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ABSTRACT
Synanthropic species live in close association with, or benefit from, humans. Despite their potential impacts to human health, 
little is known about the mechanisms driving synanthropic life-history evolution, evolutionary forces shaping diet among syn-
anthropes, or how these combined factors affect population dynamics and/or speciation. The Tineidae moth family contains 
several synanthropic species, including the globally distributed pest species Tineola bissellellia, that contribute to the ~$1 billion 
worth of damage caused annually by keratinophagous synanthropes. Synanthropy among Tineidae is associated with a wide 
range of dietary strategies. While most tineids display obligate detritivory, synanthropic species are typically either facultatively 
or obligately keratinophagous. However, little is known about evolutionary relationships within Tineidae, hampering efforts to 
investigate the relationship between synanthropy and diet evolution. Here, to address this challenge, we extracted DNA from 39 
tineid samples and two outgroups, including the closely related Tineola and Tinea genera, and generated genome-wide sequence 
data for thousands of ultraconserved elements (UCEs). Our phylogenetic analyses, using a concatenated maximum-likelihood-
based approach, resulted in a well-supported, fully resolved phylogeny that demonstrates synanthropy has evolved multiple 
times and is consistently associated with facultative and obligate keratinophagy. Bayesian divergence time estimation indicates 
Cretaceous divergence among deep-branching tineid lineages, an ancestral origin of facultative keratinophagy, and a recent 
origin of the most economically important synanthropic pest, Tineola bissellellia, from within genus Tinea. Taken together, our 
results suggest that a shift to facultative keratinophagy was a key evolutionary innovation that has fuelled the repeated evolution 
of synanthropic life histories among this deep-diverging moth family.
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1   |   Introduction

Synanthropic organisms are those that benefit from, and 
have thus adapted to, living in close association with hu-
mans (Bogdanova  2008; King  2014). As global urbanisation 
has increased, so has the prevalence of synanthropic species 
(McKinney  2006). Life-history strategies among these species 
can range from nonsynanthropic to obligately synanthropic 
(Fedorova et  al.  2018). Synanthropic taxa can affect humans 
in a variety of ways, including by hosting zoonotic infectious 
diseases (McFarlane et  al.  2012), acting as pests in the home 
(Ho et al. 2021) and negatively impacting crop production and 
livestock management (Boneva et al. 2023; Gade 2010). In the 
United States, for example, the pest control industry, which 
deals primarily with synanthropic organisms, has a market 
value of over $26.2 billion (Statista 2023).

The exact traits that have facilitated organisms to evolve synan-
thropy are unclear. In some cases, species evolve novel adaptations 
in response to anthropogenic stressors (e.g., evolved insecticide 
resistance in mosquitoes; Schmidt et al. 2024). However, adapta-
tions important for synanthropy can also be exaptations, that is, 
traits with older evolutionary origins that evolved under a previous 
selective regime and have been co-opted to allow for successful 
colonisation of the anthropogenic living space (Martin et al. 2015; 
Winchell et al. 2023). For example, traits commonly found in an-
thropogenic commensals like cockroaches, such as dorso-ventrally 
flattened bodies, generalist diets and inbreeding tolerance, evolved 
millions of years ago (Evangelista et al. 2019). Despite their evolu-
tionary origins that predate humans, these traits are adaptive and 
can serve as exaptations in anthropogenic environments. Dorso-
ventrally flattened bodies allow anthropogenic commensals to 
take advantage of the tight crevices of a home, and inbreeding 
tolerance can help overcome limited gene flow that results from 
the lack of dispersal caused by living on an artificial ‘island’ (i.e., 
within homes). Many other organisms have evolved to become 
facultatively, and in some cases, obligately synanthropic, including 
German cockroaches (Blatella germanica), house sparrows (Passer 
domesticus) and brown rats (Rattus norvegicus) (Hulme-Beaman 
et al. 2016; Johnston 2001; Roques et al. 2018).

