDGSRYKFEV 

 
Interestingly, in contrast to the fusions observed in fungi, in this instance both 
domains involved in the fusion show clear similarity to unfused copies in related 
species (data not shown), indicating a simpler fusion occurring within these 
species.  
 

3.5 Discussion 
 
Here we report a complex history of the leucine biosynthesis enzymes IPMDH and 
IPMI across fungi, including recurrent gene fusion, gene fission, and lateral gene 
transfer of fused genes (Fig. 3-5). In addition, the loss from the genome of 
ancestral enzyme-coding genes (since one of the domains/genes is generally lost 
in the cases of fission) suggests functional replacement of ancestral genes by 
paralogs or by lateral transfers, particularly given the core functions encoded by 
the studied genes. This history represents, to our knowledge, among the most 
complex history of a single pair of genes to be reported, the most comparable 
being a similar story of gene fission, fusion and loss in ATP citrate lyase enzymes 
across eukaryotes (Gawryluk et al. 2015). 
 
Several observations from literature on enzyme evolution, gene fusion, fission and 
lateral gene transfer collectively render aspects of the history reported here at once 
more and less surprising than it may initially seem. First, while lateral gene transfer 
was initially thought to be rare in eukaryotes, many studies have now shown that 
lateral gene transfers are not uncommon events in some eukaryotic lineages (Van 
Etten and Bhattacharya 2020; Gabaldón 2020). In particular, the phylogenetic 
concentration of HGT events observed in this study within Pezizomycotina is 
consistent with previous results indicating elevated rates in this group (Marcet-
Houben and Gabaldón 2010). It has been demonstrated that gene fusions are 
transferred laterally more frequently than they occur independently or than they 
are inherited vertically with subsequent fission (Yanai et al. 2002). Moreover, 
metabolic enzymes have been shown to be frequently laterally transferred, 
consistent with the current study (Andersson 2005; Schönknecht et al. 2014; Van 
Etten and Bhattacharya 2020). On the other hand, work on HGT of metabolic 
enzymes has tended to concentrate on nonessential enzymes, in particular in 
cases of concerted transfer of entire metabolic pathways responsible for 
synthesizing or degrading particular compounds that often produce secondary 
metabolites (Wisecaver and Rokas 2015; Rokas et al. 2020). By contrast, here we 
describe recurrent transfer of genes involved in the essential process of leucine 
biosynthesis, in clear contrast to the paradigm of HGT of auxiliary enzymes. The 
essentiality of the reactions catalyzed also makes the finding of recurrent loss of 
ancestral enzymes more surprising. Presumably these species still synthesize 
leucine, however, what enzymes perform the function of those lost remains 
obscure. However, some previous work suggests that the specific reactions 
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studied here may be more prone to functional replacement, as in other fungi it has 
been found that homologous enzymes can take up this function, suggesting a route 
to gene loss in these species (Larson and Idnurm 2010; Aguirre-López et al. 2020). 
 
The pattern of recurrent fusion and fission is also challenging to interpret. Fusion 
between adjacent enzymes in a metabolic pathway immediately suggests the 
possibility of optimization of the pathway due to more efficient intermediate 
transfers, perhaps by substrate channeling, or by coordination of gene expression 
(Tsoka and Ouzounis 2000; Henry et al. 2016; Hagel and Facchini 2017). Indeed, 
a specific fusion of IPMDH and IPMI is supported by previous work. Experimental 
evidence suggests that physical complexing between IPMDH and IPMI in vivo may 
act to regulate substrate channeling (Chen et al. 2021). This association may also 
be analogous to the metabolon complex of the TCA cycle (see Bulutoglu et al. 
2016 ) where aconitase associates with citrate synthase and malate 
dehydrogenase and exhibits substrate channeling. Thus, fusion of the two genes 
encoding for the partner enzymes can lead to a structure with improved functions.  
 
However, here there are several reasons for caution. The first is that we observe 
both fusion and “un-fusion”, whether by domain loss or by entire gene loss and 
presumably replacement by non-fused alternatives: such recurrent reversal 
through evolution is not expected for a generally adaptive change. Secondly, 
substrate channeling may be a more major force in prokaryotes over eukaryotes, 
though may also simply be better studied in prokaryotes. In the absence of direct 
biochemical evidence, this complexity generally urges caution in interpreting the 
evolutionary history, caution which certainly applies to interpretations of the gene 
fusions. 
 
