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This study focuses on diptericin, which is an antimicrobial peptide (AMP) involved in fly immune systems. It is primarily
used against Gram-negative bacteria and its mode of action is to disrupt bacterial outer membranes. We investigated
the molecular and structural evolution of Diptericin A across 51 different species in the genus Drosophila and related
taxa, focusing on three paralogs: Diptericin A, B, and C. The goal of this paper is to characterize patterns of sequence
divergence, gene duplication, and structural variation among Diptericin A, B, and C, and to evaluate whether these patterns
are consistent with adaptive evolution. The protein sequences were obtained from a previous study and aligned, then
phylogenetic gene trees were built for each paralog and for the entire Diptericin family. AlphaFold was used to predict 3D
structures and map each protein. The 3D structures were used to identify structural components of each diptericin, such
as the transmembrane pore, and the sequences encoding those components were used to build more focused phylogenetic
trees. The Diptericin phylogenies were compared to a comprehensive species phylogeny, revealing that Diptericin B is the
likely ancestor to all Diptericins, and that Diptericins A and C were created from an ancestral duplication of Diptericin B
and subsequently diverged into what are now known as Diptericin A and Diptericin C . Diptericins A and C subsequently
duplicated several more times in different lineages, whereas Diptericin B generally remained as a single copy on most taxa.
These results reveal pronounced differences in evolutionary constraint among Diptericin paralogs and identify patterns of di-
vergence and duplication that are consistent with adaptive evolution, generating testable hypotheses about functional diversification.
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Introduction

Insects lack adaptive immunity and rely entirely on innate im-
mune defenses for protection against infection1,2. Antimicro-
bial peptides (AMPs) are a major part of the innate immune
system in multicellular organisms. They play an essential role
in defense against pathogens, rapidly deployed as biochemi-
cal defenses that directly target microbial membranes during
early infection. Antimicrobial peptides evolve under pathogen-
mediated selection and frequently undergo gene duplication and
diversification3–5. AMP production and antimicrobial function
does not depend on immunological memory or past infection
experience. The effectiveness of AMPs is determined by their
primary amino acid sequence, which is shaped by evolutionary
pressures on the host lineage.

Upon infection, pathogen recognition molecules initiate in-
tracellular signaling through the Toll and IMD (Immune De-
ficiency) pathways, activating transcription factors that drive
expression of antimicrobial peptides. In contrast to the relative
conservation of the signaling pathways, effector proteins like
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AMPs evolve much faster6,7. Previous studies have documented
rapid sequence evolution, gene duplication and positive selection
in AMP families, and some have examined either phylogenetic
relationships or structural features of individual peptides7–9.
Diptericin is a well-characterized AMP produced by Diptericin
insects, comprising an evolutionarily diverse family that pro-
vides a useful system for studying how gene duplication and
structural divergence shape immune effectors. Comparative
genomics has revealed diversity in diptericin genes, including
sequence divergence, gene duplication, and the recognition of
three subtypes: Diptericin A , Diptericin B , and Diptericin
C 10,11. Diptericin A has a well-established role in resistance
against Providencia rettgeri12, while Diptericin B is more known
to have a role in targeting the Acetobacter species in the gut8.
Diptericin C is more divergent than Diptericin A and B, which
could signal a more specialized function13. Despite extensive
work on antimicrobial peptides and their role in insect immu-
nity, several key questions remain regarding how Diptericin has
diversified across different species. The Drosophila clade con-
tains hundreds of species, many of which are located in unique
ecological niches with diverse challenges13. It is still unclear
how patterns of duplication, sequence divergence and structural
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differentiation in Diptericin A , B and C manifest across these
species. Specifically, most prior analyses have focused on in-
dividual diptericin paralogs, without systematically comparing
paralogs across a broad phylogenetic scale. Thus, these studies
do not distinguish how individual diptericin paralogs differ in
evolutionary constraint across structurally defined domains.

Here, we address this gap by integrating comparative phylo-
genetic analyses, paralog-specific copy number mapping, and
AlphaFold-based structural modeling across multiple fly species.
Rather than relying solely on full-length sequence comparisons,
we divided Diptericin sequences into structurally defined re-
gions and examined their evolutionary patterns separately. This
approach allows us to test explicit hypotheses about the ances-
tral status of Diptericin B , the derivation of Diptericin A and
C through duplication, and the extent to which evolutionary
divergence is concentrated in specific functional domains as
might be predicted under adaptive evolution. By linking gene
tree topologies, species relationships and structural features, this
study provides a more detailed view of how diptericin paralogs
have diversified in response to specific selective pressures.

We hypothesize that diptericin paralogs have experienced het-
erogeneous evolutionary pressures following gene duplication,
resulting in lineage- and paralog-specific divergence patterns.
We predict that species with multiple Diptericin C copies will
show either clusters of near-identical duplicates (consistent with
recent duplication) or deeper divergence among retained copies
(consistent with longer-term retention and functional differentia-
tion).

This study focuses on Diptericin A, B, and C across
Drosophila fly species using available sequence data that enables
direct comparison of paralog distribution, copy number varia-
tion, and evolutionary divergence across lineages. Amino acid
alignments were used to assess sequence divergence, while phy-
logenetic trees were constructed for full-length proteins as well
as for structurally defined regions identified through AlphaFold
based modeling. We applied sequence alignment, phylogenetic
tree construction, and AlphaFold-based structural modeling.

We only had access to the amino acid sequences so we could
not do DNA-based analyses like the dN/dS test. We might also
anticipate that synonymous sites could be saturated in compar-
ing the Diptericins across the entire phylogeny, which would
compromise the dN/dS test. However, a future study could use
codon-based tests for adaptive evolution within specific clades.