Tineidae (fungus moths) is the oldest Ditrysian moth family, 
containing 3500 species in 320 genera (Regier et al. 2015), many 
of which are synanthropic. This clade is estimated to be 90–100 
million years old (Kawahara et al. 2019) and has a unique dietary 
strategy, feeding on keratin, detritus and fungus (Robinson and 
Nielsen 1993). Keratinophagy, the ability to digest and metabolise 
keratin, is a strategy employed by several pest species (includ-
ing those within Tineidae) that has contributed to over $1 bil-
lion worth of damage per year in the United States (Metcalf and 
Luckmann 1994). However, keratinophagy is rare within the order 
Lepidoptera, suggesting that this trait has played an important 
role in the repeated evolution of synanthropy within Tineidae. For 
example, although all species within the tineid ‘pellionella-group’ 
are obligatorily keratinophagous, the feeding ecology of the tineid 
common ancestor has been hypothesised to be fungivorous and 
facultatively keratinophagous (Cook et al. 1997). Interestingly, the 
webbing clothes moth (Tineola bisselliella), one of the most well-
known household pests in this family, is known to be facultatively 
keratinophagous and feeds on both keratin and plant material. 
However, it has been found that domestic T. bisselliella infestations 

are unlikely to be caused by natural reservoirs (populations living 
in outdoor vertebrate or insect nests), and that this species should 
instead be considered obligately synanthropic (Plarre and Krüger-
Carstensen 2011). Therefore, the relationship between diet evolu-
tion and synanthropy in this group is currently unclear.

Ironically, while fungus moths cause extensive damage each year 
(Metcalf and Luckmann 1994), significant questions remain about 
the phylogeny of this important moth family, limiting inferences 
about life-history and character evolution. Tineoid systemat-
ics has historically been understudied. Recent systematic work 
has focused on (1) the placement of Tineidae within Lepidoptera 
(Kawahara et  al.  2019; Wright et  al.  2024), (2) relationships 
among genera based on a low number of genetic markers (Regier 
et al. 2015) or (3) species-level relationships based on morphology 
alone (Plarre and Krüger-Carstensen  2011). Additionally, prior 
results have found that there is strong evidence of paraphyly in 
Tineoidea, several incertae sedis genera, and multiple genera within 
Meessiinae placed into two unnamed clades (‘Clade A’ and ‘Clade 
B’; Regier et al. 2015). Many moths in this family are also cryp-
tic, which limits the accuracy of prior taxonomic analyses based 
solely on morphology. This has resulted in a complicated, con-
stantly evolving and unresolved phylogeny where several species 
are misidentified and misplaced within and related to the genera 
Monopis, Tinea and Tineola (Huang et al. 2011; Regier et al. 2015). 
This obscure group has not been subject to the most current meth-
ods of phylogenetic reconstruction, such as through the use of ul-
traconserved elements (UCEs) (Faircloth et al. 2012). Therefore, 
generating a well-supported phylogeny for this group is critical to 
our understanding of its overall evolutionary history, including the 
emergence, divergence and diversification of traits responsible for 
both diet evolution and synanthropy (Wang et al. 2023).

Here, we used UCEs to reconstruct genus and species-level re-
lationships within Tineidae. We leveraged these data to accom-
plish two main goals: (1) to estimate divergence time within the 
family and of the family itself, and (2) to understand the role of 
keratinophagy in contemporary evolution towards synanthropy. 
We hypothesised that the Tinea and Tineola genera would be 
sister taxa, and that keratinophagy would serve as a key evo-
lutionary stepping stone towards synanthropy. Furthermore, if 
keratinophagy was an integral driver of synanthropic evolution, 
we hypothesise that there will be evidence of co-evolution be-
tween humans and obligately synanthropic tineids. The dated, 
robust phylogeny presented here will provide insight into the 
evolution and life history of the Tineidae family and will shed 
light on the overall evolution of feeding ecology in Ditrysian 
Lepidoptera as a whole, due to this group's deep-diverging posi-
tion in the tree. Additionally, understanding the relationship be-
tween keratinophagy and synanthropy will reveal more clearly 
what factors may influence organisms to become synanthropic.

