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Abstract  
 
Many essential conserved functions depend, paradoxically, on proteins that evolve rapidly under 
positive selection. How such adaptively evolving proteins promote biological innovation while 
preserving conserved, essential functions remains unclear. Here, we experimentally test the 
hypothesis that adaptive protein-protein coevolution within an essential multi-protein complex 
mitigates the deleterious incidental byproducts of innovation under pressure from selfish genetic 
elements. We swapped a single, adaptively evolving subunit of a telomere protection complex 
from Drosophila yakuba into its close relative, D. melanogaster. The heterologous subunit 
uncovered a catastrophic interspecies incompatibility that caused lethal telomere fusions. 
Restoring six adaptively evolving sites on the protein-protein interaction surface, or introducing 
the D. yakuba interaction partner, rescued telomere integrity and viability. Our in vivo, 
evolution-guided manipulations illuminate how adaptive protein-protein coevolution preserves 
essential functions threatened by an evolutionary pressure to innovate.   
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Main Text 
 
Strictly conserved proteins support strictly conserved functions. For example, the ancient and 
conserved heat shock protein, Hsp70, determines a similarly conserved stress response 
mechanism across eukaryotes (1). Likewise, rapidly evolving proteins support rapidly evolving 
functions. The rapidly evolving immune factor, Protein kinase R, determines species-specific 
responses to poxvirus infection in primates (2). Surprisingly, many rapidly evolving proteins also 
support strictly conserved, essential functions. Rapid evolution under positive selection is 
pervasive across essential centromere proteins that support chromosome segregation (3, 4), DNA 
repair proteins that maintain genome integrity (5, 6), and nuclear pore proteins that regulate 
trafficking across the nuclear membrane (7, 8). Myriad computational and in vitro experimental 
studies offer a compelling resolution to this paradoxical observation: amino acid changes in one 
protein trigger compensatory changes in interacting proteins, RNA, or DNA (9-21). This 
coevolution may mitigate the deleterious incidental byproducts of evolutionary innovation in 
response to a potent evolutionary pressure. However, in vivo experimental investigations of 
compensatory evolution to preserve essential functions are limited to deeply divergent species 
that preclude inferences of adaptive evolution (22, 23). Consequently, whether and how adaptive 
coevolution preserves essential functions remains unclear (24), and yet disrupted coevolution 
may underlie many lethal F1 hybrid incompatibilities (25-29). 
 
The Drosophila telomere offers an ideal model to investigate evolutionary innovation 
constrained by an essential function. A six-subunit “end-protection complex” binds to telomeric 
DNA in a sequence-independent manner and prevents inappropriate recognition of the terminal 
DNA as a double-strand break (30, 31). Depletion of any one subunit results in lethal end-to-end 
chromosome fusions (32-38). This vital protection of chromosome ends is established 
immediately following fertilization. Sperm-deposited paternal chromosomes initially lack the 
end-protection complex (39-41). Maternally provisioned subunits in the embryo assemble into a 
complex at paternal telomeres (39), ensuring paternal genome integrity and faithful chromosome 
segregation. Once established, the end-protection complex is epigenetically propagated through 
development. Despite the essentiality and universal conservation of linear chromosome end-
protection, two of the six subunits of the Drosophila end-protection complex evolve adaptively 
(5, 42) (Fig. 1A, Table S1 and S2). We previously showed that one such protein, HOAP 
(HP1/ORC-Associated Protein), recurrently evolves to restrict the deleterious proliferation of 
telomeric retrotransposons (42). Evidence of ongoing antagonistic coevolution with 
retrotransposons indicates that this essential, multi-protein complex is under pressure to 
innovate. Intriguingly, the only other adaptively evolving subunit in this complex is a protein 
called HipHop (HP1-HOAP-interacting protein, Fig. 1A, Table S1 and S2). HipHop and HOAP 
physically interact and are interdependent for stability and telomere localization (33). These data 
raise the possibility that adaptive coevolution between these two essential telomere-binding 
proteins is required to preserve complex integrity and chromosome end-protection. Under this 
model of adaptive coevolution, a species-specific version of HipHop requires a species-specific 
version of HOAP to support telomere integrity. HipHop from one species should be incompatible 
with HOAP from even a closely related species. 
 
To experimentally test for an inter-species incompatibility, we replaced the endogenous D. 
melanogaster hiphop coding sequence with a highly diverged, EGFP-tagged version from its 
close relative, D. yakuba (hiphopyak) (Fig. 1B). In parallel, we engineered a control genotype  
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Figure 1. Adaptive protein evolution of HipHop results in a catastrophic cross-species 
incompatibility. 
(A) A schematic of the Drosophila telomere (30, 31). Red outline indicates adaptively evolving 
subunits of the end-protection complex. (B) Schema of the CRISPR/Cas9-mediated gene swap 
approach. We replaced the native hiphop coding sequence with either the D. melanogaster 
hiphop (“hiphopmel”) or the D. yakuba hiphop (“hiphopyak”) intron-less coding sequence, tagged 
with EGFP (rectangle outlined in red). (C) Relative viability of hiphopmel and hiphopyak (Mann-
Whitney U test: **p-value < 0.01). (D) The relative female fertility of +/hiphopmel and 
+/hiphopyak females crossed to wild-type males (MWU: ***p-value < 0.001). (E) Relative hatch 
rate of embryos from +/hiphopmel and +/hiphopyak females. (Fisher’s Exact Test: ***p-value < 
0.001). “+” = TM6 balancer chromosome. 
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with an EGFP-tagged version of the D. melanogaster coding sequence (hiphopmel, Fig. 1B). If 
hiphopyak is incompatible with the D. melanogaster genetic background, the D. yakuba version of 
HipHop is expected to reduce viability and/or fertility. We discovered that the wildtype allele of 
hiphop from D. yakuba is homozygous lethal in D. melanogaster (Fig. 1C). Homozygous 
hiphopyak individuals developed to the third instar larval stage, but most failed to pupate (Fig. 
S1A). Moreover, the +/hiphopyak heterozygous individuals were viable; however, females were 
severely subfertile (Fig. 1D, but not males, Fig. S1B). Heterozygous female subfertility was 
unexpected because hiphop heterozygous null females suffer no such fertility loss (Fig. S1C).  
 