Methodology

No human or animal subjects were involved in this study.
Diptericin gene sequences were retrieved from a previous paper
by Dhakad et al. (2025)14. Diptericin gene sequences obtained
from 51 species were collected, including D. melanogaster, D.
miranda, D. willistoni, D. suzukii, and others. While building
the phylogenetic trees and comparing sequences, we removed

one variant of D. suzukii due to its high level of divergence
relative to other diptericin sequences. When placed on a gene
tree, this variant produced a branch length much longer than
any other sequence, indicating substantial divergence from both
other species and even other D. suzukii paralogs. We modeled
the sequence in AlphaFold and it did not create the open pore
structure characteristic of Diptericins [Figure 1 compared to
Figure 2]. Since Diptericin functions by destabilizing bacte-
rial membranes, the absence of a pore was inconsistent with
its expected activity. We therefore determined that this copy
was likely to either be a nonfunctional pseudogene or to have
a function that is highly divergent from other Diptericins and
we excluded it from the study. All other Diptericin sequences
modeled as trimers produced a pore structure. However, to avoid
bias and to be transparent, we still show the sequence and its
behavior directly in Figures 1 and 2 and discuss multiple ex-
planations (pseudogene candidate vs. misannotation vs. highly
diverged variant). We do not have access to raw genomic data
for this locus, so we cannot definitively confirm pseudogeniza-
tion (e.g., via frameshift mutation). We treat that as a limitation
of our study.

Protein sequences were aligned using MAFFT and imported
into AliView, where the “realign everything” option was applied
using default settings15,16. Alignment quality control was lim-
ited to visual inspection in AliView to verify overall alignment
consistency and correct placement of structural motifs. The
alignments were then used to construct gene trees for all se-
quences of each Diptericin paralog, both for the entire protein
sequence and for the pore region of the mature peptide. No auto-
mated trimming, masking of sites, or other exclusion of peptide
regions was performed, and all aligned positions were retained
for downstream analyses. As a result, the alignments contain
gaps. Summary alignment statistics, including alignment length,
proportion of gapped positions, number of variable sites, and
number of parsimony-informative sites, were calculated using
AMAS17. Maximum likelihood phylogenetic gene trees were
constructed with IQ-TREE 3 using automated model selection
and default inference options, including MixtureFinder, MAST,
concordance factors, QMaker, CMAPLE, and IQ2MC18. Phylo-
genetic inference was performed using IQ-TREE 3 with default
settings unless otherwise specified. Model selection was auto-
mated using MixtureFinder, which evaluates combinations of
amino acid substitution models and rate heterogeneity schemes
to identify the best-fitting model for each alignment. QMaker
was used when appropriate to estimate empirical substitution
models directly from the data rather than relying solely on pre-
defined matrices. Multiple-tree mixture models (MAST) were
enabled to account for potential heterogeneity in evolutionary
histories across sites, particularly in datasets that include par-
alogs and lineage-specific duplications. Concordance factors
were calculated to quantify the proportion of sites and gene his-
tories supporting each internal branch, providing a measure of
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support that is less sensitive to alignment length than bootstrap
values alone. CMAPLE and IQ2MC were used as part of the
IQ-TREE 3 implementation to improve likelihood optimization
and computational efficiency when analyzing moderately sized
protein datasets. These options were chosen to allow data-driven
model selection and to better accommodate heterogeneity across
diptericin paralogs, rather than to test specific evolutionary mod-
els.

To build the trees, we used a GitHub implementation of IQ-
TREE3. To run the program, the files iqtree3 and libiomp5md.dll
were copied into the working directory. The directory was
opened in the command prompt using the cd command (e.g.,
cd ”C:\Users\lisam\Downloads\iqtree-3.0.1- Windows\iqtree-
3.0.1-Windows\new”). Once in the correct folder, the tree was
generated with the command .\iqtree3.exe -s filename.phy -B
1000 –bnni -nt AUTO, where the input file contained aligned
amino acid sequences in .phy format (e.g., .\iqtree3.exe -s
DiptericinA.phy -B 1000 –bnni -nt AUTO). The -s option speci-
fies the input alignment file. Node reliability was assessed using
ultrafast bootstrap analysis (-B) with 1000 bootstrap replicates.
Branch-length optimization during bootstrap analysis was en-
abled using the –bnni option to improve the accuracy of support
estimates. Computational resources were managed automati-
cally using the -nt AUTO option, which allows IQ-TREE to
determine the optimal number of CPU threads based on the
system.

Each analysis produced multiple output files, including a
maximum-likelihood tree file (.treefile) containing bootstrap
support values mapped to internal nodes. These tree files were
visualized using the Interactive Tree of Life (iTOL) with all trees
displayed in rectangular format for consistency across figures19.
For visualization clarity, bootstrap support labels were displayed
on trees for nodes with UFBoot ≥70. For the Diptericin A with
the omitted suzukii comparison tree, a lower display threshold
(41%) was used to illustrate instability in weakly supported
regions.

Separate phylogenetic trees were generated for full-length
amino acid sequences and individual structural domains (pores).
These were contrasted to a published species tree based on
complete mitochondrial genomes4. The number of Diptericin
A, B, and C paralogs was also mapped onto the species tree to
estimate the number of duplications and losses and to clarify
how the three paralogs are related.

Diptericin sequences were submitted to AlphaFold version
2 (publicly available implementation as of August 2025) to
generate three-dimensional structural models. All predictions
were performed using default parameters, with no manual pa-
rameter tuning, template enforcement, or custom restraints ap-
plied. Structural confidence was assessed using AlphaFold’s
per-residue confidence metric (pLDDT), which was used qual-
itatively to verify that identified structural elements were sup-
ported by high-confidence predictions. Structural sites were

identified and used to separate amino acid sequences into sec-
tions corresponding to each structural domain. The results of
the phylogenetic reconstructions and structural mapping were
then integrated to assess the evolutionary history of diptericin.

The following procedure was applied to identify structural
domains inferred from AlphaFold structural predictions of
Diptericin trimers (pore, helices, string).

1. Generate trimer models: For each Diptericin amino acid
sequence, we generated a trimer structure prediction in
AlphaFold (same settings across all sequences; default pa-
rameters). Each sequence was modeled three independent
times to check consistency.