3.5.1 Robustness of core findings to methodological limitations 
 
The results presented here rely on genome annotation and phylogenetic tree 
building, both of which are notoriously challenging and prone to error, thus caution 
is in order. However, while the specifics of the reconstruction of the evolutionary 
history of these genes could be altered by methodological issues, we believe that 
our most important broad conclusions are robust to these concerns. The 
conclusion of an IPMDH-IPMI fusion in early-branching fungi depends only on the 
concordance between the gene tree and species tree, which is not expected based 
on errors in gene annotation (since failure to annotate fused genes in some 
species would tend to cause fusions to appear more recent, not more ancient) or 
in phylogenetic reconstruction (which should tend to destroy rather than create 
concordance of gene trees with species trees). While gene annotation errors could 
indeed lead to a conclusion of loss of the gene fusion, the fact that the gene fusion 
is not annotated in large groups of species is not expected by stochastic gene 
annotation errors. Indeed, gene annotation errors would be most likely to manifest 
as absence of the fusion from a single species, which we see in 3 species 
discussed above with additional evidence of potential misannotation, and one 
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singular loss in B. meristoporus that appears to be a genuine fission and loss. 
Recurrent lateral transfer of a fused gene between Pezizomycotina species is 
supported by the highly punctate phylogenetic pattern of presence of the fusion; 
by the non-species relationship reconstructed for the IPMI domain; and by a highly 
concordant non-species relationship reconstructed for the IPMDH domain (Fig. 3-
3, Fig. 3-4). That secondary fusions have occurred is independently supported by 
the grouping of both fused domains outside of pan-fungal fusion clade for the same 
group of species (e.g., Pezizomycotina). 
 
3.5.2 Concluding remarks 
 
These results, along with cumulative evidence from other studies, highlights the 
limitations of the paradigm of genes encoding core functions in eukaryotes 
evolving conservatively and by strictly vertical inheritance. Genes with fused and 
non-fused versions may be particularly useful in illuminating complex histories, 
since it can help to distinguish true HGTs from errors of phylogenetic 
reconstruction. It will be interesting to learn whether these results truly represent 
an extreme example or rather a typical example of an overlooked subset of 
eukaryotic genes with complex histories. 
 
3.6 Supplemental figure legends 
 
Supplemental Figure 3-S1. IPMDH gene tree in full. As opposed to main text 
Figure 3-3, clades are not collapsed here by either congeners or by low bootstrap 
values. NCBI accession numbers and JGI protein IDs with taxa strain names are 
marked on the tips. Taxonomic groups are color coded and the Z+M clades 
(Zoopagomycota and Mucoromycota) and Pezizomycotina HGT fusion clade are 
labelled. The presence of IPMDH-IPMI fusions in a clade is marked by a green 
bar, but note that here this does not indicate presence of the fusion in all members 
within, see main text Figure 3-3 for more detail.  
 
Supplemental Figure 3-S2. IPMI gene tree in full. As opposed to main text Figure 
3-3, clades are not collapsed here by either congeners or by low bootstrap values. 
NCBI accession numbers and JGI protein IDs with taxa strain names are marked 
on the tips. Taxonomic groups are color coded and the Z+M clades 
(Zoopagomycota and Mucoromycota) and Pezizomycotina HGT fusion clade are 
labelled. The presence of IPMDH-IPMI fusions in a clade is marked by a green 
bar, but note that here this does not indicate presence of the fusion in all members 
within, see main text Figure 3-3 for more detail. 
 
Supplemental Figure 3-S3. Pezizomycotina species tree phylogeny of all fungal 
species within the searched JGI database at time of download (December 2018), 
and 7 fusion species only found in NCBI have been added. Green circles on tips 
represent presence of the IPMDH-IPMI fusion in or near the species marked. Tree 
was generated by TimeTree (http://www.timetree.org/) and not all species names 
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were located, thus some taxa of interest were replaced by congeners or alternative 
names: Pseudogymnoascus sp. => Pseudogymnoascus destructans; Neonectria 
radicicola => Neonectria dissimita; Cylindrocarpon olidum => lyonectria 
destructans; Acremonium strictum => Saroctadium strictum; Aspergillus 
thermomutatus  => Aspergillus clavatus; Penicillium glabrum => Penicillium 
decumbens; In the case of Lophiostoma macrostomum, its closest relatives in the 
tree are the Corynespora cassiicola clade in the TimeTree, but L. macrostomum is 
not within that clade and would require at least 7 losses according to the JGI’s 
Mycocosm species trees, were the fusions in these two relatives ancestrally 
shared. In cases where taxa names could not be found at all by TimeTree, green 
circles are indicated near their closest relatives. Notably not all relationships here 
mimic most recent phylogenies, and in some cases species with fusions appear 
closer related than they are based on more updated evidence. Even so, from this 
tree we can estimate at least 8 horizontal transfer events, while comparing gene 
trees more complete from JGI’s Mycocosm allows us to estimate 11-15 HGT 
events within Pezizomycotina.  
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