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SUMMARY

How nervous systems evolved is a central question in biology. A diversity of synaptic proteins is thought to
play a central role in the formation of specific synapses leading to nervous system complexity. The largest
animal genes, often spanning hundreds of thousands of base pairs, are known to be enriched for expression
in neurons at synapses and are frequently mutated or misregulated in neurological disorders and diseases.
Although many of these genes have been studied independently in the context of nervous system evolution
and disease, general principles underlying their parallel evolution remain unknown. To investigate this, we
directly compared orthologous gene sizes across eukaryotes. By comparing relative gene sizes within organ-
isms, we identified a distinct class of large genes with origins predating the diversification of animals and, in
many cases, the emergence of neurons as dedicated cell types. We traced this class of ancient large genes
through evolution and found orthologs of the large synaptic genes potentially driving the immense
complexity of metazoan nervous systems, including in humans and cephalopods. Moreover, we found
that while these genes are evolving under strong purifying selection, as demonstrated by low dN/dS ratios,
they have simultaneously grown larger and gained the most isoforms in animals. This work provides a new
lens through which to view this distinctive class of large and multi-isoform genes and demonstrates how
intrinsic genomic properties, such as gene length, can provide flexibility in molecular evolution and allow

groups of genes and their host organisms to evolve toward complexity.

INTRODUCTION

Gene size varies among organisms and can change due to the
addition of domains to proteins with increasing complexity.’
Although protein sizes remain consistent among eukaryotes,”
absolute gene sizes within and among species can vary greatly
and have grown particularly large within animals.®>"” The majority
of differences result from expansions of non-coding DNA, spe-
cifically within introns.>® Average intron sizes correlate with
genome size® and can impact a range of ecological and cellular
processes.' %"

The consequences of gene size variation are only beginning to
be understood. Many of the largest animal genes are commonly
expressed in nervous tissue’'>~'° and are frequently mutated or
misregulated in human conditions such as autism spectrum'?
and Rett syndrome.'® These genes are particularly enriched for
functions at synapses,'®"'® which underlie the precise wiring of
nervous systems and are an important character of neurons.
Synapses are assembled from multiprotein complexes of
diverse protein classes, such as ion channels, receptors, cell
adhesion and cytoskeletal proteins, kinases and phosphatases,
scaffolding proteins, and signaling molecules.'® Given that ani-
mals have greatly expanded gene sizes relative to other organ-
isms,” gene size expansion would have provided numerous op-
portunities and challenges in the evolution of genes encoding

large neuron- and synapse-specific proteins. As examples,
larger genes are slower to transcribe'” and less likely to undergo
full duplication while being more likely to exhibit alternative
splicing,®'® thus providing unusual constraints and flexibilities
in the emergence and diversification of neural cell types and syn-
apses. Such properties highlight the particular relevance of
elucidating larger-scale genome dynamics and chromosome
function in understanding the evolution and function of nervous
systems.

Recent tools allow concrete orthology assignments of genes
in diverse species.'®?° This development provides the opportu-
nity to move from averages to individual trajectories of gene and
protein size during evolution, including that for large, complex
animal genes. Here, we compare the size, age, and architecture
of animal genes to provide insight into the origins of molecular
diversity and complexity in many animals and their nervous
systems.

RESULTS

Relative gene size is preserved among species

To determine the evolutionary origins of large neuronal genes,
we set out to define and characterize this set of genes across
diverse species. Changes in individual gene size can reflect vari-
ance in coding and/or intron content, while overall genome sizes
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Figure 1. Absolute gene sizes vary by orders of magnitude among diverse species, while relative gene sizes are maintained

(A) Phylogeny of species used in this study, based on chromosome-scale gene linkages."’

(B) Comparison of mean gene size per orthogroup across species. (Left) Heatmap of absolute mean gene size (logso bp) per orthogroup. (Right) Heatmap of
relative mean gene size (gene size quantiles) per orthogroup, with each orthogroup binned into 100 quantiles to show the size ranking for the same orthogroups in

different species.

(C) (Left) Heatmap of absolute protein size (logio aa). (Right) Heatmap of relative protein size (protein size quantiles), with each orthogroup binned into 100
quantiles. Orthogroups (columns) in each heatmap are ordered by the average feature (absolute/relative gene/protein size) across all species.

(D-F) Gene and CDS size of Ensembl one-to-one, high-confidence orthologs between Homo sapiens and Caenorhabditis elegans. Solid lines show linear models
with 95% confidence intervals as ribbons. (D) CDS size remains relatively invariant, while gene size varies substantially. Ratios of (H. sapiens)/(C. elegans) gene
and CDS size. (E) C. elegans gene and CDS size are both strongly correlated with orthologous gene sizes in H. sapiens. (F) Gene size is correlated with CDS size

within individual genomes. See also Figure S1, Table S1, and Data S1 and S2.

reflect these as well as intergenic content and gene number.
The ratio of introns to intergenic sequences is nearly 1:1 in
numerous model animals.® Hence, larger animal genomes typi-
cally have larger intronic content and thus larger genes.®?
Together with previous studies showing that orthologous
proteins are encoded by genes with similar-sized coding se-
quences (CDS),? this would suggest that changes in gene sizes
are in part a function of changes in genome size. Although previ-
ous studies have compared aggregate measures of gene size or
coding and non-coding DNA in different species,®°%? gene-by-
gene comparisons provide an opportunity to investigate gene
size variation during evolution and its impact on gene expression
patterns and gene architecture.