2   |   Methods

2.1   |   UCE Sample Collection and Data Processing

The dataset presented here consists of 41 total moth samples 
from 26 species that were collected from various sources, 
including museum specimens, wild-caught via pheromone-
baited moth traps, as well as from existing sequence data 
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hosted on NCBI GenBank (Clark et  al.  2016). N = 20 indi-
viduals were provided by Akito Kawahara at the University 
of Florida McGuire Center for Lepidoptera and Biodiversity 
and were identified to species by Dr. Don Davis (Smithsonian 
National Museum of Natural History). N = 15 samples were 
collected from pheromone-baited moth traps (Dr. Killigan's) 
in houses throughout Massachusetts (N = 8), Hawaii (N = 4), 
the Dominican Republic (N = 2) and Europe (N = 1), and spe-
cies were identified by Isabel Novick or Jason Dombroskie. 
Whole genomes of six additional samples were downloaded 
from NCBI GenBank (see Table  S3 for accession numbers), 
and UCEs were extracted from these whole genomes follow-
ing the methods detailed in (Faircloth  2018b). Out of the 39 
samples from the Tineidae family, 13 were from the genera 
Tinea and Tineola, making up the ingroup samples. Two non-
Tineidae outgroups were added from genera Cydia and Adela, 
based on (Kawahara et al. 2019), to facilitate divergence time 
estimation. Following collection, all moths were stored in 95% 
ethanol at −20°C. See Tables S3 and S4 for all sample collec-
tion information and metadata.

DNA was extracted from whole moths (except for Acrolophus 
spp., where only the abdomen was used due to its large size) 
using a Qiagen DNeasy Blood and Tissue kit following the man-
ufacturer's instructions. DNA concentration was quantified 
using the PicoGreen assay in a BioTek Synergy H1 plate reader, 
confirmed to have at least 10 ng of DNA, and then dried down 
in a fume hood for 24 h. Samples (N = 41) were sent to Daicel 
Arbor Biosciences for UCE library prep and sequencing using 
the MyReads Degraded DNA package (5-plex). Libraries were 
sequenced on an Illumina NovaSeq 6000 instrument using 
paired-end 150 bp sequencing on an S4 flow cell. One sample 
was removed due to poor sequencing, leaving N = 40 samples for 
all downstream analyses.

Sequence captures used myBaits bait set Lepidoptera-UCE-1.3 
K-v1 with 14,363 baits targeting 1381 loci (Faircloth 2017). Data 
processing and alignment were conducted using Phyluce v1.7.1 
(Faircloth et  al.  2012), (Faircloth  2016; Faircloth et  al.  2013). 
Trimming of adaptors and subsequent quality assessment was 
accomplished using illumiprocessor v2.10 (Faircloth 2017), part 
of the Phyluce trimmomatic (v0.39) package (Bolger et al. 2014). 
For whole genomes downloaded from NCBI GenBank, the meth-
ods detailed in Faircloth (2018b) were followed. In brief, genome 
fasta files were converted to 2bit format, and the Lepidoptera 
probe set was aligned to the genomes using the phyluce_probe_
run_multiple_lastzs_sqlite function. Finally, UCE sequences 
were extracted from each genome for all matched UCE loci using 
the phyluce_probe_slice_sequence_from_genomes function.

For samples sequenced at Daicel Arbor Biosciences, contiguous 
UCE sequences were identified using the phyluce_assembly_
match_contigs_to_probes function following Faircloth  (2018a). 
A list of loci for each taxon was created using the phyluce_as-
sembly_get_match_counts function, and FASTA data that 
correspond to those loci were extracted using the phyluce_as-
sembly_get_fastas_from_match_counts function. Then, all 
UCE loci were aligned using phyluce_align_seqcap_align. A 
75% complete data matrix was created with the function phy-
luce_align_get_only_loci_with_min_taxa. This matrix con-
tained 1172 loci and 128 UCE alignments, which were used for 

all further downstream analyses. Then, using RaxML v8.2.9 
(Stamatakis  2014), a maximum likelihood rapid bootstrap 
analysis was completed using 100 bootstraps under GTR + I 
+ G parameters and one partition, with Adela reaumurella as 
the outgroup. The tree was subsequently formatted in FigTree 
v1.4.4 (Rambaut 2018).

