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Figure S1 (Previous page.) Median net F2 hybrid misregulaƟon in relaƟon to populaƟon size and the evoluƟonary

rate of the direcƟonally selected trait (∆Popt), for pleiotropic (clear boxes) and two-domain (gray boxes) models. Pop-

ulaƟons evolved from n = 24 to zero mismatched bits in the posiƟvely selected regulatory interacƟon over the course

of 2000 to 40,000 generaƟons, under populaƟon sizes ranging from 25 to 400. (A) MisregulaƟon of the direcƟonally

selected trait. Pleiotropy constrainedmisregulaƟon overall, especially when populaƟons were large and selecƟon was

gradual. Missing data in the first column is due to populaƟon exƟncƟon. (B) MisregulaƟon of the conserved trait. In

the pleiotropic model, selecƟon produced moderate change in the pleiotropic locus, in turn favoring a compensatory

response at the cis-regulated locus of the conserved trait, resulƟng in interpopulaƟon divergence and hybrid misregu-

laƟon there. In the two-domain model, divergence occurred mainly due to neutral compensatory evoluƟon between

the conserved cis-regulated locus and the trans-regulaƟng domain upstream of it. With pleiotropy, divergence in the

conserved interacƟon occurred in a shorter Ɵme and at larger populaƟon sizes. Missing data in the first column is due

to populaƟon exƟncƟon. Box plots show median, quarƟles and full ranges.
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Figure S2 (Previous page.) Median net F2 hybrid misregulaƟon of the posiƟvely selected trait under varying selecƟon

strengths (1/σ2
s ) and mutaƟon-effect sizes in the pleiotropic (clear boxes) and two-domain (gray boxes) models. (A

and B) 12-bit moƟf, which yields a larger mutaƟon effect size. (C and D) 24-bit moƟf, which yields a smaller mutaƟon

effect size. SelecƟon strengths correspond to the steepness of the fitness funcƟon around Popt (equaƟon 2), and are

expressed as mulƟples (0.125–8) of 1/σ2
s , where at baseline, the tolerance σ

2
s = 2.5 ∗ 10−3. The strength of selecƟon

at the posiƟvely selected trait has no effect. SelecƟon strength at the conserved trait has no effect in the two-domain

control model, but increasingly constrains misregulaƟon in the pleiotropic model as selecƟon strength increases. The

constraints on the evoluƟon ofmisregulaƟon are not quite as strong as in the 12-bit case. Marginal fitnesses depend on

1/σ2
s and are not shown. Box plots show medians, quarƟles and full ranges. SimulaƟon condiƟons as in text Figure 4.
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Figure S3 Median net F2 hybrid misregulaƟon under varying mutaƟon rates occurring at cis-regulatory sites of sep-

arate traits in the pleiotropic (clear boxes) and two-domain (gray boxes) models, with a moƟf length of 24 bits that

results in a lower mutaƟon effect size. The 12-bit case is shown in text Figure 4. Results are broadly similar, differing

as noted below. MutaƟon rates are expressed as mulƟples (0.125–8) of the baseline mutaƟon rate of 8.333 ∗ 10−5

per bit. (A) Median net F2 misregulaƟon of the posiƟvely selected trait as a funcƟon of varying the overall mutaƟon

rate. MisregulaƟon was constrained to lower values in the pleiotropic model relaƟve to the two-domain model and

the extent of constraint increased with mutaƟon rate. The constraint is less at high mutaƟon rates for the 24-bit case

relaƟve to the 12-bit case. (B) As (A), instead varying the mutaƟon rate only at the cis-regulatory locus of the con-

served trait. MisregulaƟon was again constrained in the pleiotropic model relaƟve to the two-locus model, but was

not sensiƟve to mutaƟon rate. The constraint at low mutaƟon rates is marginally stronger than in the 12-bit case.