2. Open model & standardize viewing: we viewed each trimer
model in the AlphaFold structure viewer in cartoon/ribbon
mode with secondary structure displayed (β -sheets vs he-
lices vs coils). We also inspected pLDDT confidence color-
ing to flag low-confidence segments. In Alphafold and in
the corresponding figures in this paper, confidence is shown
using color. Cooler colors like blue represent more confi-
dence and orange and yellow represent less confidence.

◦ In this paper, the “pore region” is defined as the β -
sheet barrel-like segment that forms the central cavity
when the three peptide copies assemble (Figure 1).
This pore is predicted to span the bacterial membrane
and act as an open channel, destabilizing bacterial cell
integrity and leading to lysis and death. In the present
study, the pore region is predicted computationally
and is not directly functionally measured.

◦ “P-domain” definition: P-domain is used as a descrip-
tive label for the flexible, low-structure proline-rich
motif that is between the pore and the signal pep-
tide. This domain is predicted to be removed from
Diptericin B by furin cleavage, but loss of the furin
cleavage site means that the P-domain is predicted to
remain attached to the pore in Diptericins A and C
(Figure 1). We do not know whether it extends into
the bacterial cytoplasm or into the extracellular space.
There is no confident prediction of the secondary
structure of the P-domain.

3. Mark pore start: Starting at the N-terminus, we move
residue-by-residue along the chain (mouse-over residue
labeling) until reaching the first residue that is part of the
contiguous β -sheet barrel contributing to the central cavity.
That index was recorded as pore start.

◦ If the transition fell inside a low-confidence segment,
we still recorded the boundary but flagged it as low-
confidence (pLDDT low) in my notes.
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4. Mark pore end: Continuing along the sequence, we
recorded the last residue that still belongs to the β -sheet
barrel before the structure transitions into a non–β -barrel
region (coil/flexible linker, i.e., the “string,” or other non-
barrel structure). That residue index was recorded as pore
end.

5. Consensus across 3 runs: we repeated steps 2–5 for all three
AlphaFold trimer runs per sequence. Final pore bound-
aries were defined using the consensus across runs (the
mode start/end positions; if all three differed, we used the
rounded mean).

6. Documentation: For transparency, we included an anno-
tated screenshot showing an example of pore start identifi-
cation (mouse-over residue label at the β -barrel transition)

To evaluate these predictions, we focused on a small set of
comparative analyses that directly reflect the structure and dupli-
cation patterns of diptericin. First, we quantified sequence diver-
gence across Diptericin A alignments and compared variability
between the full-length peptide and the predicted pore/interface
region to test whether divergence is concentrated in functionally
exposed domains. Second, for species with multiple Diptericin
C copies, we examined pairwise amino-acid similarity and phy-
logenetic clustering among paralogs to determine whether dupli-
cates represent recent expansions or deeper, retained divergence.

Results

Our AlphaFold modeling of Diptericins A, B, and C indicated
that each Diptericin is likely to form a trimer. Three copies
of the Diptericin peptide assemble into a barrel (Figure 1) that
we predict would insert into the membrane of a Gram-negative
bacterium, acting as an open pore that would result in bacterial
lysis. This hypothesized mode of action is consistent with pub-
lished reports that Diptericin disrupts bacterial membranes20.
We do not know whether Diptericin B can heterodimerize with
Diptericin A or C to make chimeric pores. In our dataset there
are no genomes that contain both Diptericin A and C (Table 1).

This AlphaFold model shows the modeled Diptericin A pep-
tide from D. setifemur and the Diptericin B and C peptides from
D. gaucha with the pore start region indicated in red. To locate
the pore, we generated an AlphaFold model of each gene us-
ing three copies and identified the consistent region where the
β -sheet barrel transitions into the P-domain. We then averaged
the amino acid base positions across these models to generalize
the pore start for Diptericin sequences. This figure is provided
as an example; across species, Diptericin A, B, and C models
showed the same overall architecture and a comparable β -sheet
barrel–to–P transition. The pore initiation site is defined as
the transition between the β -sheet barrel and the P-region (see
Methods). Note that the illustrated alpha helices in Diptericin

Fig. 1 D. setifemur Diptericin A , D. gaucha Diptericin B , D. gaucha
Diptericin C

B may be removed from the mature peptide, as there is a furin
cleavage site near the start of the pore in Diptericin B . There is
no furin cleavage site in Diptericins A or C.

Fig. 2 Omitted D. suzukii paralog

Unlike most diptericin homologs modeled here, this sequence
does not yield a pore-like trimeric assembly under the same
modeling procedure. This result is consistent with either a
non-canonical structural variant or annotation-related issues.
Therefore, the sequence is treated as an outlier and is excluded
from primary comparative pore analyses.
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Table 1 Diptericin A &B & C Comprehensive Count
Species A B C
Acommunis 1
Ccostata 4
Cfuscimana 4
Dalanassae 1
Dananassae 1 1
Dalbomicans 1 1
Dbipectinata 1 1
Dbusckii 5 8
Delegans 1 1
Dflavopinic 1 2
Dfunebris 1 1
Dgaucha 1 5
Dgrimshawi 1 2
Dhydei 1 3
Dimmigrans 1 1
Dinnubila 1 1
Dkikkawai 1
Dmaculinota 1 2
Dmelanogaster 1 1
Dmimica 1 2
Dmiranda 4 1
Dmojavensis 1 3
Dneotestace 1
Dobscura 1 1
Dpallidipen 1
Dparamelani 1 1
Dpseudotala 3
Dpruinosa 1 1
Drepleta 1 4
Drepletoide 1 1
Dsetifemur 3 1
Dsturtevant 1 1
Dsuzukii 2 1
Dvirilis 1 1
Dwillistoni 1 2
Hcam 2
Hconf 1 3
Hhistrioide 1 4
Hduncani 2
Htrivittata 2
Landalusiac 3 1
Lfenestraru 3 1
rna-DptB 1
Sdef-DptB 1
Shsui 1 2
Slebanonens 1
Slatifascia 1
Stumidula 1 2
Zbogoriensi 1 1
Zdavidi 1 1
Ztuberculat 1

This table provides a comprehensive list of which species
have Diptericin A , B, or C, with copy counts included. It re-

veals clear lineage-specific patterns. Diptericin B is the most
widely conserved, as it is present in nearly all species, often as a
single copy. However, there are exceptions, such as D. busckii (5
copies) and C. costata (4 copies). Diptericin A is more variably
distributed, with most species having one copy but with signifi-
cant duplications in D. setifemur (3 copies) and D. miranda (4
copies). Diptericin C shows the greatest duplication in species
like D. busckii (8 copies) and D. gaucha (5 copies), while being
absent from others. The variation in copy number across species
indicates lineage-specific duplication/retention dynamics. These
patterns are consistent with ecological or pathogen-mediated
selection in some lineages, but other explanations (neutral copy-
number change and assembly/annotation artifacts) cannot be
excluded given reliance on published genome annotations.

