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ABSTRACT

Genes in nematode and ascidian genomes frequently occur in operons—multiple genes sharing a
common promoter to generate a polycistronic primary transcript—and such genes comprise 15-20% of the
coding genome for Caenorhabditis elegans and Ciona intestinalis. Recent work in nematodes has demonstrated
that the identity of genes within operons is highly conserved among species and that the unifying feature
of genes within operons is that they are expressed in germline tissue. However, it is generally unknown what
processes are responsible for generating the distribution of operon sizes across the genome, which are
composed of up to eight genes per operon. Here we investigate several models for operon evolution to
better understand their abundance, distribution of sizes, and evolutionary dynamics over time. We find that
birth—-death models of operon evolution reasonably describe the relative abundance of operons of different
sizes in the C. elegans and Ciona genomes and generate predictions about the number of monocistronic,
nonoperon genes that likely participate in the birth—death process. This theory, and applications to
C. elegans and Ciona, motivates several new and testable hypotheses about eukaryote operon evolution.

HE genomes of nematodes, ascidians, and trypa-
nosomes are unusual among most eukaryotes in
that they contain many operons—runs of two or more
genes that are transcribed into a single, polycistronic
primary transcript. Approximately 15% of genes in the
genome of the nematode model organism Caenorhabditis
elegans occur in operons (ZORIO ef al. 1994; BLUMENTHAL
et al. 2002), with operons being prevalent among nem-
atodes inside and outside this genus as well (EvANs et al.
1997; LEE and SOMMER 2003; STEIN et al. 2003; GUILIANO
and BLAXTER 2006; QIAN and ZHANG 2008). The ascid-
ian Ciona inlestinalis also harbors ~20% of its genes in
operon structures (SATOU et al. 2006, 2008). Trypano-
some genomes, like Leishmania major; appear to be tran-
scribed in long polycistronic blocks tens of kilobases
long that contain scores of genes (DONELSON et al. 1999).
Polycistronic transcription also has been described in
other eukaryotes, including flatworms, algae, Drosoph-
ila, and humans (LyncH 2007; MicHALAK 2008). Despite
extensive empirical work, little theory has been devel-
oped to explain the abundance and distribution of genes
in operons within eukaryote genomes. Here we describe
several alternative models of operon dynamics and
compare them to observed patterns in the genomes of
C. elegans and Ciona intestinalis.
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In C. elegans, cooperonic genes share a single pro-
moter, but prior to translation, the polycistronic pre-
mRNA is spliced into multiple mature mRNAs that each
comprise a single gene (BLUMENTHAL and GLEASON
2003). The presence of internal promoters in some
operons (HUANG el al. 2007) and RNA processing leads
to imperfect covariation in expression among the
members of an operon (BLUMENTHAL and GLEASON
2003; LERCHER et al. 2003), in contrast to bacterial
operons. Impressive efforts in C. elegans have enabled
determination of the molecular basis of operon tran-
scriptional mechanisms (SPIETH et al. 1993; BLUMENTHAL
and GLEASON 2003) and the identification, through ex-
perimental and computational means, of the extent of
the genome thatis cloistered into operons (BLUMENTHAL
et al. 2002). This body of work has demonstrated that
in C. elegans, ~1200 operons each contain two to eight
closely spaced genes, but that the members of an op-
eron share little functional similarity besides tending to
be expressed in “female” germline tissue (BLUMENTHAL
2004; CUTTER et al. 2009; REINKE and CUuTTER 2009).
Furthermore, 96% of C. elegans operons appear to be
conserved in the genomes of related species (STEIN e/ al.
2003; QiaN and ZHANG 2008), although recent work
suggests greater turnover in operon composition among
Caenorhabditis species than appreciated previously
(J- ZHANG, personal communication).

The first attempt to model nematode operon dynam-
ics (QiaN and ZHANG 2008) considered the rate of
change in operon abundance over time as
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with ), being the number of operons in the genome at
time ¢, K the maximum possible number of operons in
the genome, vy the rate of operon gain, and A the rate of
operon loss. Kalso can be defined as /- G- i ', where f
is the fraction of genes in the genome that could pos-
sibly reside in an operon, G is the number of genes in
the genome, and i is the average number of genes per
operon (QIAN and ZHANG 2008). As shown by Q1aN and
ZHANG (2008), this formulation (model 0) implies that
the equilibrium number of operons will be

0r =y (\+ 1) 2)
K

Of course, if )* = K, then this approach is problematic;
more generally, it is unfortunate that it is not obvious
how to estimate empirically K or fin this framework.

As an alternative simple model (model 1), we can
consider the separate rates of addition (v) and sub-
traction (u) of genes from operons. In this analogy to a
standard forward-and-reverse mutation population ge-
netic model (CUTTER et al. 2009), the equilibrium
fraction of genes in the genome that will be present in
operons is simply

v

¥ = (3)

T utul

Consequently, the ratio of rates of operon gene gain and
lossis v/u=w*/(1 — w*). If we assume that the observed
fraction of C. elegans genes in operons is at equilibrium
(0* ~ 15%) (BLUMENTHAL et al. 2002), then we would
infer that v/« = 0.176 or that the rate of removal of
genes from operons is about six times greater than the
rate of addition of genes to operons (given w* ~ 20% for
Ciona, v/u = 0.25). Note that model 1 focuses on the
evolution of the number of genes within operons
without regard to operon size or abundance, whereas
model 0 focuses on the evolution of the number of
operons assuming a constant number of genes per
operon.