(C) MisregulaƟon of the conserved trait as a funcƟon of the mutaƟon rate at the cis-regulatory locus of the posiƟvely

selected trait. In the pleiotropy model, misregulaƟon was high at low mutaƟon rates, dropping to zero as mutaƟon

rate increased; this constraint was slightly stronger in the 12-bit case of text Figure 4. NomisregulaƟon occurred in the

two-domain model. Box plots show medians, quarƟles and full ranges. SimulaƟon condiƟons: direcƟonal selecƟon

was applied at the rate of∆Popt = 1/4000 gen−1 over the course of 4000 generaƟons; populaƟon size = 400.

6 SI A. Y. Tulchinsky et al.



FILE S1

SensiƟvity to evoluƟonary rate:

To compare evoluƟonary outcomes under posiƟve selecƟon with pleiotropy to those under stabilizing selecƟon

with geneƟc driŌ, we compared misregulaƟon of the conserved trait in the pleiotropy model (Figure 1A) and the two-

domain model (Figure 1B). We expect hybrid misregulaƟon under pleiotropic constraint to be become increasingly

likely under condiƟons that limit the availability of Ɵmely favorable mutaƟons at the cis-regulatory locus of the direc-

Ɵonally selected trait. MutaƟons at the TF site, while less beneficial because of their fitness costs at the stabilized trait,

could sƟll be beƩer than none at all. Faster change inPopt and decreased populaƟon size can impose these condiƟons.

Methods: We performed simulaƟons at populaƟon sizes of 25, 50, 100, 200 and 400, crossed with evoluƟonary

rates ranging from 1/2000 to 1/40000 generaƟons. For this we used alleles of length n = 24 bits and G-Pmap ’d’ of Fig-

ure 2. The 24-bit model decreases mutaƟon effect size and allows greater opportuniƟes for compensatory evoluƟon.

We varied the evoluƟonary rate,∆Popt, by varying the duraƟon of the simulaƟon as Popt of the direcƟonally selected

trait changed gradually from 0 to 1.

Results: We found net F2 hybrid misregulaƟon of both the direcƟonally selected and stabilized traits, with an

interacƟon between evoluƟonary rate and populaƟon size that differed between the models. In the direcƟonally

selected trait (Figure S1A), misregulaƟon was highest in the two-domain model and constrained in the pleiotropic

model. Decreasing populaƟon size and increasing evoluƟonary rate interacted to weaken the pleiotropic constraint.

PopulaƟon size and evoluƟonary rate had no effect in the two-domain model, where only linkage could contribute to

the geneƟc correlaƟon. These results are for the 24-bit model, and the 12-bit model (not shown) yielded the same

paƩern with slightly lower HI values overall.

For the trait under stabilizing selecƟon (Figure S1B), F2 hybrid misregulaƟon only appeared in the pleiotropic

model, unless populaƟon sizes were very small and the evoluƟonary rate was very slow at the direcƟonally selected

trait. At a populaƟon size N = 25 and an evoluƟonary rate of ∆Popt = 1/40000 generaƟons, net F2 misregulaƟon of

the conserved trait in the pleiotropic and two-domain models was similar. In the pleiotropic model, high misregula-

Ɵon occurs because the pleiotropic TF locus provides some of the response to selecƟon on the direcƟonally selected

trait, selecƟng in turn for compensatory mutants at the cis locus of the conserved trait. For the two-domain model,

the misregulaƟon paƩern is consistent with compensatory evoluƟon where the cis-regulatory locus of the conserved

trait evolves essenƟally independently of the direcƟonally selected locus, with perhaps a small contribuƟon of linkage

between domains at the TF site. In other words, the two-domain model behaved as if it were a simple two-locus

model under stabilizing selecƟon (Tç½�«®ÄÝ»ù et al. 2014). In contrast, for the pleiotropic model we found the same

interacƟon between populaƟon size and evoluƟonary rate as in Figure S1A.