Full-length Diptericin A alignments contained moderate
missing data (27–49%) and 46–63% variable sites (42–49%
parsimony-informative). In contrast, pore-region alignments
showed very low missing data (<10%) and a high proportion
of variable and parsimony-informative sites (86–87% variable;
79% parsimony-informative), indicating that the pore region is
information-dense across taxa and provides substantial phyloge-
netic signal despite its shorter length. Because “variable sites”
are counted when any species differs at a position, these values
reflect the breadth of substitutions across the dataset rather than
average pairwise divergence.

Table 2 displays the alignment statistics for full-length amino
acid sequences of Diptericin A , Diptericin B , and Diptericin C ,
as well as pore-region alignments for Diptericin A & Diptericin
C and for the pore region across Diptericin A & B & C [Table 2].
Across full-length alignments, 27–49% of the sites are coded as
“missing data” because they fall in alignment gaps, whereas less
than 10% of the aligned sites are gapped in the sequence encod-
ing the pore. This indicates that the pore is more consistently
alignable than the remainder of the protein, and that this region
should give the alignment with the greatest confidence. Consis-
tent with that, 78% of the aligned sites in the pore region are
parsimony informative compared to 42-49% across the whole
peptide [Table 2]. Diptericin A shows substantial sequence vari-
ation despite its smaller size, and its relatively high proportions
of variable and informative sites indicate meaningful evolution-
ary signal rather than noise; missing data are present but not
excessive given limited species representation [Table 2].

Despite higher missing data, Diptericin B retains strong phylo-
genetic signal and its high proportion of parsimony-informative
sites supports reliable inference and reflects broad but structured
variation across taxa [Table 2]. Diptericin C exhibits substantial
missing data consistent with lineage-specific duplication and
incomplete annotation across species, yet nearly half the align-
ment remains variable and informative, supporting real evolu-
tionary divergence rather than an alignment artifact [Table 2]. In
contrast to full-length alignments, pore-region alignments show
very low missing data (<10%) and exceptionally high variability
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Table 2 Alignment Statistics

Alignment Taxa Length (AA) % Missing % Variable sites % Parsimony-Informative
Diptericin A 22 145 27.4 63.4 45.5
Diptericin B 56 204 40.2 60.8 49
Diptericin C 61 204 48.6 46.1 42.6
AC Pore 83 70 7.5 85.7 78.6
ABC Pore 139 71 9.4 87.3 78.9

(>85% variable sites), meaning the most intense divergence is
concentrated in this functional domain rather than spread evenly
across the peptide [Table 2]. This same pattern holds when pore
residues are considered across paralogs (Diptericin A & B & C):
pore sequences remain exceptionally variable and informative
while maintaining low missingness, which is the qualitative pat-
tern expected if diversifying selection is acting on a functional
AMP [Table 2].

We mapped Diptericin paralogs onto a previously published
species tree based on mitochondrial genome sequence4. Across
the Drosophila phylogeny, mapping paralog presence onto a pub-
lished species tree shows that Diptericin B is conserved in most
lineages, while Diptericin A and Diptericin C occur in more
restricted clades [Figure 3]. Species typically retain Diptericin
B and tend to contain either Diptericin A or Diptericin C (or
neither), but Diptericin A and Diptericin C do not co-occur
within the same species, producing a clear pattern of mutual
exclusivity at the species level [Figure 3]. This distribution is
consistent with the hypothesis that A and C were derived from
ancestral B copies and subsequently evolved along distinct tra-
jectories [Figure 3]. When copy counts are considered in the
same framework, some species show strong lineage-specific
expansion (e.g., D. busckii, D. miranda, D. repleta), whereas
other species maintain only a single copy (e.g., D. sturtevan-
tii, D. willistoni), suggesting that selection may influence not
only amino acid divergence but also the number of diptericin
gene copies retained in a lineage [Table 1, Figure 3]. Outcomes
following duplication are also heterogeneous across species: in
some lineages, multiple copies are nearly identical, consistent
with recent duplication events, whereas in other lineages, par-
alogs are deeply divergent and occupy distinct positions in gene
trees, consistent with longer-term retention rather than rapid
loss [Figure 5, 7]. This within-species contrast matters because
it separates “many copies because of very recent expansion”
from “many copies because divergent duplicates were retained,”
and both patterns show up in the trees [Figure 4, 5, 6]. In the
Diptericin C tree, D. gaucha is a good example of the “recent
expansion / low divergence” pattern. Its multiple Diptericin C
copies are nearly identical to each other, with very short branch
lengths and little visible separation, which is what would be ex-
pected if the copies duplicated recently and have not had much
time to diverge [Figure 6]. In contrast, D. pseudomantica shows

the opposite pattern. Its Diptericin C copies are not grouped to-
gether as one tight cluster. Instead, they are split across different
parts of the tree, which is more consistent with older duplication
events followed by long-term retention of divergent duplicates
rather than a single recent burst [Figure 6].

Diptericin A shows a similar pattern. In the Diptericin A tree,
D. andalusiaca and D. fenestrarum do not form clean within-
species clusters. Their copies are interleaved, with sequences
from the two species alternating across the same part of the tree,
which suggests these duplicates are not just species-specific
“extra copies” that arose yesterday. Instead, it fits better with
duplication predating the species split (or with recent gene con-
version / strong constraint keeping copies similar), and it shows
why copy number alone is not enough to interpret duplication as
either purely recent expansion or long-term retention [Figure 4].