2.2   |   Divergence Time Estimation

Following the Phyluce pipeline detailed in (Guillory et al. 2021), 
the Phyloch v1.5-3 (Heibl  2008) package implemented in the 
R Statistical Software v4.3.2 (R Core Team  2021) was used to 
subset samples for divergence time estimation. The top 75 most 
parsimony-informative sites from the 75% completeness matrix 
were grouped into a new dataset to produce a more manageable, 
yet still representative, dataset following St Laurent et al. (2021). 
These 75 sites were run using phyluce_align_concatenate_
alignments again to concatenate and partition groups of sites. 
Additionally, to account for variable flanking regions that are 
characteristic of UCEs, the same 75 informative loci were run 
through Sliding-Window Site Characteristics based on site en-
tropies (SWSC-EN; Tagliacollo and Lanfear 2018). Files for both 
Phyluce partitioned data and SWSC-EN partitioned data were 
then fed to the ModelFinder (Kalyaanamoorthy et  al.  2017) 
tool in IQ-Tree v2.2.2.6 (Nguyen et  al.  2015) to merge parti-
tions and assign appropriate models of nucleotide evolution. To 
allow compatibility between ModelFinder and BEAST v1.10.4 
suite (Suchard et al. 2018), only the models available in BEAST 
were used (JC69, TN93, TNe, K80, F81, HKY, SYM, GTR). The 
TESTMERGEONLY function was used (Lanfear et al. 2012) to 
reduce over-parameterisation by merging partitions when pos-
sible to increase model fit. The top 10% of partition schemes 
were selected for the relaxed clustering algorithm (Lanfear 
et al. 2014) using the option-rcluster. For ModelFinder-merged 
data, there were 31 partitions and for SWSC-EN-merged data, 
there were 41 partitions. The outputs were then formatted into 
a master NEXUS file, including both alignments, character sets 
and models for each partition.

Next, using the BEAST v1.10.4 suite (Suchard et al. 2018), the re-
spective master NEXUS files were loaded into BEAUti v1.10.4. For 
all BEAST runs, two taxon sets were used for calibration. First, the 
Cydia taxon set, which includes Cydia amplana and Tineola bissel-
liella, and additionally the Adela taxon set, which includes Adela 
reaumurella and Tineola bisselliella. These two taxon sets were 
used as secondary calibration points for all BEAST runs, and these 
known relationships were based on data presented in Kawahara 
et al. (2019). An uncorrelated relaxed clock type with a lognormal 
relaxed distribution was selected, and the time to the most recent 
common ancestor (TMRCA) for the Cydia taxon set was specified 
as uniform with a minimum age of 122.61 Ma and a maximum age 
of 153.94 Ma. The TMRCA for the Adela taxon set was specified as 
uniform with a minimum age of 172.18 Ma and a maximum age 
of 211.89 Ma. Lastly, the root height was specified as uniform with 
a minimum age of 188.52 Ma and a maximum age of 229.37 Ma 
(based on Kawahara et al. 2019). The length of the MCMC chain 
was set to 200 million, instructed to log parameters every 20,000 
steps. Marginal likelihood estimation (MLE) was selected with 
path sampling/stepping stone sampling using the default param-
eters. After setting these parameters for each partition type, four 
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separate combinations of tree priors and linked or unlinked clock 
models were run. Both birth-death speciation process and Yule 
pure birth process were run with both linked and unlinked clocks, 
with three replicates of each run, for both ModelFinder-merged 
partitions and SWSC-EN-merged partitions.

Effective sample size (ESS) values for all combinations of param-
eters were checked in Tracer v1.7.2 (Rambaut et al. 2018) to verify 
that values exceeded 200. LogCombiner v1.10.4 and TreeAnnotator 
v1.10.4 (part of the BEAST suite) were used to combine both log 
files and tree files, and to generate maximum clade credibility 
(MCC) trees for each analysis. Path sampling and stepping-stone 
sampling (Baele et al. 2012; Baele and Lemey 2013) using 100 path 
steps, chain lengths of 1000,000 and log-likelihood sampling every 
1000 cycles were executed for all BEAST analyses to select the best 
combination of tree priors and clocks.