In some cases, the pleiotropic model showedmore net F2 hybrid misregulaƟon at high populaƟon size than at low

A. Y. Tulchinsky et al. 7 SI



populaƟon size (Figure S1B). Total F2 hybrid misregulaƟon in these cases was nevertheless high, due to a large con-

tribuƟon from misregulaƟon in reconsƟtuted parental genotypes. At low populaƟon size, geneƟc load accumulates

and can produce substanƟal misregulaƟon in the parent populaƟons, especially when direcƟonal selecƟon to the final

opƟmal phenotype is more rapid (∆Popt > 1/4000 generaƟons).

Effects of fitness funcƟon and mutaƟon effect size:

Binding regions vary in length among types of TFs and their promoters, and we suspected this would affect evolu-

Ɵonary rates and pleiotropic constraints. Under a given set of bioenergeƟc parameter combinaƟons, mutaƟons with

smaller effect sizes at the pleiotropic (TF) locus will also have smaller effects on both downstream phenotypes and

their marginal fitnesses. That may increase the chances that subsƟtuƟons will occur at that locus, and in turn, lessen

the pleiotropic constraint to allow more hybrid incompaƟbility to evolve. Here we test that scenario.

MoƟf length n is a good proxy for mutaƟon effect size. To illustrate this, consider for reference the 12-bit G-P map

or fitness landscape ’d’ of Figure 2, which is based on bioenergeƟc parameter values ofNTF = 100, Ediff = -1 and∆G1

= -0.6125. A single mismatch of this map yields a phenotype of P = 0.978. By manipulaƟng equaƟon 2, we find that a

24-bit map with n = 2 mismatches has the same shape atNTF = 100,Ediff = -1 provided the free energy of associaƟon

is∆G1/2.

Methods: The bioenergeƟc parameters determine differences in expression levels between genotypes, thus the

shapes of the G-P map and fitness landscape (text Figure 2). These outcomes should also depend on environmental

parameters determining marginal fitness. Higher values of σ2
s in the fitness funcƟon of a trait correspond to a flaƩer

marginal fitness landscape around its opƟmumand thereforeweaker selecƟon on a given deviaƟon from the opƟmum.

Conversely, higher values of 1/σ2
s correspond to a steeper fitness funcƟon and stronger selecƟon. We present our

results in units of steepness (1/σ2
s ) rather than flatness (σ2

s ) because we find it more intuiƟve. To study the effect of

the fitness parameters directly, we varied σ2
s between 1/8 and 8 Ɵmes the value used in the body of the paper, σ2

s =

2.5 ∗ 10−3 at each trait.

We tested the role of mutaƟon effect size by using a binding moƟf of length n = 12, which has a larger mutaƟon

effect size than a moƟf of n = 24 bits. We used the genotype-phenotype (G-P) maps and fitness landscapes labeled

’d’ Figure 2, scaled to the 24-bit case by dividing ∆G1 by 2. The resulƟng G-P map shapes are idenƟcal, except that

the horizontal axis extends to 24 rather than 12 mismatches. To study the interacƟon of mutaƟon rate and mutaƟon

effect size, we repeated the analyses of text Figure 4, which is based on the 12-bit moƟf, using the 24-bit moƟf. We

likewise examined the interacƟon between selecƟon strength and mutaƟon effect size by comparing results from the

12-bit and 24-bit moƟfs.

Results: We found that the extent that hybrid misregulaƟon evolved under a given fitness funcƟon depended on

relaƟve strengths of selecƟon acƟng through the phenotypic and fitness effects of these parameters.
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The effect of the steepness of the fitness funcƟon on net F2 misregulaƟon is shown in Figure S2. The strength of

selecƟon had no effect on misregulaƟon in the two-domain model (gray bars), but misregulaƟon was constrained to

lower levels in the pleiotropicmodel (white bars). For the direcƟonally selected trait (Figure S2, A and C), the steepness

of the fitness funcƟon had only a minor effect. However, increasing selecƟon on the stabilized trait increased the

pleiotropic constraint, such that misregulaƟon decreased and ulƟmately disappeared (Figure S2, B and D). Reducing

the mutaƟon effect size by adopƟng a 24-bit moƟf had no effect in the two-domain model. In the pleiotropic model,

it only slightly reduced the constraint on misregulaƟon imposed by the 12-bit moƟf.