Appreciating that maternally provisioned HipHop is required to establish telomeres in the early 
embryo (39), we wondered if these +/hiphopyak females’ embryos, rather than their egg 
production, accounted for the subfertility. Consistent with this prediction, we observed no 
reduction in egg number (Fig. S1D) but a severely reduced embryo hatch rate in the progeny of 
+/hiphopyak heterozygous females (Fig. 1E). These data suggest that hiphopyak is both 
homozygous lethal (Fig. 1C) and dominant maternal effect lethal – maternally provisioned 
HipHopyak disrupts embryogenesis despite maternal provisioning of endogenous (“+”) 
HipHopmel as well. 
 
To determine if loss of chromosome end-protection underlies the observed lethal inter-species 
incompatibility, we assayed telomere-telomere fusion rates in the homozygous hiphopyak larva, 
the developmental stage immediately before lethality. At this late larval stage, the percentage of 
telomere fusions in hiphopyak was significantly elevated relative to the hiphopmel control (Fig. 
2A). These data indicate that chromosome end-protection fails in hiphopyak homozygotes. 
 
In D. melanogaster, the localization of both HipHop and HOAP to telomeres is required for 
chromosome end-protection (32, 33), and the two proteins are interdependent for stability (33). 
We hypothesized that failure of HipHop and HOAP to localize to telomeres causes loss of end-
protection in hiphopyak homozygotes. In the developmental stage where we observed elevated 
telomere fusions (Fig. 2A), we detected no D. melanogaster HOAP at the telomeres of hiphopyak 
homozygotes (Fig. 2B, left). Given that HipHop depends on HOAP for stability in D. 
melanogaster (33), we also predicted that HipHopyak would fail to localize to telomeres. Contrary 
to our prediction, HipHopyak localized robustly despite the absence of HOAP (Fig. 2B, left). In 
fact, we detected significantly more HipHopyak than HipHopmel at the D. melanogaster telomeres 
(Fig. 2B, right). Robust, HOAP-independent localization of HipHopyak suggests that D. yakuba 
employs a distinct mechanism of localization. 
 
The failure of D. melanogaster HOAP to localize to the telomeres of hiphopyak flies supports the 
possibility that HipHop evolves adaptively to preserve its interaction with HOAP and protect 
telomeres from fusions. Under this model, adaptive sequence evolution may have shaped 
specifically the interaction surface of HipHop and HOAP. To investigate this possibility, we 
estimated the ratio of nonsynonymous to synonymous divergence (dN/dS) along the hiphop 
coding sequence between D. melanogaster and D. yakuba. Consistent with a history of positive 
selection shaping this protein-protein interaction, we observed a single peak of dN/dS within the 
HOAP-interaction domain of HipHop (Fig. 2C). Only six HipHop residues underlie the narrow 
peak of positive selection (Fig. 2D and S2A). 
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Figure 2. Adaptive evolution of the HipHop-HOAP interaction surface preserves telomere 
protein recruitment and end-protection.  
(A) Images of mitotic chromosomes from larval brains (left, arrowheads indicate fusions) and the 
percent mitotic cells with telomere fusions observed in hiphopmel and hiphopyak homozygotes 
(right). Each data point represents >100 mitotic cells scored from one individual. Fisher’s Exact 
Test, ***p-value < 0.001. (B) Mitotic chromosomes from larval brains stained for HOAP (anti-
FLAG) and HipHop (anti-EGFP) (left). Quantification of the HOAP-FLAG and EGFP-HipHop 
intensity at hiphopmel and hiphopyak homozygote telomeres, normalized by mean intensity of 
hiphopmel (right). MWU test, ***p-value < 0.001. (C) The estimated rate of nonsynonymous 
substitutions relative to synonymous substitutions (dN/dS) across the hiphop coding sequences 
between D. melanogaster and D. yakuba (window size = 50, step size = 10). (D) Relative 
viability of D. melanogaster-D. yakuba chimeric hiphop homozygous adults. The dashed box 
indicates the hiphop coding region with elevated dN/dS (see Figure 2C). All data points 
normalized by the mean viability of each hiphopmel control strain into which the respective 
transgene was introgressed. MWU test, **p-value < 0.01 (E) Percent mitotic cells with telomere 
fusions observed in D. melanogaster-D. yakuba chimeric hiphop homozygotes. n ³ 58. Fisher’s 
Exact Test, ***p-value < 0.001. (F) Schema of chromosome encoding hiphopyak recombined 
with a previously constructed swap (42) of 3xFLAG-tagged, D. yakuba cav/HOAP coding 
sequence into D. melanogaster (above). Mitotic chromosomes from larval brains observed in 
hiphopyak,HOAPyak homozygotes stained for HOAPyak (anti-FLAG) and HipHopyak (anti-EGFP, 
below). (G) Model of telomere end-protection complex assembly and suppression of telomere 
fusions in the presence of HipHopmel, HipHopyak, HipHopyak-mel6aa, and HipHopyak,HOAPyak in D. 
melanogaster. 
Scale bars, 1 μm.  
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To test the possibility that the evolution of at most six residues is necessary and sufficient for 
viability, we replaced the endogenous D. melanogaster HipHop with D. melanogaster-D. yakuba  
chimeric HipHop proteins (Fig. 2D). We first engineered a fly with the six D. yakuba residues in 
an otherwise D. melanogaster version of the protein. These flies displayed elevated telomere 
fusions (Fig. 2E and S2B) and were homozygous lethal (Fig. 2D), largely around the larva-to-
pupa transition. We also engineered the reciprocal D. melanogaster fly with the six D. 
melanogaster residues in an otherwise D. yakuba version of the protein. These flies displayed 
well-resolved telomeres (Fig. 2E and S2B) and were homozygous viable (Fig. 2D). Together, 
these data suggest that the evolution of at most six residues on the HipHop-HOAP interaction 
surface is both necessary and sufficient for end-protection and adult viability. 
 
Under a model of HipHop-HOAP coevolution, swapping these six amino acids from D. 
melanogaster into the D. yakuba HipHop is one of two possible approaches to reverse hiphopyak-
mediated incompatibility. The D. yakuba version of HipHop’s interaction partner, HOAP, should 
similarly restore telomere protection in hiphopyak. Consistent with this prediction, introducing 
HOAPyak into the hiphopyak genotype restored HOAP localization to telomeres (Fig. 2F), restored 
telomere end-protection (Fig. 2F), and restored viability (Fig. S3A). This robust rescue indicates 
that HOAP alone is responsible for the cross-species incompatibility triggered by HipHopyak 
(Fig. 2G), and offers the first empirical evidence of adaptive protein-protein coevolution 
preserving an essential function. 
 