However, neither of the above approaches provides a
framework for predicting the size distribution of oper-
ons; i.e., What fraction of operons should contain two,
three, or four or more genes? The evolution of genomic
features like introns, gene duplicates, gene-family size,
and transposable element abundance has been mod-
eled in a birth—death framework (CHARLESWORTH and
LANGLEY 1989; LyncH 2002; LyNcH and CoONERY 2003),
and this approach also can apply to operon evolution. In
general, birth—-death models predict a convexly curved
size distribution in a log—log plot, unlike the linear rela-
tion predicted for a power law distribution (LyNcH 2007);
the operon distributions for C. elegans and Ciona intestinalis
are visibly convex, suggesting that birth—-death models
likely are appropriate. Here, we consider the birth and

death of operons of size i (i.e., containing i genes) from
movement of genes into and out of operons of that size
class. We find that this approach successfully recapit-
ulates the size distribution of operons in the C. elegans
and Ciona intestinalis genomes, permits estimation of
biologically pertinent parameters, and generates test-
able predictions about operon evolution.

MATERIALS AND METHODS

Here we develop two sets of predictions (models 2 and 3)
that differ on the basis of alternative conceptions of the
biology of gene movement into and out of operons. In model
2, we assume that the probability that an operon loses or gains
a gene is independent of the number of genes in that operon.
This might occur if gene movement is constrained to a par-
ticular position within operons; i.e., only the last gene in an
operon can successfully leave an operon and a gene can suc-
cessfully enter an operon only by adding itself to the end of an
existing operon (e.g., paths band e in Figure 1). In Model 3, we
treat the gene as the unit of action so that the probability that
an operon loses or gains a gene increases with the number of
genes in that operon. Longer operons are more likely to lose
genes because they have more genes that could leave; longer
operons also are more likely to gain a gene because they are
bigger targets for insertion.

We emphasize that both of the models described below
represent neutral birth-death processes. The models do not
allow for any selective advantage or disadvantage to individuals
with more or larger operons. As described below, the models
implicitly assume very strong selection against gene loss (i.e.,
when genes move, they must successfully reinsert elsewhere),
but the other aspects of operon state are assumed to be
selectively neutral. The goal is to ask whether these types of
neutral models can accurately reflect observed distributions.
To the extent observed patterns deviate from predicted
patterns, it is worth considering alternatives including alter-
nate modes of operon mutation and, of course, selection.

Model 2—operon dynamics independent of operon size:
Let O t] be the number of operons containing i genes at time
& O[] is the number of individual genes not currently in
operons but that could be (i.e., monocistronic “operons”). If

[is the fraction of genes in the genome that could possibly

reside in an operon, then
=Y il (4)

where G is the total number of genes in the genome. We
expect that /< 1, because many genes in the genome likely
have regulatory requirements that either preclude or facilitate
their ability to persist in operons, such as predominantly
promoter-dependent spatio-temporal regulation of sperm
genes us. 3'-UTR regulation of female germline genes (MERRITT
et al. 2008; REINKE and CUTTER 2009).

Let pouc be the probability that a gene leaves an operon in a
given time step. This interval of time, 7;, which represents a
fraction of a generation, is taken to be sufficiently short that
Pour 1s very small. Following this excision step (denoted by the
prime), we have

Oi,m = Oi[ﬂ(l - f’out) +l'bout Oi11 [t], (5)

as a result of those operons of size i that lose genes, decreasing
the number of operons of size i, while the simultaneous loss
of genes from operons of size ¢ + 1 increases the number of
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operons of size i. During this brief time interval there are
n)[t] = poue »; Oi[t] genes that are “loose” in the nucleus that
must reinsert into the genome.

With probability 5, a loose gene will incorporate itself into
one of the existing operons; there are a total of T'[(] =
>, Of[t] possible operons where this can happen. With prob-
ability 1 — &, the gene successfully inserts itself into the
genome as an independent gene, i.e., a monocistronic operon.
We assume that gene loss is strongly disadvantageous so that
the loose genes must successfully be reincorporated some-
where. (It is not necessary to account for the probability of
gene loss because the lineages where this occurs will not
persist. Thus, the probability b should be interpreted as being
conditional on a successful insertion occurring.)

Following one complete time step of excision and reinser-
tion, the number of potential operon genes that exist as
monocistronic operons is

! !
Ot +1] = Oi[q + nj(1 — p) — 7000 (6)
T[]
The first term is the number of monocistronic operons prior
to reinsertion. The second term represents new monocistronic
operons formed by loose genes reinserting into the genome
outside of any existing operons. The third term represents the
conversion of monocistronic operons to dicistronic operons
when a loose gene adds itself to an existing monocistronic
operon.
The number of operons of larger size classes (¢ > 1) is

n)[t]b(O}-1[t] — O[1])
T'1] ’

Oilft+1] = O[] + (7)
as a consequence of the number of operons of size ¢increasing
from the addition of loose genes into operons of size ¢ — 1, yet
decreasing from the addition of loose genes into operons of
size i. The recursions here assume that no more than one gene
leaves or enters a given operon during any one time step.
These assumptions are reasonable provided that p,,, is small.