This figure is the comprehensive species phylogeny of all the
flies in this paper based on a previously published mitochondrial
phylogeny4, with species arranged to reflect their evolutionary
relationships. Diptericin A is red, Diptericin B is blue, and
Diptericin C is green. Diptericin subtypes were also mapped
onto the tree. There is a consistent pattern of Diptericin B having
one copy in most species. Each species either has Diptericin A
or Diptericin C , or neither. Diptericin A and Diptericin C never
appear together in the same species.

The paralog counts reinforce the same story from a different
angle. Across 51 species, Diptericin B is the most widespread,
present in 44/51 species, while Diptericin C is present in 27
species and Diptericin A in only 13 species, supporting the
hypothesis that B is ancestral and broadly conserved whereas
A and C are more restricted [Table 3]. Figure 3 shows that
the paralog combinations are not randomly scattered across
taxa. The earliest-branching lineages in this dataset mostly show
Diptericin B alone (for example Amiota, Scaptodrosophila, and
Chymomyza), which fits the idea that B represents the ancestral
background state before the duplication events that generated
the derived paralogs [Figure 3]. Moving up the tree, Diptericin
A appears in the Sophophora part of the phylogeny where it is
consistently found alongside B, while Diptericin C appears in
the subgenus Drosophila where it is also almost always found
alongside B and often shows additional within-lineage copy
expansion (for example the high copy number in D. busckii)
[Figure 3, Table 1]. This phylogenetic structure supports a
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Fig. 3 Diptericin A & B & C Species Tree

© The National High School Journal of Science 2026 | 7



simple evolutionary model where Diptericin B is the stable
and ancestral core paralog and the A/C branch reflects an early
duplication of B followed by lineage-specific divergence. Under
that model, the duplicated copy evolved into Diptericin A in
Sophophora and into Diptericin C in the subgenus Drosophila,
with repeated secondary duplications contributing to the higher
copy numbers seen in some lineages [Figure 3, Table 1]. The
Hirtodrosophila placements look “off” in that they map near the
A-bearing side of the tree but show sequences classified as C,
but that is not necessarily biologically meaningful because A
and C are both derived from the same original duplication and
the label can be ambiguous at deep divergence [Figure 3].

Taken together, the frequency and combination patterns show
Diptericin B as the stable background subtype across lineages,
while Diptericin A and Diptericin C are less commonly retained
by themselves and more often appear in the presence of B,
consistent with more specialized, lineage-specific evolutionary
trajectories for A and C [Figure 3]. Copy-number summary
statistics match this pattern. Diptericin B , which represents the
ancestral form in this dataset, is most often retained as a single-
copy gene. Consistent with that, Diptericin B has the lowest
mean copy number (1.27) and is typically single-copy, although
a few lineages reach higher counts (max 5) [Table 3]. Diptericin
A shows intermediate copy-number expansion (mean 1.77, max
4) [Table 3]. Diptericin C shows the strongest expansion overall,
with the highest mean copy number (2.22) and the highest maxi-
mum (8 copies), consistent with repeated duplication in many
species [Table 3]. These distributions support subtype-specific
evolutionary trajectories where B behaves like a conserved core
locus while A and especially C show greater copy-number flexi-
bility, consistent with lineage-specific duplication or retention
(while still acknowledging that neutral copy-number dynamics
and genome assembly/annotation artifacts can contribute when
relying on published annotations) [Table 3].

Table 3 Diptericin A & B & C Statistics
Statistic Diptericin A Diptericin B Diptericin C
Average 1.769230769 1.272727273 2.222222222
Max 4 5 8
Min 1 1 1
Median 1 1 2

This table shows the statistics for Diptericin A, B, and C
copy numbers across the analyzed fly species. Diptericin C has
the highest average copy number (2.22) as well as the highest
maximum, with it being present up to 8 times in some species.
Diptericin C shows the highest mean and maximum copy num-
ber across species (Table 3), indicating more frequent duplica-
tion and/or retention in some lineages. Diptericin A averages
1.77 copies with a maximum of 4, while Diptericin B is the
most conserved, with the lowest average (1.27) and a maxi-

mum of 5 copies. The median values indicate that most species
maintain one copy for Diptericin A and Diptericin B and two
copies for Diptericin C , reflecting its broader variation and
possible adaptive diversification. High copy number is con-
sistent with lineage-specific expansion that could be shaped
by pathogen-mediated selection, but it may also arise through
neutral duplication processes, copy-number variation dynamics,
or assembly/annotation artifacts. Therefore, copy-number pat-
terns are interpreted here as hypothesis-generating rather than
definitive evidence of adaptation.

Across maximum-likelihood phylogenies, many shallow
clades show high bootstrap support (often >95%), indicating
confident clustering of closely related sequences and duplicated
copies within lineages, whereas deeper backbone relationships
include multiple moderately supported nodes (70–90%) and,
when displayed, some weakly supported nodes (<70%), so the
precise relationships in the deep branches are interpreted cau-
tiously [Figure 4, 5, 6]. This is also seen in the pore-only tree
[Figure 8]. Although pore alignments are shorter, they are also
cleaner and less gappy than full-length sequences, so pore-only
trees can show equal or stronger support for some relationships
by avoiding poorly alignable regions of the full peptide. Because
several internal nodes exhibit low support, apparent discordance
between gene trees and the species phylogeny is treated as unre-
solved rather than definitive evidence of duplication or loss in
cases where the relevant nodes are weakly supported [Figure 1,
4, 5, 6].

This is a phylogenetic tree made using Diptericin A sequences
from multiple fly species. The tree was constructed using max-
imum likelihood analysis based on full-length amino acid se-
quences. Branch lengths indicate relative sequence divergence,
with longer branches representing greater evolutionary change.
There is clustering within species such as D. setifemur and D.
miranda. Diptericin A copies from other species, such as L.
andalusiaca and L. fenestratum, are distributed across the tree.
Overall node support was high for Diptericin A (median UFBoot
= 96), but several deeper internal nodes fell below 70, so the
branching order among major lineages should be interpreted cau-
tiously. Node labels indicate bootstrap support (1000 replicates);
values below 70 are not shown.