Our aim to experimentally test, in vivo, a classic model of protein-protein coevolution yielded 
discoveries only partially consistent with the model’s predictions. The classic model of 
coevolution predicts that replacing one protein with a heterologous version from a closely related 
species leads to loss of protein-protein interaction and, consequently, loss of function (24, 43). 
Indeed, the recessive loss-of-function phenotype of hiphopyak mirrored the null mutant, which, in 
this case, is recessive lethality associated with loss of end-protection (33, 39, 40). However, 
unlike the coevolution model predictions, we also observed that hiphopyak can act dominantly 
(Fig. 1D and 1E). Heterozygous +/hiphopyak females are dominant maternal effect lethal – 
embryos from these mothers were inviable. Notably, HipHop not only maintains telomeres 
through development (33) but also epigenetically establishes telomeres on the sperm-deposited 
paternal chromosomes (39, 40) in the embryo. During spermiogenesis, the canonical end-
protection complex is replaced by at least two sperm-specific telomere-binding proteins (39-41). 
In the zygote, these paternal chromosome-specific telomere proteins are replaced by maternal 
HipHop and other maternally provisioned members of the complex (39). We wondered if 
maternal failure to establish paternal telomere end-protection in the early embryo might account 
for the observed dominant maternal effect lethality of +/hiphopyak heterozygous females (Fig. 
1E). 
 
To investigate the basis of this dominant lethality, we characterized early embryonic 
development. We observed a high percentage of embryos from +/hiphopyak heterozygous 
mothers that failed to reach the developmental stage when the zygotic genome initiates 
transcription (zygotic genome activation, or ZGA) (44) (Fig. 3A). This finding is consistent with 
our inference of maternal effect lethality: maternal provisioning, rather than the zygotic factors, 
caused embryonic lethality. To determine the stage of this early embryonic arrest, we visualized 
early embryos from +/hiphopmel and +/hiphopyak mothers and assessed the distribution of early  
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Figure 3. HipHopyak interferes with the establishment of paternal telomere protection in 
the zygote. 
(A) Percent of embryos from +/hiphopmel and +/hiphopyak females that develop beyond nuclear 
cycle 14, which marks the major wave of zygotic genome activation (ZGA). n = 150. Fisher’s 
Exact Test, p-value < 0.001. (B) Percent of embryos at nuclear cycle numbers 1-7 from a 1-hour 
collection from +/hiphopmel and +/hiphopyak females. n ³ 150. Fisher’s Exact test, p-value < 
0.001. (C) Zygotic chromosomes before or during the first mitosis (with schematics on the right) 
from +/hiphopmel and +/hiphopyak females. Acetylated H4 (AcH4) marks the paternal chromatin. 
The arrowhead indicates a paternal chromatin bridge. P = paternal, M = maternal. (D) Circularity 
ratio of paternal and maternal chromatin at metaphase in embryos from +/hiphopmel and 
+/hiphopyak females. MWU test, **p-value < 0.01. P = paternal, M = maternal. (E) Zygotic 
chromosomes at the first telophase from +/hiphopmel and +/hiphopyak females. The arrowhead 
indicates a chromatin bridge.“+” = TM6 balancer chromosome for all panels. 
Scale bars, 1 μm.  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 11, 2024. ; https://doi.org/10.1101/2024.11.11.623029doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.11.623029
http://creativecommons.org/licenses/by-nc-nd/4.0/


 11 

embryonic stages. We observed strikingly different frequency distributions of embryonic 
development from +/hiphopmel and +/hiphopyak mothers. Embryos from +/hiphopyak mothers 
were especially enriched at nuclear cycle 1 (Fig. 3B, FET, p <0.001), consistent with very early 
embryonic arrest. 
 
To test the hypothesis that developmental arrest arises from a failure to establish end-protection 
on paternal chromosomes, we stained nuclear cycle 1 embryos with a marker of paternal 
chromatin (acetylated histone H4, AcH4). The earliest detectable defect in embryos from 
+/hiphopyak mothers occurred at metaphase. Unlike the maternal chromosomes, the paternal 
chromosomes failed to condense at metaphase (Fig. 3C and 3D). At anaphase, we detected a 
paternal chromatin bridge (Fig. 3C). This bridge also appeared at telophase (when the maternal 
and paternal chromatin is indistinguishable, Fig. 3E). Intriguingly, previous studies detected the 
same metaphase, anaphase, and telophase defects in early embryos fertilized by sperm that lack 
sperm-specific paternal telomere-binding proteins (39, 41), suggesting that maternal HipHopyak 
interferes with paternal telomere establishment in the zygote. 
 
We hypothesized that paternal telomere establishment, just like telomere maintenance, requires 
coevolution of the HipHop-HOAP interaction surface. To test this hypothesis, we again 
leveraged the chimeric hiphop genotypes (Fig. 2D and 4A). Mothers heterozygous for a hiphop 
chimera encoding the six D. yakuba amino acids in an otherwise D. melanogaster protein 
severely reduced progeny number (Fig. 4A). Likewise, mothers heterozygous for a hiphop 
chimera encoding the six D. melanogaster residues in an otherwise D. yakuba HipHop rescued 
progeny number (Fig. 4A). These data suggest that the evolution of at most six HipHop amino 
acids along its HOAP interaction surface is necessary and sufficient to support not only telomere 
maintenance through development (Fig. 2D, 2E, and S2B) but also paternal telomere 
establishment. Also like telomere maintenance, introducing the D. yakuba version of HOAP 
(HOAPyak) into the heterozygous +/hiphopyak female background completely rescued their 
embryos’ hatch rate (Fig. S3B) and their fertility (Fig. S3C). The functional consequences of 
swapping the chimeric HipHop and the conspecific HOAP are consistent with coevolution of the 
interaction surface between these two essential telomere-binding proteins to preserve the 
establishment of telomere protection in the embryo. 
 