We asked whether gene sizes in one species covary with
orthologous gene sizes in distantly related species. We ad-
dressed this question by comparing rank orders of gene size be-
tween species. We focused our analysis on several diverse
eukaryotes with chromosome-level genome assemblies, in part
because gene annotation quality is related to genome assembly
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completeness.® For this analysis, we identified orthologs and
orthogroups (a set of genes from multiple species that de-
scended from a single gene in the last common ancestor) using
OrthoFinder,?° an orthology inference tool that accounts for
gene-length bias in detecting orthologs.?” We then determined
absolute and relative gene and protein sizes for each ortholog
(see definitions in STAR Methods; Data S1), and compared
their averages for each orthogroup among species. Despite or-
ders-of-magnitude variation in absolute gene size, we found
that relative gene size is largely maintained across species
(Figures 1A, 1B, and S1). This is true not only among vertebrates,
which typically have significantly larger genes than invertebrates,
but also in comparisons with cephalopods (see Octopus sinensis
in Figures 1A and 1B), which are of particular interest due in
part to their evolution of large and complex nervous systems in-
dependent of vertebrates.>® For the purpose of juxtaposition
with gene sizes, Figure 1C displays protein sizes, which are
nearly invariant among eukaryotes.” These results support
the hypothesis that gene sizes are shifting together at the
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Figure 2. Brain tissue and neural functions are enriched for large genes

(A) Heatmap of Human Protein Atlas tissue-enriched genes binned by gene size quantiles (10 bins) (Data S3A). Heat colors show the number of genes in each bin.
Tissues are ordered by the total number of enriched genes across all gene sizes in each tissue. Enrichment (+) or depletion (—) of genes of particular gene sizes per
tissue was determined by a two-sided binomial test with Benjamini-Hochberg adjusted p values < 0.005 (Data S3B).

(B) Stacked density plots (joy plots) showing human GO biological terms filtered to display terms with the lowest deviation from median gene sizes (top 10, middle

10, bottom 10) (Data S3E). See also Figure S2.

macroevolutionary scale. This also indicates that the largest
genes in one species are among the largest in distantly related
species but can vary in absolute size by orders of magnitude.

We sought additional evidence of the relationship between
gene and CDS size (and hence protein size) by comparing
one-to-one, high-confidence orthologs (obtained from En-
sembl?*; Data S2) in Homo sapiens and the invertebrate nema-
tode, Caenorhabditis elegans, which have some of the best-
characterized animal genomes. Humans shared a common
ancestor with nematodes likely more than 550 million years
ago,”® and since then our haploid genome has expanded to
more than 3 billion base pairs, roughly 30 times the size of the
C. elegans haploid genome at around 100 million base pairs.*®
We found that while the CDS size of each orthologous gene is
nearly invariant between species, the largest human genes
can be more than 100 times the size of their orthologs in
C. elegans (Figure 1D). We also found that within H. sapiens
and C. elegans genomes, CDS size is strongly correlated with
gene size (Figure 1E). When we compared the correlation of
gene size in humans with either CDS size or gene size in
C. elegans, we found these relationships to be similarly strong,
suggesting that protein size and gene size are closely related
on a macroevolutionary scale (Figure 1F). These results are
consistent with the known conservation of orthologous protein
sizes among diverse eukaryotes,? while highlighting significant
differences in absolute gene size that may underlie important as-
pects of gene function and expression.

Specific neuronal functions enriched for large genes
One unusual feature of nervous tissue is the high number of
genes with tissue-specific expression.?” Previous studies
observed that many of the largest genes are enriched for expres-
sion in the brain.”"'?%.1%:28-30 sing tissue-enriched genes pro-
vided by the Human Protein Atlas®>’ (HPA; at least 4-fold higher
mRNA level in a particular tissue compared with any other tis-
sue), we quantified the number of tissue-enriched genes across
gene sizes (Data S3A and S3B) and found more brain-enriched
genes in the top 10% largest genes than in any other size range
(Figure 2A; two-sided binomial test, Benjamini-Hochberg
adjusted p value = 9.06e—22). We also found that of the 109 hu-
man genes that are large and brain-enriched by these criteria, 43
are synaptic or contribute to synaptic function by gene ontology
(GO; Figure S2A; Data S3C). This contrasts with the high number
of small genes enriched for expression in the testis and skin
(Figure 2A).

Although previous studies have noted the enrichment of large
gene expression within neurons specifically, it was unclear
whether other neural cell types might express large genes. We
analyzed gene expression data of single cells provided by the
HPA and found widespread expression of large and synaptic
genes in several glial cell types, albeit at lower levels than in neu-
rons (Figure S2B; Data S3D). This is intriguing and consistent
with observations of functional synapses in glia.®’

The largest genes are known to be enriched for GO terms
associated with synaptic function.’> We examined gene size
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distributions for GO terms associated with individual functions,
which provided a striking picture in which some functions were
associated with a majority of genes in a specific size class (Fig-
ure 2B; Data S3E). In particular, many GO terms composed
mainly of large genes are involved in neuronal function (e.g.,
neuron recognition, presynaptic membrane assembly, neuron
cell-cell adhesion, etc.) (Figure 2B). These results suggest that
there are classes of genes whose functions may benefit from:
(1) small, condensed gene sizes, such as highly expressed
genes,*** and genes involved in rapid stress response®; or
(2) expanded gene sizes, such as neuronal genes with numerous
isoforms. There may also be a third class of genes (3) that do not
benefit from either small or expanded gene sizes, or whose gene
sizes are determined by currently unknown forces.

Most large neuronal genes are ancient

Previous studies found that older genes on average are larger,
experience stronger purifying selection, and evolve more slowly
than younger genes.***® However, these aggregate measures
obscure certain features, such as the fact that many short,
ancient genes are evolving under strong purifying selection
(e.g., histone genes®®). We therefore sought a more detailed
analysis on genes of specific ages and sizes, including the large
neural and synaptic genes.