This phylogenetic tree is made from Diptericin B sequences.
It was constructed using maximum likelihood analysis of full-
length amino acid sequences, with longer branches indicating
greater evolutionary divergence. There is some duplication
evident within this tree, such as in D. busckii, but overall there
are fewer duplicates than for Diptericins A and C. There are also
many clusters of species with low divergence. Many shallow
clades were strongly supported, but nearly half of internal nodes
had bootstrap support lower than 70%, limiting confidence in
deeper branching relationships. Node labels indicate bootstrap
support (1000 replicates); values below 70 are not shown.

This phylogenetic tree represents the evolutionary relation-
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Fig. 4 Diptericin A Gene Tree

ships among Diptericin C sequences across diverse fly species.
It was constructed using maximum likelihood analysis of full-
length amino acid sequences, with longer branches indicating
more extensive evolutionary change. There are large clades
with high copy numbers in certain species, such as D. busckii
and D. gaucha. These species show greater variability and di-
versity, as reflected by longer branches and multiple distinct
clusters. This may reflect recent duplication events (tight clus-
ters of closely related copies) and/or longer-term retention of
divergent paralogs (multiple distinct clusters within a species).
Since duplication can also reflect neutral processes or assem-
bly/annotation artifacts, we interpret high copy number as con-
sistent with lineage-specific expansion rather than as definitive
evidence of pathogen-driven adaptation. Diptericin C similarly
contained both strongly supported local clades and weaker back-
bone support, indicating that some higher-level relationships are
not robustly resolved. Node labels indicate bootstrap support
(1000 replicates); values below 70 are not shown.

Within this overall support context, full-length trees show

subtype-specific patterns that match the copy-number and fre-
quency results. Diptericin A full-length phylogenies show many
strong terminal clusters and within-species groupings. Bio-
logically, this clustering means that multiple sequences from
the same species form a tight clade with short internal branch
lengths and strong bootstrap support, consistent with recent du-
plication followed by limited divergence among paralogs [Figure
4]. For example, the D. miranda copies form a tight, strongly
supported clade consistent with recent duplication, while several
Lordiphosa sequences are distributed across longer branches
and do not consistently cluster by species with strong support,
suggesting substantial divergence or unresolved deeper relation-
ships, especially where backbone support is moderate [Figure 4].
Diptericin B sequences generally show shorter branch lengths
and many compact clades, consistent with comparative conser-
vation, with strong support for many shallow groupings but only
moderate/weak support on several deeper nodes; D. mojavensis
is a notable long-branch exception consistent with elevated di-
vergence, while recognizing that branch length alone does not
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Fig. 5 Diptericin B Gene Tree
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Fig. 6 Diptericin C Gene Tree
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specify evolutionary mechanism (relaxed constraint vs adaptive
change) [Figure 5]. Diptericin C shows frequent lineage-specific
duplication and diversification, with multiple clades containing
tight, strongly supported clusters of closely related paralogs
(including clusters in D. busckii and D. gaucha) consistent with
recent expansion and limited divergence among copies, along-
side other taxa with fewer copies and longer internal branches
consistent with deeper divergence or more conserved copy num-
ber [Figure 6]. Across these trees, strong shallow support sup-
ports recent duplication and clustering patterns, while reduced
deep-node support limits confidence in the precise ordering of
older splits [Figure 4, 5, 6].

Structural mapping and pore-only phylogenies show that the
pore domain is a focal point of conservation and that these
domain-based trees capture patterns not obvious from full-length
sequences alone. Pore residues were defined using AlphaFold
trimer modeling, where the predicted pore initiation site is iden-
tified at the transition between the β -sheet barrel (blue) and
the adjacent low-structure “string” region (orange/yellow), and
pore boundary positions were averaged across three indepen-
dently generated trimer models to standardize pore extraction
across sequences [Figure 1]. Using these pore boundaries, the
Diptericin A & Diptericin C pore phylogeny recovers multi-
ple well-supported clusters within each subtype, and Diptericin
C pore sequences show several clades with substantial diver-
gence and high copy number in certain taxa, consistent with
repeated duplication and diversification of Diptericin C, whereas
Diptericin A pore sequences more often form tighter clusters
with shorter branch lengths consistent with comparatively lower
divergence in this domain in many taxa [Figure 7, 8]. Extending
to all three paralogs, the ABC pore tree shows Diptericin B pore
sequences forming compact clusters with shorter branch lengths
(comparative conservation) while Diptericin A and Diptericin
C pore sequences show greater divergence overall; several taxa
(e.g., D. busckii, D. gaucha) contain multiple closely related
pore variants that cluster together, consistent with recent du-
plication and retention of similar copies [Figure 8]. However,
deeper relationships among the A, B, and C clades depend on
support at the internal nodes connecting major subtype groups,
so any inferred sister relationship (e.g., A and C vs B and C) is
treated as tentative unless connecting support is strong (≥70),
and cases where Diptericin A shows an unstable or weakly sup-
ported placement relative to the B and C clades are interpreted
cautiously, since this pattern can reflect long-branch behavior,
elevated divergence, or limited phylogenetic signal rather than a
definitive statement of ancestry [Figure 8].

One D. suzukii Diptericin A –like sequence is highly diverged
and behaves atypically on the phylogeny. Another copy of
Diptericin A in D. suzukii is more similar to the Diptericin A
sequences from the remaining species [Figure 2, 9]. The D.
suzukii outlier paralog falls on an extremely long branch with
weakly supported placement in the Diptericin A tree ( bootstrap

<41), distorting overall scaling and reducing interpretability of
other relationships [Figure 9]. AlphaFold modeling supports
the hypothesis that this paralog is either highly functionally
divergent or is a nonfunctional pseudogene. This paralog failed
to produce a pore-like structure in trimeric assembly [Figure 2].
This sequence was excluded from the results shown above.