We propose a model under which the specialized chromatin state of zygotic paternal 
chromosomes (45-47) combined with an initially silent zygotic genome (44), renders the early 
embryo uniquely sensitive to the presence of maternal HipHopyak. During normal sperm 
development, at least two sperm-specialized telomere-binding proteins replace the canonical 
end-protection proteins (39-41). These two proteins epigenetically mark paternal telomeres for 
recognition and replacement by the maternally provisioned, canonical end-protection proteins in 
the embryo (39). One such sperm-specific telomere-binding protein, K81, is encoded by a young 
duplicate gene of hiphop (39, 48). Maternal HipHop replaces paternal K81 at fertilization (39) 
and recruits other maternally provisioned members of the canonical end-protection complex to 
paternal telomeres. Mothers heterozygous for hiphopyak provision their embryos with both 
Hiphopyak and the endogenous HipHopmel. These embryos’ high rate of lethality (Fig. 1E), 
combined with the aberrantly elevated signal of Hiphopyak at D. melanogaster telomeres (Fig. 
2B), predicts that maternally provisioned HipHopyak outcompetes HipHopmel in the replacement 
of K81 at paternal telomeres (Fig. 4B). Under this model, the binding of HipHopyak to paternal 
telomeres prevents HOAP recruitment and, consequently, the assembly of the essential end-  
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Figure 4. Adaptive evolution of the HipHop-HOAP interaction surface preserves 
telomere establishment in the early embryo.
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Figure 4. Adaptive evolution of the HipHop-HOAP interaction surface preserves telomere 
establishment in the early embryo.  
(A) Relative fertility of females heterozygous for D. melanogaster-D. yakuba chimeric hiphop 
transgenes crossed to wild-type males. All data points normalized by the mean fertility of 
hiphopmel control strain into which we introgressed each transgene. The dashed box indicates the 
hiphop coding region with elevated dN/dS. MWU test, **p-value < 0.01, *** < 0.001. (B) Model 
of dominant, maternal effect lethality induced by a single hiphopyak allele. In a small fraction of 
embryos from +/hiphopyak mothers, maternal HipHopmel localizes to the paternal telomere before 
HipHopyak and recruits endogenous HOAP. Together, the two proteins establish the paternal 
telomere, ensuring end-protection throughout development (upper path). In most embryos from 
the same mother, HipHopyak localizes to the paternal telomeres first and interferes with HOAP 
recruitment. The absence of HOAP inhibits the assembly of the end-protection complex, causing 
telomere fusions and early embryonic lethality (lower path). (C) Estimates of embryo hatch rate 
from D. melanogaster females overexpressing HipHopmel or HipHopyak (above) and from 
+/hiphopyak females with or without HipHopmel overexpression (below). n > 1100. Fisher’s Exact 
Test, ***p-value < 0.001 for both comparisons. (D) Telophase zygotic nuclei in embryos from 
D. melanogaster females overexpressing HOAP mel and HipHopmel (left) or HOAP mel and 
HipHopyak (right) stained for HOAP (anti-FLAG) and HipHop (anti-EGFP). Scale bars, 1 μm. 
(E) Model of protein-protein coevolution in the end-protection complex triggered by telomeric 
retrotransposon evolution. A retrotransposon mimic of HipHop triggers HOAP evolution to 
avoid recognition of its interaction surface along both the D. melanogaster and D. yakuba 
lineages (Fig. S5B). Along the D. melanogaster lineage only, HOAP evolves adaptively at a 
second site to preserve interaction with HipHop, for which there is no evidence of D. 
melanogaster-specific, adaptive evolution (Fig. S5A). In contrast, along the D. yakuba lineage, 
HOAP evolution requires adaptive coevolution with HipHop. See Fig. S5 and S6 for additional 
details. 
“+” = TM6 balancer chromosome. 
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protection complex. A small fraction of embryos escape and survive to adulthood. In these 
escaper embryos, we predict that HipHopmel localizes to the telomere before HipHopyak.  
HipHopmel recruits endogenous HOAP, preserving paternal telomere stability and early 
embryogenesis. The presence of at least one zygotic copy of the endogenous D. melanogaster 
hiphop enables the epigenetic propagation of the end-protection complex through development 
(Fig. 4B). 
 
To test this “competition model” of telomere establishment, we manipulated the maternal dose of 
the conspecific and heterospecific versions of HipHop deposited into the D. melanogaster 
embryo. The model predicts that elevating the maternal dose of HipHopyak would elevate the 
fraction of embryos that die in a D. melanogaster background. Consistent with this prediction, 
overexpressing HipHopyak in D. melanogaster mothers resulted in completely penetrant 
embryonic lethality (Fig. 4C). Likewise, we expected to mitigate embryonic lethality caused by 
the single hiphopyak allele upon elevating the dose of HipHopmel. As predicted, we observed a 3-
fold higher hatch rate in the embryos from +/hiphopyak mothers that overexpress HipHopmel (Fig. 
4C). These data are consistent with HipHopyak outcompeting HipHopmel for localization to the 
paternal telomere and so preventing HOAP recruitment and telomere establishment. Further 
consistent with the competition model, we observed HOAPmel and HipHopmel localization to 
embryonic telophase chromosomes in the HipHopmel-deposited embryos, but we failed to detect 
HOAP on telophase chromosomes in HipHopyak-deposited embryos (Fig. 4D). 
 
Our data are consistent with a single mechanism underlying this dominant maternal-effect 
lethality and the recessive larval lethality: HipHopyak disrupts endogenous HOAP localization to 
the telomere and, consequently, the assembly of the end-protection complex. In the zygotes of 
+/hiphopyak heterozygous mothers, hiphopyak acts dominantly because maternal HipHopyak 
outcompetes maternal HipHopmel for telomere localization (Fig. 4B). HipHopyak prevents HOAP 
localization, which compromises end protection and causes lethality in most embryos. In rare 
cases, maternal HipHopmel localizes first and establishes telomere end-protection. If the 
“escapers” are heterozygous for hiphopyak, the single zygotic copy of D. melanogaster hiphop is 
sufficient to maintain the integrity of the telomere complex in the larva, pupa, and adult. That is, 
once maternal HipHopmel establishes proper end-protection, the complex is epigenetically 
propagated and sustained by HipHopmel, even in the presence of HipHopyak (Fig. S4A). Indeed, 
overexpression of HipHopyak after telomere establishment in an otherwise wild-type D. 
melanogaster has no effect on viability (Fig. S4B). If the escaper embryos are instead 
homozygous for hiphopyak, lethal telomere fusions accumulate as the maternally provisioned 
HipHopmel (from +/hiphopyak heterozygous mothers) depletes through development, leaving only 
zygotic HipHopyak in the late larval stage. The contrasting dominant maternal-effect lethality in 
the embryo and recessive lethality in the larva suggest that the highly specialized chromatin state 
of sperm-deposited paternal DNA renders the zygote uniquely vulnerable to the evolution of 
chromosomal proteins. 
 