Our analysis in Figure 1 focused on genes with orthologs
across diverse eukaryotes and thus was necessarily limited to
ancient conserved genes. To address whether most large genes
are ancient, we used estimates of gene age based on the phylo-
genetic distribution of orthologs as described by Tong et al.*°
(Data S4A). We found that most of the larger protein-coding
genes are indeed ancient, with the top 10% largest human genes
averaging an inferred age (primarily based on molecular clock es-
timates, STAR Methods) of over 900 million years old, whereas
the top 10% shortest genes have an average inferred age of
320 million years old (Figures 3A and 3B; Data S4B). When we
specifically analyzed the age and size of all human synaptic
genes (1,612 genes in total; Data S4C and S4D), we found that
many synaptic genes are large and old (Figure 3C). As an alterna-
tive to primarily molecular clock estimates of gene age, we also
quantified orthogroups identifiable in different clades (Data S4E
and S4F). Starting from a list of large, neural-enriched (brain or
retina) genes from the HPA, we found that 81 out of 105
orthogroups (which includes one-to-one, one-to-many, and
many-to-many orthologs; STAR Methods) were conserved
between humans and invertebrates (Bilateria). More than half
(57) of the 105 orthogroups could be identified prior to the lineage
divergence separating humans and the sponge Amphimedon
queenslandica (the recently proposed Myriazoa*')—which lack
obvious neurons and nervous tissue’—and a third (35) were
identified prior to the divergence of humans and the closest
non-animal outgroup, the choanoflagellate Salpingoeca rosetta
(Choanozoa). We also quantified orthogroups containing tis-
sue-enriched genes of all gene sizes (Figure 3D), and for neural
genes we found enrichment for the top 10% largest genes pre-
sent in Bilateria or older (two-sided binomial test, Benjamini-
Hochberg adjusted p value = 6.2e—7), Myriazoa or older (p =
8.81e—7), and in Choanozoa or older (p = 6.1e—8). Of these
non-animal orthogroups, we identified 24 as containing synaptic
genes by GO terms, which map to 101 human genes. This
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complements previous studies that identified orthologs of
specific synaptic gene families outside of organisms with
nervous systems, such as synaptosomal-associated proteins
(SNAPs) in sponges,*® choanoflagellates,"* and plants.*
Whether sponges lost heurons and nervous systems or whether
ctenophores, as the sister group to all animals,*"***” indepen-
dently evolved them,*® there is accumulating evidence that
many genes with synaptic expression in extant metazoans origi-
nated prior to the evolution of nervous systems.*® Our observa-
tions complement these findings by highlighting that many of
these genes share a feature of large gene sizes and raises the
possibility that parallel changes in gene size may have played a
role in their joint evolution.

Large, ancient genes are sequence constrained yet
have gained the most isoforms

A valuable metric for measuring sequence constraint has been
the dN/dS ratio (the ratio of non-synonymous to synonymous
substitutions; see Jeffares et al. for a review™"). To estimate the
degree of sequence constraint of large, ancient neural and syn-
aptic genes, we next compared the dN/dS ratios of Ensembl
one-to-one orthologs between mouse (M. musculus) and human
(Data S5A and S5B). Although genes with the lowest dN/dS
ratios (dN/dS quantile 1/10; median dN/dS ratio = 0.01) were
distributed relatively evenly among genes of different sizes, we
found that the next group of genes with low dN/dS ratios were
enriched for the top 10% largest genes (dN/dS quantile 2/10,
median dN/dS ratio = 0.03, p = 1.91e—9; dN/dS quantile 3/10,
median dN/dS ratio = 0.05, p = 3.97e—3; two-sided binomial
test, Benjamini-Hochberg adjusted p values). By contrast, genes
with the highest dN/dS ratios were depleted for the top 10%
largest genes (dN/dS quantile 9/10, median dN/dS ratio = 0.26,
p = 6.21e—7; dN/dS quantile 10/10, median dN/dS ratio =
0.41, p =8.53e—9), enriched for the smallest genes (dN/dS quan-
tile 10/10, median dN/dS ratio = 0.41, p = 1.86e—9) (Figures 4A
and S3A), and typically younger (Figure S3C). This complements
the recent observation of lower dN/dS ratios in genes with larger
RNA transcripts (mature RNA transcript length excluding in-
trons).®" (Because neural genes of all sizes appear to have lower
dN/dS ratios in this human-mouse comparison, the enrichment
of low dN/dS ratios for larger genes in this case seems likely
attributable to the number of neural genes with large gene sizes
[Figures S3D-S3F] and not necessarily a relationship between
gene size and dN/dS ratios.)

We observed that animals with expanded genomes have
ancient, highly conserved genes that are acquiring new isoforms,
mainly in larger genes (Figure 4). Isoform numbers were obtained
by quantifying annotated peptides for each gene and were aver-
aged for each orthogroup, and we compared between all ortho-
logs as well as focusing only on orthologs of human synaptic
genes. When we compared the set of large, ancient genes
among animals, we found that while orthologs of these genes
are typically among the largest in each genome, they have
become absolutely larger and more complex both in vertebrates
and (independently) in the case of octopus (Figures 1B, 5C, and
S4). This indicates that despite showing signs of strong purifying
selection, these large, ancient genes are acquiring many new se-
quences that may undergo positive selection and drive gene
evolution in parallel.
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Figure 3. Most large genes are ancient, while most young genes are small

Quantification of gene size versus gene age of human genes.

(A) Scatterplot of mean gene size (kb, kilobases; values derived from Ensembl) versus mean gene age (my, million years; values from GenOrigin“®) of genes binned
by size (100 bins) in H. sapiens.

(B) Heatmap of all gene sizes versus gene age in H. sapiens (Data S4A and S4B). Genes were binned independently into 10 age bins and 10 gene size bins. Heat
colors show the number of genes within each tile and are capped at 400 genes.

(C) Heatmap of synaptic gene size versus gene age in H. sapiens (Data S4C and S4D). All genes were binned independently into 10 age bins and 10 gene size bins,
then filtered for GO gene terms containing “synaptic” or “synapse.” Heat colors show the number of synaptic genes within each tile.

