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SUMMARY  28 

Developmental gene networks are deployed in complex temporal and spatial patterns. Methods for 29 

studying gene networks and expression typically only capture variation along one axis, i.e. spatial but 30 

not quantitative variation or vice versa. Here we use hybridization chain reaction (HCR) to 31 

quantitatively measure spatial gene expression in multiple genotypes from two sexes of two species 32 

(Drosophila melanogaster and D. simulans). We do this in the eye imaginal disc, which is initially 33 

patterned by a wave of differentiation marked by a visible indentation of the tissue, termed the 34 

morphogenetic furrow (MF), that passes from the posterior to the anterior of the disc, giving each disc 35 

an element of both time and space in development (Fig 1). The furrow is initiated by hedgehog, which 36 

both represses (short range) and activates (long range) hairy (Fig 1) [1,2]. hedgehog also activates 37 

the expression of atonal, driving the furrow anteriorly [3-5]. Delta/Notch is under the control of 38 

hedgehog and represses atonal [6,7].  We analyze the spatial quantitative expression of hedgehog, 39 

hairy, atonal, and Delta to understand the evolving regulatory logic of the gene network and changes 40 

in spatial dynamics between sexes and species. We find that gene expression varies among 41 

genotypes and sexes, but remains stable between species, with the exception of Delta and hairy. 42 

Surprisingly, this apparent stability is accomplished through changes in the interrelations between 43 

genes within a network, and is exhibited at both quantitative and spatial levels. 44 

  45 
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RESULTS AND DISCUSSION 46 

Understanding the relationship between genotype and phenotype requires a mechanistic 47 

understanding of development, as it is the ultimate connection between the two. However, analyzing 48 

this relationship requires understanding how genes are deployed in quantitative replicable way.  49 

Without quantitative replication, there can be no rigorous statistical testing when developmental 50 

processes are compared among conditions, including health versus disease.  To date there has been 51 

a surprising deficiency of such quantitative genetic treatments of basic developmental processes.  The 52 

goal of this paper is to provide a proof-of-principle for the presence of abundant natural genetic 53 

variation in morphogen deployment during development.  We focus on the well-known morphogens 54 

driving ommatidia specification in Drosophila [8-12]. 55 

We employed recently developed HCR to measure genotype, sex, and species-specific spatial 56 

quantitative gene expression patterns. HCR is unique in that it produces gene expression patterns that 57 

are both quantitative and spatial. While other approaches such as FISH can be adapted to detect 58 

individual transcripts, HCR has a linear signal that is 20x brighter than FISH, it reduces non-specific 59 

background staining, and it can detect 88% of single RNA molecules in a cell with an appropriately low 60 

false discovery rate [13,14].  It is also highly repeatable, with different sets of probes targeted to the 61 

same gene showing correlations of .93-.99 (S. Fraser, pers. comm.). The DNA probes were designed 62 

and synthesized by Molecular Instruments [15] (Table S1). Four genes were multiplexed in each 63 

preparation (hairy, atonal, Delta, and hedgehog), as orthogonally-designed hairpins allowed the 64 

simultaneous amplification of their target sequences. Eye imaginal discs were dissected using 65 

standard procedures from three genotypes and both sexes of previously published D. melanogaster 66 

and D. simulans inbred panels [16,17].  In order to compare gene expression patterns between eye 67 

imaginal discs gene expression was quantified and each image was registered to a common grid such 68 

that the same regions are being compared despite variation in disc size and deformation (Methods 69 

S1).  70 

We interpret the evolution of quantitative spatial patterns of gene expression in light of regulatory 71 

relationships among them. We approach a spatial and quantitative analysis of these gene expression 72 
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patterns in three ways, first by explicitly creating a spatial gene expression profile and comparing 73 

between genotypes, sexes, and species. Second, we were interested in examining if the regulatory 74 

relationship between these genes had evolved between species or harbors variation within a species. 75 