Analyses were constrained using a maximum likelihood start-
ing tree based on the 75 most parsimoniously informative sites, 
produced using RaxML v8.2.9 (Stamatakis 2014), with 100 boot-
straps under GTR + I + G parameters and one partition, with 
Adela reaumurella as the outgroup. This tree based on the 75 
most informative sites was consistent with the ML tree based 
on the full dataset. This tree was loaded into Mesquite v3.81 as 
a fixed starting topology (Maddison and Maddison 2023) and 
modified to confirm that it satisfied priors based on secondary 
calibrations from Kawahara et  al.  (2019). The modifications 
were applied to the Cydia and Tineidae node, adjusted to fall 
between 22.61 Ma and 153.94 Ma, and the root node containing 
Adela, adjusted to fall between 172.18 Ma and 211.89 Ma. The 
original calibrations in Kawahara et al. (2019) were based on a 
Tineid fossil with a minimum age of 89.8 million years (Grimaldi 
and Nascimbene 2010) and an Adelid fossil with a minimum age 
of 33.9 million years (Kozlov  1987). This tree was edited into 
the BEAUti output xml file and then a Bayesian divergence time 
estimation was performed using BEAST.

2.3   |   Ancestral State Reconstruction

Two ancestral state reconstructions were produced using the max-
imum likelihood tree generated in RAxML: one for the charac-
ter of dietary strategy (keratinophagy) and one for the character 
of life-history strategy (synanthropy). Both characters had three 
states, nonkeratinophagous or nonsynanthropic (coded as 0), fac-
ultatively keratinophagous or facultatively synanthropic (coded 
as 1) and obligately keratinophagous or obligately synanthropic 
(coded as 2). Sources for dietary and life-history strategy for each 
species can be found in Table  S5. Using Phytools (Revell  2024) 
and the functions fitMk and fitHRM, comparisons were drawn be-
tween different extensions of Markov K (Mk) models and ordered 
Mk models using the equal rates (ER) model, the all-rates-fifferent 
(ARD) model, the symmetric model (SYM; including different 
rates) and a custom model consisting of constrained unidirectional 
transitions. The custom model allowed for 0 to become 1, and for 
1 to become 2 at equal rates, but no reversals. A combination of 
different priors was also tested, including the Fitzjohn prior, a flat 
prior, an estimated prior and a custom prior specifying that the root 
state is 0 (Table S8). These models were then converted to ‘ancr’ ob-
jects using the ancr function to compute marginal ancestral states 
under each model for habitat and diet respectively. Finally, an 

ANOVA was run on all models to compare log-likelihood, degrees 
of freedom, AIC and weight (Tables S1 and S2).

3   |   Results

3.1   |   Maximum Likelihood Analysis

Running a maximum likelihood rapid bootstrap analysis using 
100 bootstraps under GTR + I + G parameters and one partition, 
with Adela reaumurella as the outgroup, shows strong bootstrap 
support for all shallow nodes, through to the Tineinae subfam-
ily crown node (Figure  1). There is less resolution for deeper 
divergences, particularly between the clade containing the para-
phyletic Tineinae subfamily and ‘Clade A’ (Hybroma, Xystrologa 
and Mea) and the Scardiinae subfamily branch, also containing 
Trichophaga, which is included in the Tineinae subfamily.

3.2   |   Divergence Time Estimation

The highest MLE score resulted from using the SWSC-partitioned 
data with a birth-death prior and unlinked clocks, with each par-
tition being assigned its own clock mode (Table 1). The SWSC-EN 
(Tagliacollo and Lanfear 2018) partitioning scheme was designed 
for UCE data, splitting each UCE into three parts: the conserved 
middle section and the two more variable flanking regions. This 
optimises the partitioning scheme by grouping similar subsets.

The Tineidae family is a relatively primitive lineage within 
Lepidoptera, diverging around 150 Ma. The MLE for this analy-
sis was −494360.8168. The crown age for the Tineidae clade was 
found to be 137.5 Ma, diverging from C. amplana 150.8 Ma. The 
Tineinae subfamily appears to be paraphyletic, diverging 127.2 
Ma and containing the Scardiinae and Meessiinae subfamilies. 
Within Tineidae, genus Tineola is monophyletic but nested 
within Tinea, diverging 27.7 Ma from other Tinea (Figure 2).