(D) Bar graph quantifying the number of orthogroups containing orthologs of human tissue enriched from the Human Protein Atlas (Data S4E and S4F). All or-
thogroups from Figure 1A were categorized as age 1 (present within Chordata), age 2 (Bilateria or Parahoxozoa), age 3 (Myriazoa or Metazoa), or age 4
(Choanozoa or older). Mean human gene sizes of all orthologs were estimated per orthogroup, binned into 10 quantiles, then filtered to only contain orthogroups
with orthologs of tissue-enriched genes in humans. Enrichment (red) or depletion (blue) of observations per tissue, bin and clade were determined by two-sided
binomial test with Benjamini-Hochberg adjusted p values < 0.005. Dotted line shows the mean number of orthogroups per tissue and age. For “Other,” tissue-

enriched genes from all other tissues (see Figure 2A) were combined.

DISCUSSION

Determinants of optimal gene size

By comparing the genomes and transcriptomes of diverse eu-
karyotes, we have outlined the contribution of gene size variation
to the parallel evolution of large neuronal genes. We propose the
adaptive value in gene size expansion does not come from net
gains directly but rather from adding sites capable of sustaining
beneficial mutations. Any change to individual gene sizes might
disrupt coexpression dynamics. However, if these are balanced
by net changes in coexpressed gene sizes, coexpression might
be maintained while simultaneously generating raw material for
selection to act on. This could effectively add new sites capable
of sustaining beneficial mutations and potentiate gene architec-
ture complexity in expanded genes. As the largest genes will
have the largest absolute expansion of sequence space,

these genes have the most potential to gain novel functions
and expression patterns.

Gene size and expression timing

Gene size directly affects expression timing and thus may
contribute to the precise coordination of gene expression
required by many biological processes. The effect of gene size
on expression timing was first appreciated in the long, late op-
erons of lambda phage.®”> When the size and abundance of in-
trons in eukaryotic genes were discovered, these were likewise
anticipated to have substantial effects on gene expression
timing. This idea was articulated in the intron delay hypothesis,
which postulates that intron size contributes to a time delay
and aids the orchestration of gene expression patterns.®
Several studies have since provided evidence that intron and
gene size play a role in embryonic development by affecting

Current Biology 34, 1-11, April 22,2024 5



Please cite this article in press as: McCoy and Fire, Parallel gene size and isoform expansion of ancient neuronal genes, Current Biology (2024), https://
doi.org/10.1016/j.cub.2024.02.021

- ¢? CellPress

A Gene size and dN/dS ratios with M. musculus ¢
*ﬁ H. sapiens all

genes

'M H. sapiens synaptic genes

Current Biology

B Gene size and isoforms

'M H. sapiens all genes

'“ H. sapiens synaptic genes

high10 high10 high10 high10
9 Genes 9 Genes 9
E 8 ﬁ 8 60 28 5
‘E 7 200 'E 7 7 ‘%
5 6 5 6 40 36 =1
Ur)r 5 160 g 5 £5 g
34 120 I 4 + 20 g4 5
e 53 + 83 5
2 2 + 2 -
low 1 low 1 + low 1 low
i"ééa'tééiéélfo 12345678510 'éélm 12345678510
sma Gene size quantiles arge sma Gene size quantiles arge sma Gene size quantiles arge sma Gene size quantiles arge

ﬂ; O. sinensis all genes ” O. sinensis synaptic genes

c Gene size and A isoforms

i high 10
1« H. sapiens v. other high10 9 9 G
n 9 T s - - & &= 4| Genes
ke A. thaliana 8 s - - - - - - 400
L 4 S. cerevisiae €7 B 7
3 S. rosetta 36 1000 = g 300
® 4 californensis g i 500 13 4 200
@ A. queenslandica Aisoforms “g M »% 3 100
H. vulgaris ) 0 -2 0
3 C. elegans 15 low low 1
[ P maximus 10 123456780910 12345678910
~ O. sinensis small 5o ne size quantileslarge small 5o ne size quantiles,large
— B. floridae 5 . .
- T rubripes D Synaptic orthogroups conserved in S. rosetta %
0
o M. musculus Genes ‘ A gene size (Mb) ‘ Aisoforms
'M H. sapiens 80 ,“
12345678910 60 7.59
small  Gene size quantiles  large T
51 g
” O. sinensis v. other 40 <.
e A thaliana 20 0.1 2.5 3
L S. cerevisiae B l
* S. rosetta 0 01 0
[ ] . . 100
H. cal/fornen.'ws Aisoforms 0.3 Fad
@ A queenslandica 10 75 N
H. vulgaris 0.2 S
Y C. elegans 5 50 ’ 3
[ P. maximus 24 2
25 0.+ 7
ﬁ O. sinensis 0
- B. floridae 0 o 04
- T. rubripes 12345678910 1234567891 123456780910
el M. musculus _Hn small gene size quantiles 2r9€
'M H. sapiens
— Two-sided binomial test (Pagdj < 0.005)
123 456 7 8 910 ) ) g
small Gene size quantiles large gene-size-enriched IE‘ gene-size-depleted

Figure 4. Large ancient genes are sequence constrained yet have gained the most isoforms

(A) Heatmap showing number of Ensembl one-to-one orthologs between M. musculus and H. sapiens binned independently by human gene size (10 bins) and
dN/dS ratios (10 bins) for all one-to-one orthologs (left) or only synaptic genes (right) (Data S5A and S5B).

(B) Heatmaps showing number of genes binned independently by gene sizes (10 bins) and isoform number (10 bins) for H. sapiens (top) or O. sinensis (bottom), for
all genes (left) or only synaptic genes (right) (Data S5C and S5D).

(C) Heatmaps showing the change in isoforms (A isoforms) between H. sapiens versus all other species for human genes binned by gene size (10 bins) (top), or for
O. sinensis versus all others species for octopus genes binned by gene size (10 bins) (bottom).

(D) Quantification of the number of synaptic orthogroups (left), change in gene size (middle; Mb, megabases), and change in isoforms (right) between H. sapiens
and S. rosetta (top) or O. sinensis and S. rosetta (bottom) (Data S5E and S5F). Enrichment (+) or depletion (—) of observations per gene size bin was determined by

a two-sided binomial test with Benjamini-Hochberg adjusted p values < 0.005.

transcriptional kinetics (see Swinburne and Silver® for a review).
Additionally, highly expressed genes®~>* and genes involved in
rapid stress response>” tend to have shorter introns, suggesting
that selection for efficiency acts to reduce the time and energy
costs of transcription.