Our study of HipHop-HOAP coevolution demonstrates that preserving an ostensibly conserved, 
essential function, chromosome end-protection, requires recurrent evolutionary innovation of a 
protein-protein interaction surface. The short evolutionary distance between D. melanogaster and 
D. yakuba enabled us to deconvolve, for the first time, the often confounded effects of neutral 
and adaptive evolution in gene swaps between distantly related species (22, 23). Indeed, the short 
evolutionary distance and our statistical analyses (Table S1 and S2) implicate adaptive, rather 
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than neutral, evolution. Adaptive evolution implicates an ever-changing evolutionary pressure on 
telomere-binding proteins to change. Previous research suggests that fast-evolving, selfish 
retrotransposons impose a strong evolutionary pressure on this complex. HOAP evolves 
adaptively to restrict telomeric retrotransposon insertions (42) and HipHop promotes silencing of 
these retrotransposons (49). Combined with evidence that the dose of these telomere end-
protection proteins determines retrotransposon activity (42, 49), we speculate that a telomere-
enriched selfish retrotransposon in Drosophila encodes a mimic (50, 51) of the HipHop-HOAP 
interaction surface that partially destabilizes the complex (Fig. 4E, S5, and S6). In response, 
HOAP evolves to avoid recognition by altering both common and distinct sites along the D. 
melanogaster and D. yakuba lineages (Fig. S5B). The restriction of HipHop adaptive evolution 
to the D. yakuba branch (Fig. S5A) suggests distinct, lineage-specific coevolutionary dynamics 
in response to this mimic (Fig. 4E and S6). Importantly, the observation that females 
heterozygous for hiphopmel and hiphopyak manifest this inter-species incompatibility offers a new 
mechanism for how conflict with selfish genetic elements can trigger F1 hybrid sterility, a classic 
reproductive barrier between species (52, 53). 
 
Our study also highlights the hidden complexity of adaptive coevolution within multi-protein 
complexes. The discovery that a single copy of a heterologous allele is sufficient to cause 
lethality, i.e., dominant maternal effect lethality, rejects the arguably more intuitive prediction 
that disrupting an interaction surface would result in a recessive, loss-of-function phenotype  (24, 
43). Also unexpectedly, we discovered that protein interdependence itself may evolve – while 
HipHop depends on HOAP for telomere localization in D. melanogaster, the D. yakuba version 
of HipHop localized to telomeres independently of its interaction partner. These distinct 
mechanisms of telomere protein recruitment implicate distinct evolutionary paths to preserving 
an essential function. These advances highlight how leveraging in vivo, experimental dissection 
of coevolution is vital to understanding how adaptive evolution both perturbs and preserves 
essential, multi-protein complex integrity. As we enter this era of increasing genomic sequence 
data and AI-based protein structure prediction tools (54-58), many candidate coevolving proteins 
will emerge. We anticipate that future experimental manipulations of coevolving partners will 
reveal the multitude of ways adaptive evolution tweaks even the most conserved biological 
functions.  
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Materials and Methods 
 
Molecular evolution and population genetic analyses 
To test for positive selection across the end-protection complex, we conducted a phylogeny-
based molecular evolution analysis using orthologs of the melanogaster subgroup (D. 
melanogaster, D. simulans, D. sechellia, D. mauritiana, D. erecta, D. yakuba, and D. teissieri, 
Table S3). We aligned nucleotide and protein sequences of each gene using MUSCLE (v5.1) 
(59) and generated PHYLIP files using PAL2NAL (60). For each gene, we fit the multiple 
alignment to an NSsites model using the codeml program in the PAML software package (v4) 
(61). We compared the likelihood of models M7 (neutral: the dN/dS values fit a beta distribution 
between 0 and 1) and M8 (non-neutral: M7 parameters plus dN/dS > 1) using the F3x4 model of 
codon frequency using a c2 test.  
 
To test for positive selection at the hiphop locus using D. melanogaster and D. yakuba only, we 
performed a McDonald-Kreitman (62) test followed by Fisher’s Exact Test. This test detects 
adaptive evolution by comparing synonymous and nonsynonymous polymorphisms within 
species to synonymous and nonsynonymous fixations between species. To generate these counts, 
we extracted 194 D. melanogaster alleles of hiphop, including one allele from the reference 
genome (dmel r6.53) and 193 alleles from the genomes of Zambian D. melanogaster strains 
(DPGP3, Table S3) (63). We extracted the D. yakuba allele from the reference genome assembly 
(Prin_Dyak_Tai18E2_2.1). We aligned the nucleotide and protein sequences using MUSCLE 
(59) and generated a final alignment of in-frame codons using PAL2NAL (60). To identify 
HipHop domains enriched for signals of positive selection, we estimated the dN/dS of 50-base 
pair (bp) windows, sliding 10-bp along an alignment of the D. melanogaster and D. yakuba 
coding sequences (dmel r6.54 and Prin_Dyak_Tai18E2_2.1, respectively, DnaSP v6 (64)). 
 
To assess lineage-specific molecular evolution of hiphop, we first reconstructed the ancestral 
hiphop allele of D. melanogaster and D. yakuba using D. erecta as an outgroup to polarize 
changes (NSsites model M0 from the codeml program in PAML (v4) (61)). We then estimated 
pairwise dN/dS using the reconstructed ancestor and either the D. melanogaster or D. yakuba 
hiphop allele (window size of 100 bp, 20 bp slide). 
 