Fig. 7 Diptericin A & C Pore Tree

This phylogenetic tree represents the evolutionary relation-
ships inferred from the pore sequences from Diptericin A and
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C across diverse Drosophilid species. It was constructed us-
ing maximum likelihood analysis of full-length amino acid se-
quences, with longer branches indicating more extensive evo-
lutionary change. Diptericin A is shown in red and Diptericin
C in green. We determined which amino acids were part of the
pore by modeling three copies in AlphaFold and averaging the
pore sequence positions. The tree reveals several large clades
with high sequence variation. The Diptericin paralogs formed
their own clades. Support values were lower overall in pore-only
trees than full-length trees, consistent with reduced phylogenetic
signal in shorter, rapidly evolving domains. Node labels indi-
cate bootstrap support (1000 replicates); values below 70 are
not shown.

This phylogenetic tree represents the evolutionary relation-
ships among pore-region sequences from Diptericin A, B, and
C across diverse fly species. It was constructed using maxi-
mum likelihood analysis of full-length amino acid sequences,
with longer branches indicating more extensive evolutionary
change. Diptericin A is shown in red, Diptericin B in blue, and
Diptericin C in green. We determined which amino acids were
part of the pore by modeling three copies in AlphaFold and
averaging the pore sequence positions. This tree shows that the
paralogs form their own clades. Diptericin A is positioned closer
to the root, while Diptericin B and Diptericin C share a common
ancestor before sharing one with Diptericin A . The ABC pore
tree showed generally low backbone support (majority of nodes
with bootstrap support <70%), but the clustering of Diptericin
B sequences was strongly supported (98% bootstrap support),
and B and C grouped together relative to A with strong support
(100% bootstrap support). Node labels indicate ultrafast support
(1000 replicates); values below 70 are not shown.

This phylogenetic tree shows the relationships among
Diptericin A sequences across multiple fly species. It was con-
structed using maximum likelihood analysis. Most of the se-
quences cluster into lineage-specific clades with relatively short
branch lengths, indicating moderate levels of divergence. In
contrast, the D. suzukii sequence fell on an abnormally long
branch length, indicating extreme divergence, and the placement
had low bootstrap support (41%). Therefore, it was omitted
from the primary analyses presented in this paper. Node labels
indicate bootstrap support (1000 replicates); values below 41
are not shown.

Discussion

Diptericin is a major IMD-regulated antimicrobial peptide in
Drosophila, and comparative genomics shows that diptericin
genes diversify through sequence divergence, gene duplication,
and the emergence of three subtypes: Diptericin A , Diptericin
B , and Diptericin C . Even within that basic framework, the
paralogs often duplicate within species. In this study, the goal
was to use phylogenies, copy-number patterns, and AlphaFold-

Fig. 8 Diptericin A & B & C Pore Gene Tree
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Fig. 9 Diptericin A Gene Tree with a Divergent D. suzukii Paralog Omitted

based structural models together to describe how Diptericin has
diversified across fly species.

Across the dataset, Diptericin B is the most broadly retained
subtype, while Diptericin A and Diptericin C are more lineage-
associated and show more copy-number variability. Mapping
presence and copy counts onto the species phylogeny supports
an early split from a Diptericin B -like ancestral state, followed
by divergence along different lineage trajectories where A oc-
curs in Sophophora and C occurs in the subgenus Drosophila,
with repeated subsequent duplication within species lineages.
Phylogenetic trees generated from the full-length peptide se-
quence or the more conserved pore region only show the same
major subtype structure, revealing specific lineages and domains
where duplication and sequence divergence have accumulated.

The evolutionary patterns discovered in this study provide
new insights into how immune effectors like AMPs diversify in
response to microbial and pathogenic pressure. Across the fly
phylogeny, the diptericin gene family showcases evolutionary
patterns that probably reflect lineage-specific ecological pres-
sures. In Table II, the presence of duplicated copies of diptericin
paralogs in some species suggests that these AMPs may be

especially important in those lineages.

One limitation of this study is that our conclusions are based
on sequence evolution, phylogenetic patterns, and predicted
structure. We do not have experimental data for any of the
Diptericin variants analyzed here, so we cannot determine
whether duplicated or diverged Diptericin paralogs and sub-
groups have specialized antimicrobial functions differences in
activity. However, we can clearly conclude that Diptericin A
and C show evolutionary and structural divergence consistent
with functional divergence, and our results generate hypothe-
ses that should be tested experimentally. These predictions
could be validated with heterologous expression of representa-
tive Diptericin A, B, and C variants (including highly diverged
copies) followed by antimicrobial activity assays against Gram-
negative bacteria to determine minimum inhibitory concentra-
tion (MIC) or bactericidal activity21. The diptericin mode of
action is thought to be membrane disruption, so complemen-
tary membrane-permeabilization assays (e.g., dye uptake or
leakage assays using bacterial membranes or model liposomes)
could test whether structural differences correspond to changes
in pore-forming efficacy21,22. In addition, expression studies
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in vivo (constitutively or or in a controlled infection setup)
could test whether Diptericin A, B, and C differ in induction
across pathogens or tissues, which would support regulatory
specialization4,23. Finally, genetic tests such as knockouts or tar-
geted knockdowns followed by transgenic rescue with specific
paralogs would provide the strongest evidence for functional
differences among A, B, and C24.

Because we only had access to protein sequences, we were
unable to perform DNA-based analyses such as dN/dS tests,
which limits our ability to conclusively detect positive selec-
tion. Instead, we focus on identifying evolutionary patterns
such as lineage-specific gene duplication, elevated amino acid
divergence, and concentrated variability in functional domains
that are consistent with adaptive evolution and motivate future
hypothesis-driven testing. Formal gene tree–species tree recon-
ciliation analyses were not performed; therefore, interpretations
based on topological comparisons are presented as hypotheses
rather than explicit inferences of duplication, loss, or deep co-
alescence. When coding sequences are available, future work
could apply codon-based evolutionary models (e.g., tests for
episodic positive selection or relaxed purifying selection) to
better distinguish adaptive diversification from rate relaxation.
Because the analyses in this study are largely based on amino-
acid sequences, results are interpreted as patterns of rate hetero-
geneity and domain-specific divergence rather than definitive
evidence of positive selection.