Assuming estimated transcription rates of eukaryotes of 1-4 kb
per minute, the 2.3 Mb human gene CNTNAP2 would require up-
ward of 10 h to generate a transcript.”*>" This is dramatically
longer, for instance, than the typical intronless histone gene,
which, at ~500 bp, would theoretically take less than a minute

6 Current Biology 34, 1-11, April 22, 2024

See also Figure S3.

to transcribe. Genes encoding subunits of the same protein com-
plex tend to have similar gene sizes, which has been hypothe-
sized to prevent dosage imbalance from uncoordinated gene
expression that can be toxic to cells.*® Additionally, outside of
homeostasis, any dynamically expressed set of genes (e.g., syn-
aptic genes upregulated in response to neural activity) could
potentially benefit from factors affecting their coordination. It is
therefore possible that many biological processes involve genes
with similar sizes and that gene sizes may be evolving in part from
selective pressure for expression timing.
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Figure 5. Model of gene size variation

(A) As genomes expand or contract, so does the intronic content of genes and hence gene sizes of eukaryotes. Larger genes are able to become more complex,

but at the cost of inducibility and efficiency of expression.

(B) Genes become large by being very old and become complex by being large.
(C) Species-specific differences in gene size variation may contribute to important differences in the potential for complex genes and phenotypes. See also

Figure S4 and Data S6.

Large genes in other tissues

There are a handful of very large genes expressed outside the
brain (Data S3A). These include skin-expression-enriched genes
encoding enzymes involved in melanin biosynthesis (i.e., TYR,
DCT). Several skeletal-muscle-expression-enriched genes are
part of a family of giant sarcomeric structural/signaling proteins,
including OBSCN, NEB, and TTN. There are around 39 large
genes with expression enrichment in the testis, though it is un-
clear whether these have testis-specific functions or whether
their high expression is part of widespread “transcriptional scan-
ning” that appears to occur specifically in the testis.®® Interest-
ingly, some large genes not in the dedicated neural categories
also have evidence of expression within the brain, such as
the heart-expression-enriched genes CORIN (a serine-type
endopeptidase involved in atrial natriuretic peptide [NPPA] and
brain natriuretic peptide [NPPB] processing), MTUS2 (a microtu-
bule-associated protein), RYR2 (calcium channel), TNNI3K
(MAPKKK), and CCDC141 (predicted to be involved in axon
guidance and cell adhesion).

Gene size expansion and the addition of adaptive sites
The rate at which a gene under selection accrues beneficial sub-
stitutions is thought to be rapid at first, eventually slowing with
the depletion of sites capable of sustaining beneficial mutations
(often referred to as “adaptive sites”).?*®' Under the “increasing
constraint” model,°? a newly born gene evolves under weak
negative or positive selection, and later evolves primarily under
strong negative selection. More recent evidence supports a vari-
ation of this idea, which is that young genes experience more
variable dN/dS values than old genes.*®

Our study provides evidence that gene size expansion in
genes under high constraint (i.e., large and ancient genes under
strong negative selection) can facilitate acquisition of sites
capable of sustaining beneficial mutations in the form of new
exons and regulatory regions. These new DNA sequences are
likely under weaker constraint than the original sequences and
can thus contribute to evolution. Many new exons arise from
within introns and tend to be cassette exons that are rarely incor-
porated into final transcripts (i.e., they are spliced out).%%*
Similar to neo-functionalization of duplicated genes, because
the original function is maintained by major isoforms, new iso-
forms are less constrained by negative selection®® and can
thereby contribute to adaptive evolution.®® Thus, we speculate
that gene size expansion may be one mechanism by which
genes under high constraint can gain new raw material under
weak constraint and contribute to the evolution of molecular
diversity.

Previously, it has been argued that weaker constraint is un-
likely to have contributed to the evolution of primate nervous sys-
tems because their complexity necessitates a greater precision
in gene function.®® Conversely, based on the results of this study,
we speculate that this weaker constraint (through gene size
expansion) may have set the conditions for the evolution of com-
plex nervous systems by providing substrate for adaptive
evolution.

Gene size expansion and nervous system evolution

Gene size expansion has been hypothesized to facilitate the evo-
lution of complex nervous systems.”'*%¢ This is in large part
because most of the largest animal genes are multi-isoformic,
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enriched for expression in nervous tissue, and predominantly
encode synaptic proteins underlying the precise wiring of the
nervous system.”''> Additionally, large genes have been
shown to contribute to the extensive molecular diversity and
complexity of vertebrate brains.'* However, because most
studies of complex nervous systems have focused on verte-
brates, it remains unclear whether any such relationship arose
from historical contingency. Did any invertebrate animals with
complex nervous systems independently undergo gene size
expansion?

Although many vertebrates have large brains, as well as some
of the largest genomes and gene sizes among animals,*>” there
are outlier species among invertebrates, such as the cephalo-
pods. Cephalopods have the largest invertebrate nervous sys-
tems and exhibit complex behaviors rivaling many vertebrates.?®
It has been more than 550 million years since cephalopods and
vertebrates shared a last common ancestor,?*®” which likely had
a compact genome and gene sizes as well as a simple nervous
system.®® Several chromosome-level genome assemblies for
cephalopods have recently been published,®®~"" and in our ana-
lyses we found a striking expansion of gene sizes similar to that
seen in the vertebrate lineage (Figures 1B, 5C, and S4). The fact
that many large, complex genes are enriched for neuronal
expression and function across diverse animals is consistent
with the hypothesis that gene size expansion contributed to
the tremendous molecular diversity and complexity observed
within nervous systems.