Fly stock construction 
Whole gene and chimeric gene swaps 
We used CRISPR/Cas9 to generate D. melanogaster flies that encode an EGFP-tagged, codon-
optimized version of either the D. melanogaster coding sequence or the D. yakuba coding 
sequence of hiphop, both swapped into the endogenous hiphop locus. We first generated a U6.2 
promoter-driven guide RNA construct by cloning sgRNAs flanking the coding sequence of 
hiphop (upstream: 5’-GGTGCATGATCTATTTCAGA-3’, downstream: 5’-
GTACTTGATGGGAACCACAGG-3’) into pBFv-U6.2 and pBFv-U6.2B backbones (65). We 
shuttled the downstream sgRNA into pBFv-U6.2 to create a dual sgRNA vector (University of 
Utah Mutagenesis Core). In parallel, we constructed homology-directed repair (HDR) plasmids 
(66) encoding one kilobase homology arms 5’ and 3’ of their respective guide RNAs. Between 
the homology arms, we synthesized a codon-optimized (for D. melanogaster) hiphop coding 
sequence from either D. melanogaster or D. yakuba (GenScript, Piscataway, NJ). We N-
terminally tagged each sequence with EGFP separated by a linker sequence 
(GGTGGTTCATCA). We injected the dual sgRNA vector and a single HDR plasmid into Cas9-
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expressing lines, vas-Cas9 (X) RFP+ GFP+ (BDSC# 51323) and yw; nos-Cas9 (II-attP40) for D. 
melanogaster and D. yakuba hiphop transgenic lines, respectively (BestGene, Chino Hills, CA). 
 
To screen for transformants, we crossed the G0 adults, injected as embryos, to a w; Pin/CyO; 
Dr/TM6B stock. We screened F1 females to identify positive transformants using forward primer 
5’-GTGGCGGGACAATTGGCTTCATG-3’ and reverse primer 5’-
TCCTCGATGTTGTGGCGGATC-3’. We then generated long-term stocks of either hiphopmel or 
hiphopyak allele. To confirm that positive transformants encoded a complete transgene in the 
correct genomic location, we amplified the gene region from homozygous hiphopmel and 
heterozygous hiphopyak flies (homozygous hiphopyak flies are lethal) using primers that anneal 
outside of the homology arms (5’-AGACACTCACCAACACCAGCA-3’ and 5’-
TAAGAGGGCACGATTCCACA-3’) and sequenced across the entire region (Table S4). For 
heterozygous hiphopyak flies, we distinguished hiphopyak from the endogenous D. melanogaster 
hiphop based on different amplicon sizes. We then sequenced the gel-extracted product of 
hiphopyak (Table S4). We also designed primers that amplified the endogenous hiphop locus (5’-
GTGGCGGGACAATTGGCTTCATG-3’, 5’- CTGGTAGTGGGCACATTGTCTGAATCTTG-
3’) to confirm that our hiphopmel was a true replacement. 
 
To generate the hiphopyak,HOAPyak recombinant chromosome, we crossed hiphopyak to a 
previously constructed CRISPR/Cas9 D. melanogaster transgenic fly encoding the D. yakuba 
version of HOAP (42). We crossed these F1 females to w/Y; +/+; TM3/TM6B males and 
screened single F2 males to identify the desired hiphopyak,HOAPyak recombinant chromosome 
using primers 5’-GACCAGCCCTTTATTGACATTTACT-3’ and 5’-
AAGTTGTGAACCTCTTCCAG-3’ for hiphopyak and primers 5’-
CAAATGGACCCACCAATTCCGAGAG-3’ and 5’-
TCACCGTCATGGTCTTTGTAGTCCAT-3’ for HOAPyak. We then backcrossed positive F2 
males to w; +/+; TM3/TM6B females and self-crossed the balanced F3 progeny to generate the 
hiphopyak,HOAPyak stock. 

To generate the D. melanogaster-D. yakuba chimeric hiphop transgenic lines in D. 
melanogaster, we used CRISPR/Cas9 to replace the endogenous hiphop locus with either a 
hiphopmel-yak6aa allele or a hiphopyak-mel6aa allele (WellGenetics Inc., New Taipei, Taiwan). We 
first cloned sgRNAs flanking the coding sequence of hiphop (upstream: 5’-
GGTGCATGATCTATTTCAGA-3’, downstream: 5’-TACTTGATGGGAACCACAGG-3’) 
downstream of a U6 promoter on the pDCC6 plasmid (67). In parallel, we constructed HDR 
plasmids with the egfp-chimeric hiphop-PBacDsRed cassette flanked with one kilobase 
homology arms 5’ and 3’ of their respective guide RNAs into pUC57-Kan (GenScript, 
Piscataway, NJ). The cassette consists of the 3xP3-DsRed visible marker (66) flanked by PBac 
transposon ends (https://flycrispr.org/scarless-gene-editing/) and encodes an N-terminally EGFP-
tagged chimeric coding sequences of either hiphopmel with D. yakuba amino acids 36H, 39W, 
40R, 47V, 49Q, and 58H (hiphopmel-yak6aa) or hiphopyak with D. melanogaster amino acids 36R, 
39C, 40L, 47A, 49N, and 58D (hiphopyak-mel6aa) with a linker GGTGGATCCTCA (also codon-
optimized for D. melanogaster).  We injected the pDCC6 plasmid (67) containing Cas9 and 
sgRNAs and the HDR plasmid into the w1118 stock and selected positive F1 flies carrying the 
visible marker 3xP3-DsRed. We sequence-validated positive transformants with primer pairs that 
annealed outside the homology arm (upstream: 5’-CAGACAACGAGTCAGACACACA-3’ and 
5’-GAACTTCAGGGTCAGCTTGC-3’, downstream: 5’-TTTGACTCACGCGGTCGTTA-3’ 
and 5’-AGAGAGGCGGCTTTTGAACT-3’). We then excised the visible marker 3xP3-DsRed 
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by PiggyBac transposition. We sequence-validated these excision lines using primers 5’-
CCCGACAACCACTACCTGAG-3’ and 5’-AGTTGTGAACCTCTTCCAGTG-3’. To enable 
rigorous fertility comparisons across hiphopmel, hiphopmel-yak6aa, and hiphopyak-mel6aa, each of 
which was engineered independently, we introgressed each transgenic chromosome into the 
hiphopmel stock using balancer chromosomes. 

 
Overexpression genotypes 
We used the FC31 integrase-mediated transgenesis system (68) to construct chromosomes with 
a UASp-egfp-hiphopmel or UASp-egfp-hiphopyak transgene into the same attP landing site (attP40). 
We first PCR-amplified the egfp-hiphop coding sequences (either the D. melanogaster or D. 
yakuba allele) using Phusion High-Fidelity DNA Polymerase (NEB, Ipswich, MA) from the 
HDR plasmids (see above). We cloned the PCR products into NotI/BamHI sites of the pUASp-
attB vector (Drosophila Genomics Resource Center, Bloomington, IN) and validated with 
Sanger sequencing. We then introduced the constructs into D. melanogaster y1 w67c23; 
P{CaryP}attP40 flies, which have an attP landing site at cytological position 25C6 on 
chromosome 2L (The BestGene, Inc., Chino Hills, CA). 
 