Lastly, we investigated the possibility that the spatial relationship between these genes relative to the 76 

MF had evolved or harbors variation within populations. 77 

First, to characterize the spatiotemporal dynamics of transcriptional activity along the anterior-78 

posterior axis, we took the spatial average of signal across the dorsal-ventral axis and compared 79 

between species, genotypes, and sexes (Fig 2). We fit curves to each gene expression profile using 80 

the mgcv package in R, using a generalized additive model with integrated smoothness estimation 81 

(Fig 2, Supplemental Experimental Procedures). Smoothing terms are represented using penalized 82 

regression splines.  The curves were fit to the original range of values and down sampled to eight 83 

points to capture their overall profile.   84 

What we found was that the spatial quantitative gene expression profile of all four genes varied 85 

between genotypes, species and sexes in different ways (Fig 2). The profile of hairy expression is 86 

significantly different between genotypes (F40,195 = 2.33, p = 6.99 x 10-6) and there is an interaction 87 

between genotype x sex (F40,195 = 1.62, p = 0.017) (See Fig 2a for the results of the full models). There 88 

is also a significant difference between D. simulans and D. melanogaster (F8,43 = 4.7, p = 0.0004). The 89 

profile of atonal expression is significantly different between genotypes (F40,195 = 2.04, p = 7.4 x 10-4), 90 

sexes (F8,35 = 2.6, p = .024), and there is an interaction between the two terms (F40,195 = 1.73, p 91 

= .0077). The expression profile of Delta is significantly different between genotypes F40,195 = 2.15, p 92 

= .0003), sexes (F8,35 = 4.55, p = .0007), and genotype x sex (F40,195 = 1.91, p = .002). The expression 93 

profile of Delta is also significantly different between species F8,43 = 2.18, p = .048) and species x sex 94 

(F8,43 = 2.55, p = .024). hedgehog is significantly different between genotypes (F40,195 = 1.89, p 95 

= .0025), sexes (F8,35 = 2.23, p = .049), and genotype x sex (F40,195 = 2.01, p = 9.5 x 10-4). Thus, hairy 96 

and Delta have evolved different spatial quantitative expression patterns between species, while hairy, 97 

atonal, Delta, and hedgehog harbor variation within species and sexes. 98 
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Second, it is possible that the genes in the MF have evolved, or harbor variation, for how they 99 

affect each other in a particular cell, termed here the ‘regulatory logic’. For example, is high atonal 100 

expression associated with high expression of hedgehog, given that hedgehog activates atonal? We 101 

cannot parse changes in regulatory logic versus overall spatial expression pattern, thus we focus on 102 

genes known to regulate one another. We also cannot exclude the role of other unmeasured genes. 103 

We used the following equations to determine the relationship between the expression of these genes: 104 

 105 

hairy 𝑖, 𝑠 = 𝑘%&× Dl 𝑖, 𝑠  + 𝑘''×ℎℎ 𝑖, 𝑠 + 	𝛼 106 

 107 

atonal 𝑖, 𝑠 = 𝑘%&× Dl 𝑖, 𝑠  + 𝑘''×ℎℎ 𝑖, 𝑠 + 	𝛼 108 

 109 

The coefficient 𝑘 and constant 𝛼 were fit using standard methods for multiple regression. Here 110 

hairy 𝑖, 𝑠  and atonal 𝑖, 𝑠  are the measured expression level of each gene in cell i in individual s. 111 

Dl 𝑖, 𝑠  and ℎℎ 𝑖, 𝑠 	are vectors containing the corresponding expression levels of hairy and atonal’s 112 

regulators Delta and hedgehog. To determine if the regulatory logic is the same between genotypes 113 

and species we can then use the regression coefficients from these models in a MANOVA. The 114 

regulatory logic of hairy and its upstream regulators Delta and hedgehog is different between species 115 

(F2,49 = 3.52, p = .037) (Fig 3A-C). There is also a difference in the regulatory logic between sexes 116 