Several studies have traced the evolutionary history of individ-
ual families of neuronal genes in different animal lineages. For
example, divergent lineage-specific events have been charac-
terized for the metabotropic glutamate receptors (mGIuRs),””
some of which we note are among the largest genes in the hu-
man genome (GRM1: 410 kb; GRM3: 221 kb; GRMA4: 137 kb;
GRM5: 561 kb; GRM7: 971 kb; GRMS8: 815 kb). Sponges, while
lacking nervous systems, have been noted to contain a diversity
of mGluRs, as well as metabotropic gamma-aminobutyric acid
(GABA) receptors and SNAPs that have been hypothesized to
allow for sensation of the environment in the absence of rapid,
synaptic-type electro-chemical signaling. Our findings comple-
ment the recent phylogenetic studies of the ancient origins of
these specific genes, highlighting the potential role of parallel
gene size and isoform expansion in the lineage-specific evolu-
tion of neuronal genes.

Of considerable interest in the context of models in which
gene size expansion accompanies nervous system diversifica-
tion are a number of counterexamples. For example, there are
some animal genomes that underwent significant expansion
(salamanders,”® whale sharks,”* lungfish,”> grasshoppers,’®
etc.) without obvious increases in the complexity of their ner-
vous systems relative to other animals. We speculate that
gene size expansion is insufficient for gene architectural com-
plexification, but may only set the conditions for further evolu-
tion by selection. It is also possible that the mechanisms by
which genes and genomes expand impacts the mechanisms
that generate novel regulatory elements and exons. For
example, the diversity and composition of transposable
element pools’’ differs in a species-specific manner; more
diverse transposable element pools may limit the acquisition
of additional sequences by recombination, while some
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populations of transposable elements may be more or less
likely to introduce regulatory modulation when inserted.

Gene and genome size contraction

The focus of this study was on gene and genome size expansion,
but there are numerous examples of gene and genome size
contraction as well. One example is the tomato russet mite,
Aculops lycopersici, one of the smallest animals with the small-
est-known arthropod genome at 32.5 Mb.”® There are few trans-
posable elements (<2% of the genome), small intergenic regions,
and more than 80% of coding genes are intronless. Interestingly,
3’ introns were predominantly lost, which complements findings
from other studies that 5’ introns are enriched for regulatory
elements.”*®° There are also cases of genome reduction
among vertebrates, for example, within the teleost fish, Takifugu
(T. rubripes; 300 Mb).?"

If gene size expansion sets the conditions for added
complexity, does that mean gene size contraction reduces the
potential for complexity and adaptation? Future studies are
needed to investigate these questions—in particular, whether
small genomes are evolutionary dead ends—which have impli-
cations for our understanding of how complex systems are
generated or degenerated.

Ancient events enabling recent adaptation

The genome design model® posits that tissue-specific proteins
have more complex architectures that explain the increase in
their size. Extending this model, it has been argued that the
complexity of large genes was already present at the base of
the metazoan common ancestor.®® Conversely, our results sug-
gest that increases in the size of genes encoding tissue-specific
proteins precede and potentiate the evolution of their more com-
plex architecture. Rather than looking for the origins of gene
architectural and regulatory complexity in the recent evolu-
tionary history of any one species, our analysis suggests that
ancient events established the necessary underlying conditions.
The initial size of these genes may predispose them, over time, to
becoming extremely large and accumulating sequences that se-
lection can act on to generate complexity.

In conclusion, in this study we found that relative gene size is
being maintained for most genes in each genome, despite some-
times orders-of-magnitude changes in absolute gene sizes in or-
thologs among species. We found that most young genes are
small, while virtually all larger genes are ancient. This includes
the set of large genes with neuronal expression in extant meta-
zoans, whose origins appear to predate the diversification of
animals and, in many cases, the emergence of neurons and
nervous systems. An intriguing possibility is that maintaining
relative gene size during evolution may facilitate the coordination
of gene expression, while increases in absolute gene size may
contribute to the evolution of novel gene structures and regula-
tory elements.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Matthew J.

McCoy (mjmccoy@stanford.edu).

Materials availability

No new unique reagents were generated in this study.

Data and code availability

® This paper analyzes existing, publicly available data. These accession numbers for the datasets are listed in the key resources

table. The data are publicly available on figshare (Figshare: https://doi.org/10.6084/m9.figshare.24003750).
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e All code for data analysis and production of figures is publicly available on figshare (Figshare: https://doi.org/10.6084/m9.
figshare.24003750).
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Gene and protein sizes

In this work we use several terms to describe aspects of size associated with gene expression patterns and function. The term “gene
size” refers to the length from the start of the first annotated exon in the genome to the end of the last annotated exon, including
introns. This definition excludes 5’ and 3’ untranslated regions, because these are often under-annotated.® We measure and
compare size in two ways: the “absolute size” and the “relative size”. The term “absolute size” refers to the number of base pairs
or amino acids. The term “relative size” refers to the ranked size relative to other genes within the same genome. We use the term
“CDS size” to refer to the span of nucleotides within a mature RNA transcript that will eventually be translated into protein, which
excludes introns and untranslated regions. “Protein size” is measured by the number of amino acids.

Absolute gene and protein sizes in each species were obtained from reference genome assemblies and annotations from the
National Center for Biotechnology and Information (NCBI). Gene start positions from the most 5’ exon were subtracted from gene
end positions (+1) of the most 3’ exon to obtain a measure of absolute gene size for each gene that excludes explicitly annotated
5" and 3’ UTRs.

Identification of orthologs

OrthoFinder*® was used to identify orthologs across several representative eukaryotes with chromosomal-level genome assemblies
(excepting S. rosetta and A. queenslandica). OrthoFinder identifies groups of orthologous genes (orthogroups), which may include
paralogs. Ensembl was used for other “high-confidence”, one-to-one orthologs as indicated in the text.

Gene ontology
H. sapiens gene ontology (GO terms) were obtained from Ensembl (ensembl.org),85 Ensembl genes 108, GRCh38.p13. Synaptic
genes were defined by GO term names containing “synapse” or “synaptic”.