3.3   |   Ancestral State Estimation

The optimal model used for characterising synanthropic evolu-
tion, determined by Akaike information criterion (AIC) and log-
likelihood, was the SYM model with the custom prior specifying 
that the root state was nonsynanthropic. This model predicts 
that nonsynanthropy can transition to facultative synanthropy 
and that facultative synanthropy can transition back to non-
synanthropy at an equally high rate. It also predicts that facul-
tative synanthropy can transition to obligate synanthropy and 
the reverse at an equally low rate. It predicts that obligate syn-
anthropy and nonsynanthropy cannot transition to each other 
(Table S6). Under the symmetric model with a custom prior, the 
log-likelihood is −28.8, the AIC is 63.6 and the weight is 48.7% 
(Table S1).

The optimal model used for characterising diet evolution was 
the ER model with the custom prior specifying that the root 
state was nonkeratinophagous. The ER model predicts a bidi-
rectional transition, meaning that states can transition back and 
forth at equal rates. For nonkeratinophagy, the model predicts 
a transition to facultative keratinophagy and the reverse. For 
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FIGURE 1    |    Maximum-likelihood phylogeny of Tineidae family. Maximum-likelihood tree based on 1172 loci and 128 alignments of UCE flank-
ing regions. Rapid bootstrap analysis was completed using 100 bootstraps under GTR + I + G parameters and one partition, with Adela reaumurella 
as the outgroup. The phylogeny includes 24 species in six families within the superfamily Tineoidea, and two non-Tineoid species. Photo of H. ser-
vulella from Ken Childs and photo of M. crocicapitella from Zoran Bozovic. Sources of remaining photos can be found in Table S9. [Colour figure can 
be viewed at wileyonlinelibrary.com]

TABLE 1    |    Marginal likelihood estimates of phylogenetic relationships using BEAST v.1.10.4. Displays combinations of partitioning scheme and 
number of clocks with both Yule and Birth–Death priors, using either stepping-stone (SS) or path-sampling (PS). Combinations include a Phyluce-
partitioned dataset and Sliding-Window Site Characteristics based on site entropies (SWSC-EN) partitioned dataset (Tagliacollo and Lanfear 2018).

Yule Birth–Death

Run SS PS SS PS

SWSC-EN partitioned 1 clock

Rep 1 −497895.21 −497896.65 −497892.06 −497893.97

Rep 2 −497894.19 −497896.02 −497891.43 −497892.86

Rep 3 −497894.38 −497896.34 −497889.49 −497891.02

SWSC-EN partitioned unlinked clocks

Rep 1 −494363.36 −494,359 −494366.91 −494359.21

Rep 2 −494371.99 −494366.69 −494359.73 −494355.4

Rep 3 −494366.61 −494262.01 −494365.99 −494357.67

Phyluce partitioned 1 clock

Rep 1 −502150.15 −502151.8 −502148.28 −502149.97

Rep 2 −502152.73 −502154.4 −502148.32 −502150.6

Rep 3 −502151.31 −502152.51 −502148.54 −502150.13

Phyluce partitioned unlinked clocks

Rep 1 −498266.15 −498264.76 −498260.07 −498261.24

Rep 2 −498267.78 −498263.49 −498257.6 −498255.03

Rep 3 −498265.57 −498262.73 −498261.58 −498260.31
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facultative keratinophagy, the model predicts a transition to ob-
ligate keratinophagy and the reverse. Lastly, for obligate kerati-
nophagy, the model predicts a transition to nonkeratinophagy, 
and the reverse (Table S7). Under the ER model with a custom 
prior, the log-likelihood is −24.5, the AIC is 50.9 and the weight 
is 48.1% (Table S2).

The optimal model for diet evolution suggests that all early an-
cestral nodes diverging in the Jurassic and Early Cretaceous 
were nonkeratinophagous, and that facultative keratinophagy 
arose approximately 120.1 Ma. The ancestral lineages at the 
time of divergence were most likely nonkeratinophagous as 
well (Figure 3), until the monophyletic Tineidae crown node di-
verged 102 Ma, where facultative keratinophagy was more likely 
to be the ancestral state. The ancestral state of the Monopis lin-
eage is likely to be facultatively keratinophagous. The only in-
stance of obligate keratinophagy being the presumed ancestral 
state is for that of the T. pellionella group, diverging 27.7 Ma in 
the Paleogene.