By setting O;[t + 1] = O,[{] for all ;and assuming p,,, and b
are small (i.e., pour, 6 << 1), we obtain the following analytical
approximation for the equilibrium frequency of operonic
genes in operons of size class i (including “potentially
operonic” monocistrons with i = 1):

Fy~ (1 — )%, (8)

Simulations that do not rely on the assumptions of po,, b <<'1
are described in supporting information, File S1.

Model 3—operon dynamics based on operon size: In this
model, longer operons are more likely to lose genes and more
likely to gain them than are short operons. Following the
excision phase, the number of operons of size class 7is given by

Oilt] = Z O;[( Ly, 9)
]:l

where L;;is the probability that (j— i) genes are excised out of
an operon of size j. In other words, L; represents the
probability that an operon of size j is converted to size i.
Because we assume genes move independently of one another,
L;; follows a binomial form,

L= (]i l)p({ljz(l - ,’bout)i- (10)
The number of genes that are loose is 70[{] = pou »_, 10/[1].
Because longer operons represent larger insertional targets,
the effective total target size is T'[¢] = ), i0'[¢].

Assuming no more than one gene inserts into a given
operon in any one time step, the number of monocistronic
operon genes (7= 1) is

no[t]bO1 [t
01[t+1}:Oi[t]+n()[t}(1—b)—%. (11)
This equation has the same form as Equation 6 and can be
interpreted in the same way. For larger size classes (¢ > 1), the
number of operons is

nd[b((i = 1) O [1] — iOH[t])

O;[t+ 1] = O}[{] + T

(12)

This equation has a similar form to Equation 7 and the
interpretation is similar. However, Equations 7 and 12 are not
identical because in Equation 12 we account for the increased
target size of larger operons.

Again assuming pou, b << 1, the equilibrium frequency of
operonic (or potentially operonic) genes in operons of size
class 7 is given by

F~(1-0b)b" (13)

Equation 13 is formally equivalent to that given by a geometric
distribution (i.e., the discrete analog to the exponential distri-
bution). An exact model that does not rely on the assumption
b << 1is described in File S1.

Comparison of models with data: We obtained from
WormBase WS190 (http:/www.wormbase.org) the total num-
ber of protein-coding genes (20,222) and the abundances of
operon sizes for the 1150 operons annotated in the C. elegans
genome. We used the abundances of different operon sizes in
the Ciona intestinalis genome, as well as total number of genes
in its genome, from SaTou et al. (2008). For each of the two
models described above, we applied a likelihood-based pro-
cedure to find model parameters that best fit each of the two
data sets, C. elegans and Ciona. This was done by minimizing
the goodness-of-fit statistic G for frequency distributions using
the optim procedure in R (R DEVELOPMENT CORE TEAM 2009).
For each of the two models, we used both the analytical
approximations given above and the more exact simulations
described in the File S1. In addition, we performed a similar
analysis for power law distributions, which are commonly
applied to abundance distributions, with

ki*(t

== 14
? z] kjfa ( )
In all cases of model fitting, we considered only the genes in
operons of size =2. Many monocistronic genes are unlikely to
be able to exist in operons given the strongly nonrandom
distribution of genes found in operons (i.e., a disproportion-
ate abundance of genes in operons are expressed in female
germline tissue in C. elegans) (REINKE and CuTTER 2009).
By estimating our parameters on the basis of the genes in
operons of size =2, we can then use these parameters to
predict how many monocistronic genes could potentially
move into operons.

RESULTS AND DISCUSSION

We developed two new models of operon evolution
to describe the “birth” and “death” of operons as a con-
sequence of gene movements into and out of operons. In
this framework, an operon death or the loss of genes
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from an operon does not imply their deletion from the
genome, but simply that the gene composition of an
operon has changed due to individual gene transloca-
tions. The first model (model 2) considers the operon as
the unit of action, such that the size of an operon is
independent of the probability of gain or loss of genes.
This size-independent model could apply if genes could
enter or leave an operon only from particular positions
within the operon, such as at the 3’ end of the operon
(Figure 1). Alternatively, model 3 treats genes as the unit
of action, such that longer operons are more likely both
to lose genes and to gain them by translocation events.
This size dependence arises as a consequence of longer
operons being a source of more genes that could move
elsewhere and also presenting bigger targets for gene
insertion.

Application to C. elegans operons: Both of our models
of operon gene dynamics (models 2 and 3) fit well the
observed genomic distribution of operon sizes, assum-
ing that the operon size distribution in the C. elegans
genome is at equilibrium (Table 1, Figure 2). For both
models, the exact solution fits the data significantly
better than does the analytical approximation (the log-
likelihood statistic G differs by >2 units), despite the
very similar estimates of the gene-movement parameter
b within each model (Table 1). The approximations
assume b << 1 and are expected to become less accu-
rate descriptions of reality when this is violated. We can
see that the estimates of b are quite large. This means
that there is a small but nonnegligible probability that
multiple loose genes enter the same operon simulta-
neously. Because we have neglected this possibility in
the approximations, they are somewhat less realistic
than the simulations. Details of the derivation and
simulation for the exact solutions are given in File SI.