To overexpress the transgenic hiphop alleles ubiquitously, we crossed each UAS-transgene stock 
to yw; +/+; Act5C-GAL4/TM6B (BDSC #3954). To overexpress hiphop alleles in the female 
germline, we crossed each UAS-transgene stock to nos-GAL4-VP16 (BDSC #64277). 
To assess fertility rescue of +/hiphopyak by overexpressing hiphopmel, we crossed w; UASp-
hiphopmel/Gla; nos-GAL4-VP16 to w; +/+; hiphopyak/TM6B. We assayed fertility of genotypes 
w; Gla/+; nos-GAL4-VP16 /hiphopyak (control) and w; UASp-hiphopmel/+; nos-GAL4-VP16 
/hiphopyak (experiment). 
 
To overexpress the D. melanogaster HOAP, we used the FC31 integrase-mediated transgenesis 
system (68) to construct a chromosome with a UASp-HOAPmel-FLAG transgene. We first 
synthesized a 3xFLAG-tagged D. melanogaster HOAP coding sequence and cloned it into the 
pUASp-attB vector (Twist Bioscience, South San Francisco, CA). We then introduced the 
constructs into D. melanogaster y1 w67c23; P{CaryP}attP40, which have an attP transgene 
landing site at cytological position 25C6 on chromosome 2L (BestGene, Chino Hills, CA). We 
used this transgene to increase HOAPmel maternal deposition into embryos along with HipHopmel 
or HipHopyak to detect HOAP and HipHop, the endogenous versions of which are below the 
detection limit. We assayed progeny of the flies with genotypes w; UASp-hiphopmel/UASp-
HOAPmel; nos-GAL4-VP16/+ or UASp-hiphopyak/UASp-HOAPmel; nos-GAL4-VP16/+. 
 
Fitness assays 
Viability 
To assay adult viability, we collected virgin females and males from hiphopmel/TM6B, 
hiphopyak/TM6B, hiphopyak-mel6aa/TM6B, hiphopmel-yak6aa/TM6B, or hiphopyak,HOAPyak/TM6B. For 
each replicate vial, we crossed three virgin females to three males. For hiphopyak and hiphopmel-

yak6aa, which have severely reduced female fertility in the heterozygous state, we instead crossed 
six virgin females to six males. We flipped the parents onto new food every three days for 12 
days and scored adult progeny as homozygous or heterozygous. We normalized the percent 
homozygous adults by the mean percent of hiphopmel homozygous adults. We then performed 
Mann-Whitney U test to compare mean differences. 
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To assay pupal viability, we collected virgin females and males carrying the hiphopmel/TM6B or 
hiphopyak/TM6B heterozygous genotypes. For each replicate vial, we crossed three virgin females 
to three males for hiphopmel or six virgin females to six males for hiphopyak. We flipped the 
parents onto new food every three days for six days and assessed the number of pupae 
homozygous and heterozygous for hiphop. We normalized the percent hiphopyak homozygotes by 
the percent hiphopmel homozygotes. We then performed Mann-Whitney U test to compare mean 
differences. 
 
To assay adult viability of flies ubiquitously overexpressing either hiphopmel or hiphopyak, we 
crossed either three UASp-hiphopmel or three UASp-hiphopyak virgin females to three yw; +/+; 
Act5C-GAL4/TM6B males in each replicate vial. We flipped the parents onto new food every 
three days for 12 days and scored all progeny that emerged carrying Act5C-GAL4 or TM6B. We 
estimated the percent UASp-hiphopmel/+; Act5C-GAL4/+ progeny and UASp-hiphopyak/+; 
Act5C-GAL4/+ progeny and normalized to the former. We then performed Mann-Whitney U test 
to compare mean differences. 
 
Fertility, fecundity, and hatch rate assays 
To assay female fertility of hiphopmel, hiphopyak, hiphopyak-mel6aa, hiphopmel-yak6aa, 
hiphopyak,HOAPyak, and the hiphop mutant P{hsneo}hiphop1, we first collected 1-5-day-old, 
heterozygous virgin females over TM6B. For each replicate vial, we crossed three virgin females 
to three w1118 males. We flipped the parents onto new food every three days for 12 days and 
counted all progeny that emerged. To assay male fertility of hiphopmel and hiphopyak 
heterozygotes over TM6B, we first collected 1-5-day-old w1118 females. For each replicate vial, 
we crossed three w1118 virgin females to three hiphopmel or hiphopyak heterozygous males. We 
flipped the parents onto new food every three days for 12 days and counted all progeny that 
emerged. We then performed Mann-Whitney U test to compare mean differences. 
 
To assay the number of mature eggs produced by hiphopmel or hiphopyak heterozygous females 
over TM6B, we counted eggs with elongated dorsal appendages from 3–5-day-old females. We 
then performed Mann-Whitney U test to compare mean differences. 
 
To conduct hatch rate assays, we let intercrossed hiphopmel, hiphopyak, or hiphopyak,HOAPyak 
heterozygous females over TM6B and females overexpressing hiphop alleles in the female 
germline lay for two hours after 1-hour pre-lay. We counted the total number of embryos and the 
number of larvae that hatched daily over a 72-hour window. We then performed Fisher’s Exact 
Test to assess deviations from the null expectation. 
 
We conducted all assays on molasses food or Nutri-Fly○R  Grape Agar media (Genesee Scientific, 
Morrisville, NC) at 25°C. 
 