Species phylogeny

Species phylogeny for Figure 1A was based on recent chromosome-scale gene linkages.”' Divergence times were obtained from
TimeTree (timetree.org).67 These incorporate molecular clock assumptions, which may lead to overestimates (discussed in Budd
and Mann®®). Phylogeny for Figure 5C was obtained from TimeTree and initially plotted using the Interactive Tree of Life.®* Species
outlines were obtained from phylopic.org.

Gene ages

Gene ages were obtained from the GenOrigin database (genorigin.chenzxlab.cn).*® GenQOrigin systematically infers gene age using a
protein-family based pipeline (FBP) with Wagner parsimony algorithm, phylogeny derived from TimeTree,®” and orthology informa-
tion from Ensembl Compara.?*®’

Species selection

The species analyzed in this study (Table S1) were chosen for the completeness of their genome assemblies, which has a significant
impact on the quality and completeness of gene annotations. However, most complete genomes are biased for model organisms
chosen for unique biological features with potential impacts on genome organization. As new genomes are sequenced to completion,
the generality of these observations can be tested.

QUANTIFICATION AND STATISTICAL ANALYSIS

Ortholog feature comparisons

The mean ortholog size (gene and protein) within each orthogroup was used for comparisons among multiple species. Relative or-
tholog sizes were estimated using quantiles. In Figures 1 and S1, the relationship between features was visualized by a simple linear
regression model using the function geom_smooth(method = “Im”, ...) from the ggplot2 R package. In the legend of Figure S1, spear-
man’s rank correlation was estimated with the function cor(method = “spearman”, ...) from base R. To address the issue of multiple
comparisons, p values were adjusted using the Benjamini-Hochberg correction method with the function p.adjust(method = “BH”,
...) from base R. All reported adjusted p values were less than 1.67e-143.

Enrichment of gene size within gene features and gene sets

To estimate enrichment of gene size within gene features (e.g., gene expression) and gene sets (e.g., GO terms, gene age, etc.), gene
features or gene sets were first binned by gene size quantiles, then the probability of randomly obtaining the number of features or
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https://doi.org/10.6084/m9.figshare.24003750
https://doi.org/10.6084/m9.figshare.24003750

Please cite this article in press as: McCoy and Fire, Parallel gene size and isoform expansion of ancient neuronal genes, Current Biology (2024), https://
doi.org/10.1016/j.cub.2024.02.021

¢? CellP’ress Current Biology

genes within each gene size quantile was determined by a two-sided binomial test. The binomial test was executed with the function
binom.test(x = observations, n =total_trials, p = 0.1, alternative = "two.sided") from base R, where x is the number of observations per
bin, n is the total number of observations across all bins, and p is the expected probability of an observation per bin (10 bins) if assign-
ment is random. To address the issue of multiple comparisons, p values were adjusted using the Benjamini-Hochberg correction
method with the function p.adjust(method = “BH”, ...) from base R, and an adjusted p value of < 0.005 was used as a cutoff for desig-
nating enrichment or depletion of observations per bin.

Single-cell gene expression analysis

For Figure S2B, single-cell gene expression data was obtained from the Human Protein Atlas. The top 10% largest genes in the data-
set were used (2,009 genes), and z-score normalized gene expression values (normalized transcripts per million; nTPM) were
analyzed. Cell types were ranked by a one-sided Mann-Whitney U test of mean gene expression compared to all other cell types
using the function wilcox.test(x, y, alternative = "greater") from base R. To address the issue of multiple comparisons, p values
were adjusted using the Benjamini-Hochberg correction method with the function p.adjust(method = “BH”, ...) from base R, and
the top 32 cells were shown with “Other” representing the average of the remaining 49 cell types. Cell types were ordered by
euclidean distance of z-scale normalized expression data using the combined function hclust(dist(data, method = "euclidean"),
method = "ward.D") in base R.
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Figure S1. Scatter plots of mean gene size of orthogroups, Related to Figure 1. For each group
of orthologous genes between any two species (orthogroups), the mean human gene size is shown
versus the mean ortholog size in other species. Solid blue lines show linear models with 95%
confidence intervals as ribbons. Box colors: purple = vertebrates, blue = invertebrates, yellow =
protists, red = fungi, green = plants. Spearman’s rank correlation adjusted p < 1.67e-143 (Benjamini-
Hochberg corrected) for all comparisons. Spearman’s rho: M. musculus = 0.937; T. rubripes = 0.680;
B. floridae = 0.528; C. elegans = 0.437; O. sinensis = 0.483; P. maximus = 0.526; H. vulgaris = 0.413;
H. californensis = 0.390; A. queenslandica = 0.439; S. rosetta = 0.477; S. cerevisiae = 0.488; A.
thaliana = 0.435.
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Figure S2. Brain tissue and neural cell types are enriched for large synaptic genes, Related to
Figure 2. (A) Heatmap of Human Protein Atlas®' tissue-enriched synaptic genes (GO term matching
“synaptic” or “synapse”) binned by gene size quantiles (10 bins)(Data S3A). Heat colors show the
number of synaptic genes in each bin. Tissues are ordered by the total number of enriched synaptic
genes across all gene sizes in each tissue. Gene size enrichment (+) or depletion (-) of observations
per tissue was determined by a two-sided binomial test (p = 0.1) with Benjamini-Hochberg adjusted p-
values < 0.005 based on the value expected for uniform size distribution for each tissue (Data S3E).
(B) Heatmap of single-cell gene expression from the Human Protein Atlas®'. Heat colors show z-score
normalized gene expression values (nTPM) across the 10% largest human genes (2009 genes). Cell
types were ranked by one-sided Mann-Whitney U test adjusted p-values (Benjamini-Hochberg) of
mean gene expression compared to all other cell types, and the top 32 cells are shown with “Other”
representing the average of the remaining 49 cell types. Genes were binned into “synaptic” (GO term
matching “synaptic” or “synapse”) or “non-synaptic” (Data S3C).