Model 3, which assumes that genes are more likely to
move into and out of longer operons than shorter
operons, provides a significantly better fit to the ob-
served operon size distribution than does model 2
(which assumes size independence; Table 1). A power
law distribution, by contrast, poorly describes the dis-
tribution of operon sizes in the C. elegans genome (Table
1, Figure 2). We do not discount the possibility that
alternative models might also recapitulate the genomic
operon size distribution, either neutral models based on
different mutational dynamics (e.g., fission—fusion) or
models that explicitly consider natural selection. Future
development of such models would be valuable to help
determine whether the dynamics assumed in models 2
and 3 capture the true biology of operon evolution.

When fit to C. elegans operon size distribution, the size-
dependent model 3 converges on an operon-insertion
parameter b of ~0.45, implying that nearly half of
translocated genes with the potential to successfully
enter into a polycistronic operon will do so (Table 1). As
a result, this model predicts that a total of only ~6317
current or potential operon genes in the genome

Ficure 1.—A simple conception of mutational events lead-
ing to increased size of operons (solid rectangles represent
genes within an operon). Translocation of monocistrons
(open rectangles; a—g) or fusion via deletion of transcription
termination and promoter elements (triangles and circles, re-
spectively; h and i) between adjacent genes on the same
strand could create or increase the size of an operon. Solid
horizontal line represents noncoding DNA. For simplicity,
we diagram only two genes in an operon; events of type a,
b, d, e, or h involving only monocistrons would lead to the
creation of a polycistronic operon. A dashed line represents
DNA sequence between the first and last gene in an operon,
in which additional gene members of the operon might re-
side. Also for simplicity, we diagram the enlargement of oper-
ons, although translocations f and g would result in the
operon retaining the same number of genes or possibly de-
creasing in size. Conceivably, monocistrons in the diagram
could be replaced by operons to increase operon size by more
than one gene at a time; segmental duplication of operons
also could generate changes in the abundance of an operon
size class. Models 2 and 3 do not formally distinguish among
these alternative mutational ways in which operon size could
change. However, the models assume either that a single gene
moves per time step or that genes move independently of one
another. Consequently, these models do not capture fission—
fusion events (paths h and i).

contribute to the operon birth—death process, of which
~3434 currently are monocistrons (i.e., the ¢ =1 class).
By contrast, the size-independent model 2 predicts that a
smaller fraction (b ~ 34%) of genes will insert into an
operon of =2 genes, resulting in a smaller overall pool
of “potential” operon genes in the genome (Tables 1
and 2). Given the significantly better fit of the size-
dependent model (model 3), as well as its more intuitive
biological rationale, we focus further discussion on this
model.

The very longest operon class appears slightly more
abundant in the C. elegans genome than expected
(Figure 2). Why might this be the case? The seeming
excess of very long operons could simply reflect sam-
pling, as the C. elegans genome is just a single realization
of the historical process of operon evolution. Future
determination of an excess of very long operons for
operon size distributions in related taxa could refute this
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TABLE 1

Model fits to C. elegans and Ciona intestinalis operon size abundance distribution

689

Model Monocistrons Polycistrons
Organism Model G parameter (b) (fraction of operons) (fraction of operons)
C. elegans Observed — — — (=) 1,150 (—)
C. elegans Model 2 (approximation)  34.833 0.340 2,224 (0.435) 1,146 (0.563)
C. elegans Model 2 (exact) 30.440 0.342 2,207 (0.434) 1,145 (0.566)
C. elegans Model 3 (approximation) 38.677 0.452 3,491 (0.548) 1,155 (0.451)
C. elegans Model 3 (exact) 28.156 0.456 3,434 (0.544) 1,153 (0.455)
C. elegans Power law 190.009 2.712" 11,159 (0.795) 1,161 (0.203)
Ciona Observed — — — (—) 1,310 (—)
Ciona Model 2 (approximation) 9.998 0.183 5,835 (0.667) 1,308 (0.332)
Ciona Model 2 (exact) 9.964 0.183 5,834 (0.667) 1,308 (0.333)
Ciona Model 3 (approximation) 7.458 0.258 8,370 (0.742) 1,310 (0.258)
Ciona Model 3 (exact) 7.342 0.258 8,366 (0.742) 1,310 (0.258)
Ciona Power law 102.910 4.094" 38,377 (0.930) 1,313 (0.070)

“ Log-likelihood Gstatistic values are directly comparable within species.
’Model parameter for the power law model is the exponent a.