4   |   Discussion

4.1   |   Phylogenetic Relationships Within Tineoidea 
and Evidence of Paraphyly

The importance of understanding the evolution of synanthropy 
and the traits that allow synanthropic organisms to easily adapt 
to the indoor biome increases in relevance as humans continue 
to urbanise. Some of the most prolific and economically relevant 

synanthropes are fungus moths (Tineoidea), including Tineola 
bisselliella, which is obligately synanthropic. Tineoid systemat-
ics have historically been complicated and understudied, leav-
ing genus and species-level relationships largely unresolved 
(Kristensen and Gaedike  2010). Here, we leveraged UCEs to 
produce a clearer understanding of the relationship between 24 
species within Tineoidea, including both facultatively and obli-
gately synanthropic lineages. Using UCEs has produced the best 
supported Tineid tree to date, with complete support at almost 
all recent internal nodes and at least 80% confidence within the 
Tineinae subfamily (excluding Meessiinae and Scardiinae). This 
is a significant improvement on previous trees based on mor-
phology or limited molecular markers (Cook et al. 1997; Regier 
et al. 2015).

Our maximum likelihood analysis is also partially congruent 
with previous work in this system. Specifically, both the max-
imum likelihood analysis presented by Regier et  al.  (2015) 
and the morphological tree based on cuticular fatty acid per-
centages described by Plarre and Krüger-Carstensen  (2011), 
and first presented by Cook et al. (1997), found Tineola to be 
the sister taxon of a ‘pellionella-group’ within genus Tinea. 
However, in the maximum likelihood analysis presented here, 
it appears that Tineola is nested within a paraphyletic Tinea. 
Both type species for each genus were included in our analy-
sis, with Tineola bisselliella serving as the Tineola type spe-
cies, and Tinea pellionella serving as the Tinea type. Based on 
these results, it is clear that the genus Tineola is not distinct 
enough to warrant status as a unique genus and we there-
fore suggest that it be synonymized with the broader genus 

FIGURE 2    |    Divergence time estimation of Tineidae. Divergence times based on 75 most parsimoniously informative sites filtered from the full 
UCE dataset. This Bayesian analysis used two secondary calibrations from Kawahara et al. (2019): A Tineid fossil with a minimum age of 89.8 million 
years, applied to the Cydia and Tineidae node, and an Adelid fossil with a minimum age of 33.9 million years, applied to the root node. 95% confi-
dence intervals around node ages are indicated by blue bars. [Colour figure can be viewed at wileyonlinelibrary.com]
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Tinea. Notably, Hummel 1823 initially described Tineola 
bisselliella as Tinea bisselliella (Herrick and Griswold 1933); 
the new genus Tineola was only later introduced by Herrich-
Schäffer  (1853). Paraphyly is a common occurrence in the 
Tineoidea superfamily on a family and genus level, and it 
follows that a paraphyletic pattern would emerge on a spe-
cies level as well (Regier et al. 2015, 2013, Marko et al. 2010). 
Additionally, this finding supports the paraphyly found in 
Tinea as reported in the Cook et al. (1997) morphological tree. 
However, previous work (Plarre and Krüger-Carstensen 2011; 
Regier et al. 2015) also describes the Tineinae subfamily to be 
monophyletic, which was not found in our analysis. Instead, 
we found that Tineinae is also paraphyletic.

Both Regier et  al.  (2015) as well as Plarre and Krüger-
Carstensen (2011) also found the ‘Tineine lineage’ (containing 
some Meessiinae and all Scardiinae subfamilies) to be mono-
phyletic. No Meessiine ‘Clade B’ genera (Homosetia, Oenoe 
and Leucomele) were included in our maximum likelihood 
tree, but ‘Clade A’ Meessiinae Hybroma Clemens (Nearctic/
North America) and ‘incertae sedis’ Xystrologa Meyrick 
(Neotropical) were present. In congruence with the Regier 
et  al.  (2015) tree, Xystrologa and Hybroma are sister taxa, 
with higher bootstrap support, confirming these relationships 
(Figure  1). Again confirming previous findings (Plarre and 
Krüger-Carstensen 2011; Regier et al. 2015), ‘Clade A’ is sister 
to the Tineinae subfamily.