(F2,41 = 3.5, p = .038).  We illustrate this difference between species in Figure 3, where a different 117 

relationship between hairy and hedgehog is visible between D. melanogaster and D. simulans. The 118 

regulatory logic of atonal does not seem strictly to have evolved between species, but there is a 119 

significant interaction between species x sex (F2,49 = 4.17, p = .021). Furthermore, while there was no 120 

significant effect of genotype for hairy, there is for atonal, indicating that there is variation segregating 121 

in the population effecting the relationship between atonal, hedgehog, and Delta (F10,84 = 5.17 p = 7.22 122 

x 10-6). There is also a significant interaction between genotype x sex (F10,84 = 3.31, p = .0012). Thus, 123 

the relationship between hairy and atonal and their regulators has evolved between species and 124 

sexes in hairy, and between genotypes and sex in atonal. For example, in D. simulans this appears as 125 
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an approximately linear relationship between hairy and hedgehog expression that is not present in D. 126 

melanogaster (Fig 3A). We cannot, however, rule out a role for other unmeasured genes in the 127 

network.  128 

Significantly different regulatory logic in males and females, and species, is somewhat surprising. 129 

Eye size does seem to vary both within and between species, but the exact nature of this variation is 130 

unclear. By one account female eyes in D. melanogaster are smaller than expected based on 131 

allometry, while other work finds that the opposite is the case in both D. melanogaster and D. 132 

simulans [19,20]. Body size is at least in part controlled by Sex-lethal, and sex specific development in 133 

somatic tissues are governed by doublesex [21,22]. We have detected doublesex expression in the 134 

eye anterior to the morphogenetic furrow, in cells prior to cell cycle arrest at the furrow (Supplemental 135 

Fig 1). It is possible that an interaction between doublesex and hairy, atonal, Delta, or hedgehog is 136 

mediating the change in regulatory logic between sexes.  137 

Lastly, we wanted to understand if there had been evolution of the relationship between the furrow 138 

and gene expression, or if variation existed for the size of the furrow overall. For example, the furrow 139 

was called as the position of overlap between atonal and hairy expression, but it is unclear how the 140 

overall gene expression pattern of these genes relates to their overlap. For example, is the position of 141 

maximum expression of each always the same relative to the furrow? Two processes occurred to 142 

make the furrow comparable between samples, they were shifted to occupy the same position 143 

depending upon the position of overlap of hairy and atonal, and they were scaled to occupy the same 144 

total area. The amount required to scale will depend both on the size of the original disc and the width 145 

of the furrow relative to the disc. To account for differences in size we include the number of rows in 146 

the original disc prior to any transformations as a cofactor and perform ANOVA in R. The amount that 147 

they were shifted is not significant for genotype, sex, or species, suggesting that the relationship of 148 

maximum gene expression with the furrow does not vary. However, the amount that they were scaled 149 

is, after accounting for original differences in size, for both genotype and species (F5 = 32.43, p = 4.9 x 150 

10-5, F1 = 7.43, p = 6.89 x 10-7).  This suggests that the total width of the MF varies between species 151 

and genotypes, but not between sexes.  This is also suggestive of evolving interrelationships among 152 
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genes that could result in broader or narrower areas in which they enhance or suppress expression of 153 

one another.  154 

It must be noted that all of the Drosophila included in this study have phenotypically normal eyes. 155 

This type of developmental variation which does not result in a phenotypic difference is generally 156 

termed cryptic variation [23,24]. During normal development of the eye this variation is buffered by 157 

downstream processes, including cell proliferation and apoptosis [25].  In the past this cryptic variation 158 

has been experimentally exposed through the use of synthesized genetic backgrounds with large 159 

perturbations that prevent buffering of variation [24]. From this work, it has been assumed that 160 

developmental processes vary cryptically among natural genotypes, but it has never been 161 

experimentally observed before. Here, we provide the first empirical support for this hypothesis.   162 