Immunofluorescence 
Mitotic chromosomes from larval brains 
To assess telomere fusion rates and telomere protein localization, we dissected the brains from 
third instar larvae, the developmental stage immediately before lethality of the homozygous 
hiphopyak genotype. We dissected in a saline solution (0.7% NaCl) and then incubated in 1.5 x 
10-5 M colchicine for 1 hour to enrich for metaphase chromosomes. To promote chromosome 
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spreading, we treated the brains with a hypotonic solution (0.5% sodium citrate) for 10 minutes. 
We then placed the samples in a fixative solution (1.8% paraformaldehyde in 45% acetic acid) 
for 20 minutes. Following fixation, we squashed the brains in the fixative solution on poly-L-
lysine coated glass slides (Sigma-Aldrich, St. Louis, MO) using coverslips treated with 
Sigmacote (Sigma-Aldrich, St. Louis, MO). After squashing, we flash-froze the samples in liquid 
nitrogen and flicked off the coverslips with a razor blade. We then transferred the slides into 
100% ethanol for 10 minutes at -20°C. We next washed the slides twice in 1x PBS for 10 
minutes each and twice in 1x PBS, 0.1% Tween 20 (1x PBST) (Sigma-Aldrich, St. Louis, MO) 
for 10 minutes each. After washing, we blocked the slides in 1x PBST, 3% BSA for 1 hour. We 
then incubated the slides with mouse anti-FLAG M2 (Sigma-Aldrich, St. Louis, MO, 1:2500) 
and chicken anti-GFP (Aves Labs, Davis, CA,1:500), diluted in blocking solution, overnight at 
4°C. We then washed the slides three times in 1x PBST, 1% BSA for 10 minutes each and then 
incubated for 2 hours at room temperature in anti-mouse Alexa Fluor 488 and anti-chicken Alexa 
Flour 568 (Thermo Fisher Scientific, Waltham, MA, 1:300), diluted in block solution. We then 
washed the slides in 1x PBST with 3% BSA, 1x PBST with 1% BSA, 1x PBST, and 1x PBS for 
10 minutes each. Finally, we mounted the samples with SlowFade Gold Antifade Mountant with 
DAPI (Thermo Fisher Scientific, Waltham, MA). 
 
Embryos 
After a 1-hour pre-lay, we collected embryos for 40 minutes from hiphopmel/TM6B and 
hiphopyak/TM6B females and for 1 hour from w; UASp-HOAPmel-FLAG/UASp-hiphopmel-EGFP; 
nos-GAL4-VP16/+, and UASp-HOAPmel-FLAG/UASp-hiphopyak-EGFP; nos-GAL4-VP16/+ 
females (69). We then fixed each genotype separately using methanol and heptane (70) and 
immunostained following Loppin et al. (71) (rabbit anti-AcH4, MilliporeSigma, Burlington, 
MA, 1:1000, mouse anti-FLAG M2, Sigma-Aldrich, St. Louis, MO, 1:500, and chicken anti-
GFP, Aves Labs, Davis, CA, 1:500). We used the following secondary antibodies: goat anti-
rabbit Alexa Flour 568 for the 40-minute collection and goat anti-mouse Alexa Fluor 488, goat 
anti-chicken Alexa Flour 568, and goat anti-rabbit Alexa Flour 633, for the 1 hour collection (all 
from Thermo Fisher Scientific, Waltham, MA at 1:500). 
 
Determining embryonic nuclear cycle number 
Zygotic genome activation (ZGA) occurs at embryonic nuclear cycle 14, about 2.5 hours post-
fertilization. To determine the percent of embryos that develop beyond ZGA, we self-crossed 
hiphopmel/TM6B or hiphopyak/TM6B. We collected embryos for one hour and then aged the 
collection for 2.5 hours (after 1-hour pre-lay). We then used methanol and heptane to fix each 
genotype separately (70) and mounted the samples with SlowFade Gold Antifade Mountant with 
DAPI (Thermo Fisher Scientific, Waltham, MA). We calculated the percent embryos with nuclei 
at the periphery (rather than in the interior), a marker of ZGA (72). We then performed Fisher’s 
Exact Test between the two genotypes. 
 
To assess developmental progression in even earlier embryos, we allowed the same heterozygous 
females (crossed to heterozygous males) to lay for 1 hour after a 1-hour pre-lay. We then 
methanol-fixed each genotype separately (70) and immunostained with AcH4 (rabbit anti-AcH4, 
MilliporeSigma, Burlington, MA, 1:1000, following Loppin et al. (71)) and mounted the 
embryos as described above. For this particular experiment, AcH4 enabled us to delineate 
pronuclear migration (when only the paternal chromosomes are positive) from nuclear cycle 2 
(when both maternal and paternal chromosomes are positive). We then calculated percent 
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embryos at each nuclear cycle 1-7 and performed Fisher’s Exact Test between the two 
genotypes. 
 
Fluorescence in situ hybridization 
We dissected third instar larval salivary glands into 1x PBS, 0.1% Tween 20 (1x PBST) and 
fixed in 2% paraformaldehyde in 45% acetic acid for 1 minute. Following fixation, we placed the 
salivary glands in 45% acetic acid between poly-L-lysine coated glass slides (Sigma-Aldrich, St. 
Louis, MO) and coverslips treated with Sigmacote (Sigma-Aldrich, St. Louis, MO). We then 
gently moved the coverslip back and forth to facilitate cell lysis and chromosome spreading and 
squashed with a rubber hammer. We next flash-froze the samples in liquid nitrogen and flicked 
off the coverslips with a razor blade. We then transferred the slides into 100% ethanol for 10 
minutes at -20°C and followed the in situ hybridization protocol described in Saint-Leandre et al. 
(42) using a probe cognate to the HeT-A retrotransposon (see Table S4). 
 
Analysis of cytological data 
We calculated telomere fusion rates by dividing counts of mitotic cells with three or more 
telomere associations by the total number of mitotic cells (>100 mitotic cells per individual 
larva, ≥ three larvae per genotype for the whole gene swaps and ³58 mitotic cells from two 
individuals for the chimeric gene swaps). We combined data from all individuals per genotype 
and performed Fisher’s Exact Test. We quantified HOAP signal at ≥165 chromosome ends per 
genotype and HipHop signal at ≥87 chromosome ends per genotype from at least three mitotic 
cells from three individual larvae. We then performed Mann-Whitney U to compare mean 
differences. To assess maternal-paternal chromosome asymmetry at metaphase, we calculated a 
circularity index 4𝜋 # !"#!

$#"%&#'#"!
$ (FIJI software, (73)) of the AcH4-positive and negative 

chromosomes (paternal and maternal, respectively). We then performed Mann-Whitney U test to 
compare mean differences.  
 
We imaged all slides on a Leica TCS SP8 Four Channel Spectral Confocal System. For each 
experiment, we used the same imaging parameters for all genotypes. 
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