explanation. Alternatively, natural selection might favor
disproportionately the retention of very long operons. If
so, we would expect the gene content of very long op-
erons to be preserved over evolutionary time to a greater
extent than shorter operons. Again, this could be tested
with comparisons of orthologous operons in related
taxa. Weaker negative selection against gene addition to
long operons also could potentially generate an excess
oflong operons. Under such ascenario, we might expect
species with smaller effective population sizes to accrue
more and longer operons (by genetic drift) than species
with larger effective sizes. Note that this contrasts with
LyNcH’s (2007) prediction that smaller effective popula-
tion sizes should generally lead to operon elimination.
Comparisons of operon size-abundance distributions
between obligately outbreeding and highly inbreeding
species of Caenorhabditis provide one possible test of this
idea due to their drastically different effective sizes
(CUTTER et al. 2009). Two complications for testing for
an influence of effective population size in Caenorhabdi-
tis are that inbreeding hermaphroditism might have
evolved too recently to see an effect (CUTTER et al. 2008,
2010) and that the evolution of operons might be
confounded by the evolution of breeding system—
operon genes are expressed disproportionately in the
germline and alterations to germline development were
key features in the evolution of selfing hermaphroditism
(reviewed in Haac 2009). Finally, the nonrandom
clustering of operons along chromosomes might facili-
tate fusion of neighboring operons in a way that deviates
from the mutational dynamics assumed in our models.
Specifically, the clustered arrangement of operons in
C. elegans (REINKE and CUTTER 2009) could conceivably
enable this process, so that operon fusion (via a process
like paths h and iin Figure 1) contributes relatively more
to operon size dynamics for long operons compared to
gene translocation. This possibility could be tested

comparatively by examining operon sizes in syntenic
chromosomal regions that contain operon clusters, once
operon structures in species other than C. elegans are
determined empirically.

It also would be valuable to explore the genomic
distributions describing the number of neighboring
genes oriented in the same direction with respect to
operon proximity, as appropriate orientation should be
a precursor for fission—fusion mechanisms of operon
size change. Further analyses of operon evolution, in
terms of gene identity and location, will help elucidate
the relative roles of fission—fusion of neighboring genes
vs. translocation in operon dynamics. Translocation
within chromosomes is widespread in comparisons of
Caenorhabditis genomes (STEIN el al. 2003; HILLIER
et al. 2007), but extant operons in C. elegans also tend to
be clustered (REINKE and CuTTER 2009). Thus, it is
difficult to discern a predominant role for either trans-
location or fission—fusion over the long term.

To contrast with the birth-death approach taken
above, we also considered a model to describe the op-
eron abundance distribution in the C. elegans genome
that is relatively free of biological motivation. Specifi-
cally, a power law distribution also roughly captures the
C. elegans operon size distribution (Figure 2), albeit
much worse than the birth-death models. The power
law distribution also poorly describes Ciona operons
(Table 1; Figure 3). The literature is rife with fitting of
empirical distributions to power law functions, although
the biological interpretation of the parameters in the
operon case is not intuitive. It is encouraging that
biologically motivated models (models 2 and 3) perform
much better.

If the size-dependent model 3 accurately predicts the
abundance of potential operon genes in the genome,
then this should represent the number of genes with
characteristics conducive to entering a polycistronic
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F1GUurE 2.—Model fits to C. elegans’ operon size distribution
in terms of the number of genes in a given operon size class
(A) and for the number of operons of a given size (B). The
“exact” solutions for models 2 and 3 were used in model fit-
ting, although curves for approximate fits are indistinguish-
able by eye. Only operons containing two or more genes
(solid squares) were used in model fitting.

operon. The uniting characteristic of operon genes in
C. elegans is expression in the female germline: as many
as ~95% of genes in operons exhibit germline expres-
sion as assayed by microarray or in situ hybridization
(REINKE and CUTTER 2009). Microarray experiments
have identified ~2800 genes with enriched expression
in the germline (excluding spermatogenesis-enriched
genes), ~1750 of which do not reside in operons
(REINKE et al. 2004; REINKE and CUTTER 2009). We
speculate that these ~1750 loci, plus another ~1700
unknown loci, represent good candidates for the pool of
~3434 monocistronic genes predicted to participate in
the operon birth—-death process. Empirical identifica-
tion of operon compositions in other Caenorhabditis
species would permit testing of the hypothesis that
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F1GURE 3.—Model fits to Ciona intestinalis’ operon size dis-
tribution in terms of the number of genes in a given operon
size class (A) and for the number of operons of a given size
(B). The “exact” solutions for models 2 and 3 were used in
model fitting, although curves for approximate fits are indis-
tinguishable by eye. Only operons containing two or more
genes (solid squares) were used in model fitting.

operon genes present in other species, but not in
C. elegans, would include disproportionate representa-
tion of orthologs for these ~1750 germline-expressed,
monocistronic C. elegans genes.

ReINKE and CUTTER (2009) demonstrated that nearly
all genes within operons are expressed in the female
germline, a tissue in which post-transcriptional regula-
tion of RNA is known to play a particularly critical role
(KimBLE and CRITTENDEN 2007). Moreover, sperm-
related genes, whose expression patterns are controlled
primarily by promoter-based regulation (MERRITT ef al.
2008), are nearly absent from operons (REINKE and
CuTrTiErR 2009). REINKE and CuTTER (2009) conse-
quently proposed thatitis the RNAregulation of oocyte-
and female germline-associated genes (via 3'-UTRs)
that facilitates their successful entry and evolutionary
persistence in polycistronic operons. However, it is not
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TABLE 2

Observed and predicted operon size distributions for model 3

No. of C. elegans operons (genes)

No. of Ciona operons (genes)