A similarly small influenceofmutaƟoneffect size appeared in relaƟon to variaƟon inmutaƟon rate. In the pleiotropic

model, decreasing the mutaƟon effect size by seƫng n = 24 lessened the constraint on the evoluƟon of misregulaƟon

relaƟve to the 12-bit case (Figure S3 A and B, vs. Figure 4 A and B). MutaƟon effect size and mutaƟon rate interacted,

such that median net misregulaƟon in the 24-bit case was 1.2x higher at the lowest mutaƟon rate and 5x higher at

the highest mutaƟon rates. The interacƟon effect on misregulaƟon of the conserved trait was similar but not as pro-

nounced (Figure S3 C vs. Figure 4C). In the two-domain model, mutaƟon effect size again played no role in the extent

of misregulaƟon.

These results confirm our predicƟon that lowing mutaƟon effect sizes will reduce the pleiotropic constraint on

hybrid incompaƟbility, permiƫng more to evolve.

Earlier work by JÊ«ÄÝÊÄ and PÊÙã�Ù (2007) examining the evoluƟonary dynamics of a pleiotropic locus that si-

multaneously regulates posiƟvely selected and conserved traits also found that increasing the strength of stabilizing

selecƟon decreased divergence at the pleiotropic locus. In thatmodel, which did not include bioenergeƟc parameters,

the pleiotropic locus experienced divergence sufficient to produce hybrid incompaƟbility even under strong stabilizing

selecƟon. The following differences in model assumpƟons likely explain this result. First, the mutaƟon effect size was

effecƟvely smaller in the JÊ«ÄÝÊÄ and PÊÙã�Ù (2007) model, in that mutaƟon effects followed a Gaussian distribuƟon

with no minimum effect size. This allowed compensatory evoluƟon to proceed in smaller steps. Second, because of

a detail in how allelic values were represented, a large fracƟon of all potenƟally compensatory mutaƟons successfully

compensated for a given pleiotropic mutaƟon. Though compensaƟon is more difficult in the bioenergeƟc model, our

results in general agree with JÊ«ÄÝÊÄ and PÊÙã�Ù (2007) that selecƟon due to pleiotropy drives the evoluƟon of HI in

a conserved regulatory interacƟon under a broad range of parameter values (Figures 3 and S1).

Effects of other bioenergeƟc parameters:

MoƟf length is a good proxy for mutaƟon effect size as we described in the secƟon above, provided we subsƟtute

∆G1/2 for ∆G1 of the 12-bit G-P map. The same logic applies if we subsƟtute for other bioenergeƟc parameters,

and the same outcomes derive from those effects. The same phenotype of P = 0.978 for G-P map ’d’ in Figure 2 can

be found for a 24-bit moƟf by changing any of the bioenergeƟc parameters. For example, a 24-bit G-P map with this
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phenotype at ∆G1/2, but having only n = 1 mismatch, exists when Ediff = -1.896. We also get the same phenotype

using Ediff = -1 and∆G1 = -0.6125 on the 24-bit map, provided thatNTF = 41.

The result is that the same types of mutaƟon-effect constraints apply, but scaled differently. For example, the

effect of a single subsƟtuƟon in a 12-bit moƟf with NTF = 100 can be achieved with a single subsƟtuƟon in a 24-bit

moƟf andNTF = 41. Roughly, doubling the genome size will produce the sameEdiff for a 24-bit moƟf as you would find

in a 12-bit moƟf. Thus, re-regulaƟng to get the same evoluƟonary effect of a subsƟtuƟon at a TF or cis-regulatory site

can be achieved by down-regulaƟngNTF through upstream evoluƟonary change.
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