  In the past, the developmental approach to understanding gene networks has been to analyze 163 

large effect mutations and their qualitative downstream effects. This results in robust data on 164 

perturbed regulatory networks, but obfuscates information on more normal interrelationships among 165 

genes. Similarly, the evolutionary approach to development generally targets large changes that have 166 

occurred over large phylogenetic distances [26]. Here we take an entirely different approach by 167 

focusing on small, quantitative variation between genotypes and closely related species. Using this 168 

approach, we were able to quantify the regulatory relationships among genes and to observe how 169 

these relationships are altered between sexes and how they evolve between sister taxa.  Reconciling 170 

the speed of this cryptic developmental evolution with the patterns of molecular evolution in the 171 

underlying genes will yield new insights on the rules governing microevolution of gene regulatory 172 

networks. 173 
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 184 

 185 

Figure 1. a) A summary of the eye patterning genes and pathway explored in this paper. The position 186 

of the morphogenetic furrow is shown in pink, and its direction of travel indicated below. Regulatory 187 

relationships are illustrated either as repression (bar) or activation (arrow). Shown at right is a 188 

composite image of all four genes (hairy (white), atonal (red), Delta (green), and hedgehog (blue)). 189 

Please note that this is a very simplified illustration, intended as a summary between the genes that 190 

are the subject of this paper rather than an exhaustive illustration of the eye patterning gene network. 191 

b) Example gene expression patterns of each gene. hedgehog and Delta were recolored in Photoshop 192 

(Adobe, v. 21.1) without altering any aspects of expression level or contrast.  193 
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 194 

Figure 2. a) An example of the data-processing used to produce gene expression profiles. hairy 195 

expression is shown on the left for an imaginal disc, while on the right is the same disc after it has 196 

been segmented and registered. The bottom is an example of a curve being fitted to the gene 197 

expression profiles, though note that the curve corresponds to the average in a given row (x-198 
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axis). b) An illustration of variation in hairy expression between species and sexes. Curves 199 

shown are fitted to all genotypes within a sex and species with confidence intervals indicated in 200 

gray. Only the effect of species was large enough to be significant, though it is clear that perhaps 201 

with a larger sample size an interaction effect would also have been significant. c) An illustration 202 

of variation in atonal expression between genotypes and sexes. Curves shown are fitted to all 203 

samples within a genotype and sex with confidence intervals indicated in gray. The effect of 204 

genotype, sex, and genotype x sex were significant. All D. melanogaster genotypes are shown in 205 

shades of purple, D. simulans in blue. d) The results of the full model for each gene, significant p-206 

values are indicated and bold, with gray shading.  207 

 208 

 209 

 210 

 211 
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Figure 3. a) An example of the differences in regulatory logic between D. simulans and D. 212 

melanogaster for hairy and hedgehog. The heat map illustrates the density of points, and thus reflects 213 

the frequency of a given co-expression profile between hairy and hedgehog. Gene expression values 214 

were log-transformed to better illustrate lower values and split between anterior to the MF and 215 

posterior to the MF. The split between the two regions was to investigate the possibility that hedgehog 216 

had a different regulatory relationship with hairy depending upon its relationship to the furrow, given 217 

that hedgehog is thought to activate hairy long range and repress hairy short range. Indeed, anterior 218 

to the MF D. simulans has an almost linear relationship between hairy and hedgehog, while in D. 219 

melanogaster almost any value of hedgehog can be associated with high hairy expression. b) An 220 

illustration of the change in the relationship between the expression of hedgehog and hairy between 221 

D. simulans and D. melanogaster anterior to the MF. The dotted, darker line is meant to indicate less 222 

of a regulatory relationship than the thick red line. c) The results of the full model investigating 223 

changes in the regulatory relationship between hairy, Delta, and hedgehog, and atonal, Delta, and 224 

hedgehog.  225 

  226 
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