Operon

size (1) Observed Model 3 “exact” prediction” Observed Model 3 “exact” prediction”
1 — (17,339) 3,434.0 (3,434.0) — (12,345) 8,366.0 (8,366.0)
2 773 (1,546) 784.4 (1,568.9) 1,079 (2,158) 1,079.3 (2,158.5)
3 243 (729) 238.9 (716.8) 185 (555) 185.6 (556.9)

4 87 (348) 81.9 (327.4) 36 (144) 35.9 (143.7)

5 32 (160) 29.9 (149.6) 8 (40) 7.4 (37.0)

6 8 (48) 11.4 (68.3) 2 (12) 1.6 (9.6)

7 4 (28) 4.5 (31.2)

8 3 (24) 1.8 (14.3)

Total 1,150 (20,222) 4,586.7 (6,317.0) 1,310 (15,254) 9,676.4 (11,275.6)

“The model predicts <1 operon being present of size ¢ > 8 for C. elegans or ¢ > 6 for Ciona.

entirely clear why post-transcriptional regulation would
disproportionately affect female germline-associated
genes. KIMBLE and CRITTENDEN (2007) suggest that
post-transcriptional regulation might facilitate revers-
ibility of transient states of differentiation for germ cells,
which is necessary for the transition from gamete cells to
developing embryo—a plausible hypothesis. With the
emerging importance of small RNA-mediated regula-
tion at the post-transcriptional level in germline tissues
(RuBY et al. 2006; BATISTA et al. 2008; DAs et al. 2008;
WaNG and ReINKE 2008), there must be much more to
learn about how these various pieces of biology fit
together.

Application to Ciona’s operons: The genome of the
ascidian Ciona intestinalis also contains a large comple-
ment of operons, which include ~20% of the genesin its
genome (SATOU et al. 2008). Assuming that the size
distribution is at equilibrium, we applied our birth—
death models to the distribution of operon sizes for
Ciona and observed similarly good agreement to that for
C. elegans. The size-dependent model 3 again provided a
significantly better fit than size-independent model 2,
but the approximate and exact formulations of the
models performed equivalently (Table 1). Operon gene
dynamics in Ciona, however, appear quite distinct from
those in C. elegans, with an estimate lower by nearly half
for the probability of successful entry into an operon
(b~ 0.26 for model 3; Table 1, Figure 3). The model also
predicts a greater total abundance of monocistrons
involved in the operon birth-death process (~8366;
Table 2), so that the total number of genes currently or
potentially residing in operons makes up a much greater
fraction of the Ciona genome (11,275/15,254 = 73.9%
vs. 31.2% for C. elegans). To our knowledge, it is un-
known what characteristics, if any, are shared among
operon genes in Ciona. If it is a propensity for post-
transcriptional regulation that predisposes genes to
persist successfully within eukaryotic operons, rather
than germline expression per se (REINKE and CUTTER
2009), then we hypothesize that genes encoded within

Ciona operons would tend to exhibit RNA-dependent
rather than promoter-dependent regulation.

Presence and absence of operons among eukaryote
genomes: Why do nematode and ascidian genomes
contain so many operons, when few other eukaryotes
do? LyncH (2007) proposed that the typically smaller
effective population size (N.) of eukaryotes is responsi-
ble for the loss, by drift, of operon structures in most
lineages from their common ancestors with operon-rich
prokaryotes. Species of Ciona, however, have exception-
ally large N. (DEHAL et al. 2002; VINSON et al. 2005;
SMALL et al. 2007). Although the present-day effective
size of C. elegans is small, it is probably a result of a
relatively recent origin of highly self-fertilizing repro-
duction, and related species with the ancestrally out-
breeding mode of reproduction appear to have very
high N. (reviewed in CUTTER e/ al. 2009). Note that a
recently small N, for C. elegans means that the operon
distribution in its genome will reflect primarily the
evolutionary processes in its large N, ancestor. If this
attribute of very large N. is common to the deep
ancestors of these groups, then the persistence of
operons in nematodes and ascidians would be consis-
tent with Lynch’s view.

Notably, parasitic nematode species also appear to
have operons (GuiLiaANO and BraXTeErR 2006), and
those that lack a free-living stage are thought to have
experienced for a long time much smaller effective
population sizes than free-living nematodes (CUTTER
et al. 2006). Moreover, the parasitic nematodes Strong-
yloides ratti, Brugia malayi, and Ascaris suum appear to
use only one main mechanism of franssplicing of
operon genes (with spliced leader SL1) in contrast to
other species like C. elegans that use both SL1-and SL2-
like spliced leaders (SPiETH et al. 1993; LEE and
SomMmER 2003; GuiLiaANo and BraxTer 2006). It has
been proposed that SL2-like spliced leaders evolved
after the origin of SL1 and operons in nematodes and
are restricted to the Rhabditina clade as an adaptation
for more efficient trans-splicing of downstream genes



692 A. D. Cutter and A. F. Agrawal

within operons (SPIETH et al. 1993; GuiLiaANO and
BraxTer 2006). However, it will be important to assess
whether SL2-like mechanisms are presentin free-living
members of nonrhabditine nematodes, because it
could be that long-term small N. of the parasitic
lineages allowed the evolutionary loss by drift of SL2-
like transsplicing capacity from an ancestor that
harbored both SL1-and SL2-like spliced leaders, much
akin to how LyncH (2007) proposes that most eukar-
yotes lost the ability to utilize operons. Spliced leader-
mediated transsplicing, which is a necessary precursor for
proper eukaryotic operon transcript maturity, occurs in a
wide diversity of eukaryotes (reviewed in PETTITT ef al
2008). It may prove fruitful to test for operons in the
genomes of species that have very large effective popula-
tion sizes within these groups to better understand the
evolutionary loss of polycistronic transcription.