Because model selection and likelihood optimization were
automated, this study does not systematically evaluate how al-
ternative substitution models or inference settings would affect
tree topology. As a result, interpretations are based on consis-
tent patterns observed across multiple trees and domains rather
than on the robustness of any single model choice. Future work
could explicitly test the sensitivity of these results to alternative
phylogenetic models.

Multiple lines of evidence indicate that Diptericin B is the
ancestral Diptericin paralog, and that is duplicated and sub-
sequently diverged to generate Diptericin A in the subgenus
Sophophora and Diptericin C is only present in the subgenus
Drosophila. = The conservation of Diptericin B while diptericins
A and C recurrently duplicated suggests that ancestral Diptericin
B may have a distinct ancestral function, while A and C may
have adapted to more specialized functions. The duplication
patterns observed in certain clades, including D. busckii, D. mi-
randa, and D. repleta [Figure 4, 5, 6], indicate lineage-specific
expansion rather than uniform duplication across all species.
These lineages have sustained multiple duplications but this
study does not test what ecological or genomic factors drive
those expansions.

Previous functional studies of diptericin provide useful con-
text for interpreting the evolutionary patterns observed here,
but they do not allow direct functional conclusions to be drawn
from our data alone6,7. In Drosophila melanogaster, Diptericin

A contributes to resistance against Providencia rettgeri during
systemic infection, while Diptericin B is required for defense
against Acetobacter in the gut7,8,24. Naturally occurring varia-
tion in Diptericin A can also have large and pathogen-dependent
effects on resistance. The S69R polymorphism is strongly
associated with bacterial load and survival after Providencia
infection, while showing little to no effect for several other
pathogens25,26. Together, these results support the broader
premise that diptericin paralogs and variants can differ in bio-
logical context and importance, which motivates the hypothesis
that divergence among Diptericin A, B, and C across species
may reflect differences in function or regulation8.

Most of the species retained a single copy of Diptericin B ,
suggesting it performs a conserved, essential function such as
regulating bacteria such as Acetobacter in the gut. However,
some species, such as D. busckii and D. gaucha, show lineage-
specific expansions of Diptericin B23. This could be a way to
expand antimicrobial coverage without fundamentally altering
Diptericin B’s ancestral function. In contrast, a few species
have a complete absence of B. This may reflect either gene loss
following the functional replacement of B by other diptericins
(A or C) or shifts in that fly’s ecological niche that reduced
the selective advantage of keeping it22,26. Alternatively, those
absences may reflect incomplete annotation of those species’
genomes. Future work could validate Diptericin C opy numbers
by checking read-depth and assembly quality metrics or by con-
firming paralog copy numbers through targeted sequencing26.

Differences between gene trees and the species phylogeny
can come from several evolutionary processes, including gene
duplication and loss, incomplete lineage sorting among closely
related taxa, or uncertainty in gene tree reconstruction. Hori-
zontal gene transfer is considered unlikely for nuclear-encoded
antimicrobial peptides in insects and is not supported by the
broader phylogenetic context of this dataset. Importantly, many
of the apparent mismatches observed here involve nodes with
low bootstrap support, limiting confidence in the inferred gene
tree topology. Thus, these patterns are best interpreted as un-
resolved relationships rather than strong evidence for specific
evolutionary events.

The findings of this study align with prior studies. There is
rapid diversification of AMP families under pathogen-mediated
selection1,2, but our paper extends this conclusion by linking
gene duplication to structural diversification. Importantly, the
observed divergence between gene and species phylogenies
suggests that the evolution of diptericin is shaped not only by an-
cestry but also by duplication and adaptive evolution. There are
limitations to this paper. Genome sequences vary in quality, as
shown with the D. suzukii sequence being omitted in Diptericin
A .

We observed one D. suzukii sequence that was highly di-
vergent by sequence and structure. This could reflect strong,
recent accelerated evolution for a new function. Alternatively,
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the divergence might result from relaxed selection if that spe-
cific Diptericin A became functionally redundant due to the
presence of other AMPs, more specifically the other D. suzukii
Diptericin A . Or this gene copy may have sustained a mutation
that rendered it nonfunctional so it became a pseudogene. Either
of these latter two would lead to accelerated mutation accu-
mulation since the redundant Diptericin A would not have any
functional constraint. Since this sequence also failed to produce
the pore-like trimeric assembly observed for other diptericin
homologs under the same AlphaFold procedure, we infer that it
has substantially altered function or no function, so we excluded
it from our primary analyses.

Overall, the results presented in this paper support the view
that diversifying selection and gene duplication are important
forces shaping diptericin. Diptericin B is the most conserved
and ancestral, and Diptericin A and C are likely to be derived lin-
eages that arose from the duplication of an ancestral Diptericin
B before undergoing stronger adaptive pressure. This work
highlights the evolutionary relationships between gene fam-
ily, protein structure, and immune function. It also provides
a foundation for studies aimed at testing the functional con-
sequences of diptericin diversification. Future studies could
build on these findings by testing the antimicrobial activity of
divergent Diptericin A and C variants. They could also extend
similar evolutionary and structural analyses to other AMP gene
families. That research could help provide context and more
information for the evolutionary patterns identified here and
provide a broader framework for understanding how immune
effectors diversify across insect lineages.
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Supplementary Materials
Phylogenetic trees were inferred using IQ-TREE 3 (version 3.0.1). Alignments
were provided in PHYLIP format. Trees were constructed using automated
model selection and maximum likelihood inference with the following com-
mand structure: iqtree3.exe -s DiptericinA.phy -m MFP -B 1000. Equivalent
commands were used for Diptericin B , Diptericin C , and pore-only alignments,
with the input file name changed accordingly. The -m MFP option enabled
automated model selection using MixtureFinder. Ultrafast bootstrap support
was calculated with 1000 replicates using -B 1000. Concordance factors were
computed using default IQ-TREE 3 settings. Output tree files were visualized
using iTOL.
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