Ap sapiens gene size v. median dN/dS ratios with M. musculus

0.01 003 |

0.05 0.07 0.09

0.12

0.2 0.26

B Gene size v. age v. transcripts

H. sapiens all genes

small Gene size quantiles

C Genesizev. age v. dN/dS ratios

with M. musculus w

large

12345678910 12345678910 12345678910 12345678910 12345678910 12345678910 12345678910 12345678910 12345678910 12345678910

D Gene size v. tissue v. dN/dS ratios with M. musculus s

H. sapiens tissue expression-enriched genes

H. sapiens all one-to-one orthologs

Neural Skin

Genes

123456738910

[ Median old 10 Median 10
transcripts 4 g dN/dS 9
g7 0.20 3
12 2 6 : 6
(9]
8 2 5 0.15 5
E 4
4 g 3 0.10  high3
2 e 2
[0
young 1 - 2
12345678910 12345678910 g
small Gene size quantiles '2r9e small Gene size quantiles 12r9e 4]
E Gene size v. dN/dS ratios with M. musculus 3
H. sapiens all genes H. sapiens tissue expression-enriched genes low g
0.5 0.5
0.4 0.4
1] (%2}
Sos Sos
e 3 % o e s
°
c o c Po 0,000 °
§0.21°% §02] ° ogo © o %
o o
= 0%06"%‘&‘9&0&@9%%&% = &
0.1 | 0.1 ol
0.0 0.0
0 10 20 30 40 50 0 10 20 30 40 50
Gene size quantiles Gene size quantiles
F Gene size v. tissue v. dN/dS ratios with M. musculus ¢
H. sapiens tissue expression-enriched genes
Neural Skin Testis Other
0.54 o
o®
%o o o
0.4 ®
° o & o °
1] ® ° 00° .(% o° ooo OO
> 0.3 00 o O o0 o o © %
£ .. @ o o © @ 9 o& o o
S e o 5 o & % ® 0% %o
$0.24° e o e o o 0o o ¥ 00
< ce o oo ) o L o 0800
o @ (o]
@ d’wo e © o oo o
0.1 g®© FoR °e
[ [¢]
B, TR
0.0
0 10 20 30 40 500 10 20 30 40 500 10 20 30 40 500 10 20 30 40 50

Gene size quantiles

Genes
30

20

10

12345678910

small Gene size quantiles 1a9e

Two-sided binomial test (P, < 0.005)
gene-size-enriched

- gene-size-depleted




Figure S3. Relationship between gene size, transcript number, tissue, and dN/dS ratios,
Related to Figure 4. (A) Bar graphs of human genes binned independently by gene size (10 bins)
and dN/dS ratio (10 bins; H. sapiens - M. musculus). Median dN/dS ratios per bin are shown (Data
S5M,N). (B) Heatmap of median transcript counts for human genes binned independently by gene
size (10 bins), and gene age (10 bins; values from GenOrigin®?)(Data S5I). (C) Heatmap of gene
median dN/dS ratios (H. sapiens - M. musculus) for human genes binned independently by gene size
(10 bins) and gene age (10 bins) for Ensembl®® one-to-one orthologs (Data S5J). (D) Heatmaps of
gene number for human genes binned independently by gene size (10 bins) and dN/dS ratio (10 bins)
for Human Protein Atlas®' tissue-enriched genes. Neural, Skin and Testis are shown with “Other”
combining all other tissues (Data S5K,L). (E) Scatter plots of human genes binned by gene size (50
bins), showing the mean dN/dS ratio between mouse and human per gene size bin. All human genes
(left), tissue-enriched genes (right). (F) Scatter plots of human tissue-enriched genes binned together
by gene size (50 bins), showing the mean dN/dS ratio between mouse and human per gene size bin
for each tissue. Colors show the number of genes from each tissue in each gene size bin. Enrichment
(+/red) or depletion (-/blue) of observations per dN/dS bin and gene size bin was determined by a two-
sided binomial test (p = 0.1) with Benjamini-Hochberg adjusted p-values < 0.005.
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Figure S4. Independent gene size expansion in diverse species, Related to Figure 5.
Phylogenomic tree showing median gene size of the top 10% largest genes in each genome as a
bargraph. Phylogeny and branch lengths were obtained from TimeTree.org®, with the exception of
Mnemiopsis leidyi and Amphimedon queenslandica, which were placed according to Schultz et al.®°.
The tree was plotted with iTOLS®. Scale bar shows 100 million years. Adapted from McCoy and Fire®’
to include updated gene size estimates for cephalopods Octopus bimaculoides, Octopus sinensis, and

Euprymna scolopes. Related to Data S6.



Species RefSeq/GenBank  Assembly Level
Amphimedon queenslandica GCF_000090795.1 v1.0 Scaffold
Arabidopsis thaliana GCF_000001735.4 TAIR10.1 Chromosome
Branchiostoma floridae GCF_000003815.2 Chromosome
Caenorhabditis elegans GCF_000002985.6 WBcel235 Chromosome
Euprymna scolopes GCA 024364815.1 ASM2436480v1 Chromosome
Homo sapiens GCF_009914755.1 Chromosome
Hormiphora californensis GCA 020137815.1 Hcv1a1d20200309 Chromosome
Hydra vulgaris GCF_022113875.1 Chromosome
Mus musculus GCF_000001635.27 Chromosome
Octopus bimaculoides GCF_001194135.2 ASM119413v2 Chromosome
Octopus sinensis GCF_006345805.1 Chromosome
Pecten maximus GCF_902652985.1 Chromosome
Saccharomyces cerevisiae GCF_000146045.2 R64 Chromosome

Salpingoeca rosetta
Takifugu rubripes

GCF_000188695.1
GCF_901000725.2

Proterospongia_sp_ATCC50818 Scaffold

fTakRub1.2

Chromosome

Table S1. Primary genome assemblies used in this study. Related to Figure 1.
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