Conclusions: The polycistronic transcription of genes—
operons—in eukaryotes is common in nematodes and
ascidians, although these genomic features differ sub-
stantially from their bacterial counterparts. Despite well-
described molecular biology in C. elegans, generalities
about the function and evolution of genes encoded in
operons have proved more elusive. Here we derived
birth-death models to describe the genomic distribu-
tion of operon sizes and find that they largely recapit-
ulate the empirical distributions for C. elegans and Ciona
inlestinalis. A size-dependent model of operon dynamics
better fits the genomic distributions of operon abun-
dances than does a size-independent model of gene
turnover in operons. These models also predict that
~17% of C. elegans’ coding genes and ~55% of Ciona’s
coding genes are made up of single, monocistronic loci
that contribute to the operon birth—death process and
could potentially enter successfully into an operon over
the course of evolution. Comparative analysis among
Caenorhabditis species, in particular, holds great prom-
ise for testing hypotheses about operon dynamics made
explicit by this theory of operon evolution.
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FILE S1
SUPPORTING INFORMATION

In order to make an exact model for operon dynamics, it is necessary to have an upper
limit to operon size. Because the largest observed operon size across the two species is
eight genes, we used a maximum operon size of nine genes. To obtain the equilibrium
distribution for the models below, we ran the simulation for 10° iterations for a given set
of parameters.

Recursions for Model 2 simulation
The model here is based on the same biology as Model 2 described in the text but the
recursions differ as slightly different assumptions are made here. In the model given
here, the maximum operon size is nine so that genes cannot move from other operons into
an operon that already contains nine genes. Both models lead to the same equilibrium
distributions when the probability of moving into an existing operon b is small. The
approximation given the text relies on this assumption (b << 1) whereas the recursions
here do not.

As in the main text, we define O; as the number of operons of size class i (i.e., an
operon consisting of 7 genes). Let the total number of operons (including potentially
operonic genes existing as monocistrons) be

OT = ioi
i=1

We assume that during a single time step only a single gene moves (i.e., a time step is
defined by the translocation of single gene). In this model, the operon is the unit of
action so that a monocistronic “operon” is as likely to lose a gene as a polycistronic
operon of any size. Similarly, all operons are equally likely to gain a gene, except
operons of size nine that are assumed to be unable to receive additional genes. In
constructing the recursions it is necessary to consider every possible size class of operon
from which a gene could excise and every possible size class of operon where it could re-
insert and the consequence of this movement. For example, if a gene excises out of an
operon of size 9 and reinserts into an operon of size 2, then this alters the number of
operons in four different size classes: Ot + 1] = Oy[f] — 1, Og[t + 1] = Os[f] + 1, Oyt +
1]1=0s[f] -1, and O3]t + 1] = Os[t] + 1.

Given that any operon, independent of its size, is equally likely to lose or gain the
single gene that moves during a given time step, the number of monocistrons after a
single time step is

01[t+1j=01[zj-01[’]b(2 Olrl-1 +(1- ol1]-1 )
Orlt] \ O;lt]-0,l1]-1 O,[t]-O,[1]-1

-(1- O,[t]+ O,] 1]+ 09[1‘])[) olrl_oln, n!
Orl1] Oplt1-0lt]  Oplt] Oplt]=(Oslt]-1)

)(1 _py+ el

+(1 _O|lt1+0,1]
O;l1]

O, lt]

2(1—b)+b(1——01[t]+1 ))
Orlt]-Osl1]
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The recursion for dicistronic operons is

02[t+1J = OZ[IJ_%(I_b_*_b ) OzltJ—l +(1_ OlltJ+ OZ[IJ)

OT[t] OT[I]_O9[I] OT[[]_OQ[t]

[, _0li1+ 011+ Oilt1+ 011\, [ Oil11-Oll1]
0,1] O,11]-0,l1]

_ol1] b(OArJ—(O,lrJ—l))_OguJ b( 0,111~ Ol1] )

|

OT[t] OT[t]_O9[t]_1 OT[t] OT[[]_(09[I]_1)
Lol +b(2 oln__, (1_ O|lt]+ 02m+1) )
0, 11] O,1t1-0,[1] O,1t1-0,1]

The recursion for operons of size i € {3-7}1s

|

Olt+1]1=0,t]-
OT[t] OT[t]_09[t] OT[t]_09[t]

-(1 Olt]+ O, [1]+ O[]+ O, [1]+ O, [t]) ( [t]-0, [t])

o|l1] 1_b+b(2 ol1]-1 +(1_0,-_1[tj+0,-ltJ)

0,111 O,111- 0,1]
ol ( ,ltl) O,l1] ( O,[t1-0,_[1] )
T 0,111 \O,1t1-0,lt1-1) 0,11 \ O, [t]-(O,]1]-1)
O.ltl,(0]11=(0,111-1)
AT ( 0,111 0,[1] )

L | P P 13 +(1_0,._1[r]+0i[t]+1)
O,l1] O, [t]1- 0,11 O, 11— O,|1]

The recursion for operons of size i = 8 is
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O,lt
08[t+1J=08[tJ—?l[t;(l—b+b 2

Osltl=1 [, _Osltl+O4l1]
OT[I]_O9[1] OT[[]_OQ[t]

|

0,1 O, [t1-0,|1]
_ol1] b( Oyl1]-Oyl1] )_ Oyl1] b( Oyl1]-(Oyl1]- 1))

-(1 _Olt1+ 0,11+ O4l1] + ogm) b( O4l11- 07m)

OT[t] OT[I]_OQ[I]_I OT[t] OT[t]_09[t]
AL | PP S 0,[1] +(1- O,[1]+ Oyl t]+1 )
O, lt] Orlt]-(O,[1]-1) Oplt]-(Osl1]-1)

The recursion for operons of size i =9 is
Ol1]

1—b+b(1— Osltl+1 )
0,1 O, [1]-(O,[t]-1)

+(1 O+ 041+ Og[t]) b( O4l1] )
0,111 O, 1t]-0,l1]

, ol b( Ol1] )+08[t]b( Ogm—lj
0.1t] \O,[t]-0,[t]1-1)  0.[t] \O,[t]-0,[t]

Ol +1]=0,t]-

Recursions for Model 3 simulation

The recursions given here are based on the same biology as for the version of Model 3
described in the text but, as above, we have assumed operons cannot contain more than
nine genes.

As for the recursions described above, we define a single time step by the
translocation of a single gene. In this model, the gene is the unit of action so that larger
operons are more likely to be the site of a loss or a gain of a gene.

Let nr be the total number of operonic genes and f;[¢] be the frequency of
operonic genes that reside in operons of size i. The recursion for monocistronic operons

is
,_ Olil-1 +(1_ o|lt]-1 ))
n, -1-90,[1| n, -1-90,[1|

olt]
n, —1-90,|1] fgmbOT

Olt+1]1=0lt]- flt]b

Ot

~(I=(fle1+ fle1+ fleD) [11-90,[1]+8

O|lt]+1
+(L=(flr1+ flDY1-b) + fzm(zﬂ -b)+ "(1 - m))
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The recursion for dicistronic operons is

0,11 +1]= OZ[IJ—letJ(l—bHo

, 20il11=D (| _(Oli1+D+2(0,l11-1)
n, —1-90,1] n, -1-90,1|

(L= (filrd+ flel+ filil+ fg[t]))b(w)

n, —1-90,1]

20,111- (0111 - 1)) _ fgm,?( 20,111-0|l1] )
ny —1-90,|1] 0,[t]-90,[t]+8)

—flltjb(

+f3[l](1 -b+ b(2¢+ (1 _ 01”] + 2(02[t] + 1)))]

n, —1-90,1] n, —1-90,1]

The recursion for operons of size i € {3-7}is

Olt+1]=0O|t]- flt]|1-b+b 2M+ 1—(i_l)(oi"lltj+1)+i(Oi[tJ_l)
f e ny —=1-90,1] ny =1-90,[1]

(1= Cfle1+ faltl+ flil+ flil+ Ogltj))b(io"[t]_ (i‘l)of-l[’])

n, —1-90,1]

. i0[t]- (=)0, [1]) i0]t]- (-0, 1]
flmb( n, —1-90,[t] ) / Mb( O,[t1-90,[t]+8 )
_ iOi[t]_(i_l)(Oi_1[t]_l)

fl'-lmb( n, —1-90,[t] )

. ﬁ+l[t][1— b b(z (i-DO 1l (1_ (i-DO,[1]+ i(O,-[z1+1))D

n, —1-90,1] n, —1-90,1]

The recursion for operons of size i = 8 is
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Oyl +1]= OS[IJ—fS[tJ(l—b+b

5 80dt1=D) (| 7Olt1+ 1 +8(Ol11-1)
n, —1-90,|t] n, —1-90,|1]

(1= (Alel+ folel+ flrl+ fg[rp)b(wsm - 707m)

n, —1-90,[t]
B 80,lt1-70,111) 80,[t]-7(0,[1]-1)
flmb(nT—l—909[t]) be( n, —1-90,[t| )

+f9m(1 —b+ b(z 70010, (1 _70,1t1+ 8(O4l1] + 1)))]
O;[t]-90,[t]+ 8 0,1t]1-90,[t]1+8

The recursion for operons of size i =9 is

P _ __8Olrl+D)
O,l1 +1]1=O,lt] fgltl(l b”’(l nT—909[r]+8))

80,1
n, —1-90,1]

8(Ggl7]-1)
n, —1-90,1]

+(1=(£lt1+ folt]+ fg[f]))b(

801

+flmb( n, —1-90,1]

)+ fsltjb(

Simulations were performed in a program written in C.