Neither Regier et  al.  (2015) nor Plarre and Krüger-
Carstensen  (2011) characterise relationships between species 

within the Monopis genus in depth, but our analysis revealed 
interesting patterns within this genus. Monopis monachella and 
Monopis pavlovskii, two morphologically similar species, were 
found to be sister taxa. Additionally, Monopis laevigella and 
Monopis marginistrigella, another two species that are nearly 
morphologically identical, were found to be sister taxa as well 
with Monopis crocicapitella, a more morphologically distinct 
species appearing as an outgroup.

Additionally, our maximum likelihood tree found low support 
for the incorporation of other subfamilies into Tineidae, but ro-
bust support for relationships within the Tineidae family itself 
(excluding Trichophaga). This is most likely due to the exclu-
sion of the other monophyletic Tineoid families, Eriocottidae 
and Psychidae, recognised by Van Nieukerken et al. (2011). Our 
analyses did not include the more phylogenetically uncertain 
taxa Eudarcia, Eriocottidae and Psychidae because our aim 
was to identify relationships among tineid genera as opposed to 
the relationships between Tineidae and other families within 
Tineoidea.

Focusing on Tineidae, we found that the acrolophine lineage 
is strongly nested within it, supporting previous findings. The 
relationship between Hieroxestinae and Erechthiinae as sister 
taxa (Plarre and Krüger-Carstensen 2011; Regier et al. 2015) 
is also supported by the maximum likelihood tree presented 
here. However, in the Regier et al. (2015) tree, Trichophaga is 
presented as being sister with Monopis, whereas in our tree, 
Monopis is monophyletic and cleanly nested within the para-
phyletic Tinea with high support. This could indicate that 

FIGURE 3    |    Ancestral diet estimation. Produced using the maximum-likelihood tree generated by RaxML (1172 loci and 128 alignments of UCE 
flanking regions, 26 species). Ancestral nodal states produced using an equal rates Mk model and a custom prior specifying that the root state was 
nonkeratinophagous. Pies at nodal states indicate the probability of MRCA being nonkeratinophagous (navy), facultatively keratinophagous (pink) 
or obligately keratinophagous (yellow). Taxon names are coloured by modern life-history strategy. This ancestral character state reconstruction was 
produced using Phytools (Revell 2024). [Colour figure can be viewed at wileyonlinelibrary.com]
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Trichophaga is not actually part of the Tineinae subfamily at 
all. Although Robinson and Nielsen (1993) found no synapo-
morphies to link together Tineid subfamilies, the basal split 
between the Acrolophinae subfamily within the Tineidae 
family, supported by this tree and previous trees, is supported 
by morphology. Indeed, while no definitive synapomorphies 
have been identified across tineid subfamilies, a morphologi-
cal distinction can be made between the ‘acrolophine lineage’ 
and the ‘tineine lineage’. While tineines have reduced adult 
maxillae, acrolophines can be identified by further reduced 
adult maxillae as well as the reduction of the female oviscapt 
(Regier et al. 2015).

4.2   |   Divergence Time Estimation of Key Tineid 
Subfamilies and Genera

We hypothesized that this tree may provide evidence of co-
evolution between humans and obligately synanthropic tineids; 
however, it appears that there are millions of years between the 
emergence of species that are currently obligately synanthropic 
and the emergence of modern humans. Our results suggest that 
the Tineidae family first diverged from Tortricidae approxi-
mately 150.8 Ma, the paraphyletic Tinea genus diverged from 
the Meesiinae subfamily approximately 114.8 Ma and Tineola 
diverged from other Tinea 27.7 Ma while remaining nested 
within the genus (Figure 2). In the context of our own human 
evolutionary history, Neanderthals and modern humans di-
verged between 631 and 789 thousand years ago (Beerli and 
Edwards  2003) and the first universally agreed upon human 
dwelling was built between 374 and 424 thousand years ago 
in Terra Amata, France (Andrews and Macdonald  2022). 
Additionally, modern humans started wearing clothing be-
tween 83 and 170 thousand years ago based on the estimated 
divergence of clothing louse (Pediculus humanus) from head lice 
(Pediculus humanus capitis) (Toups et al. 2011). Therefore, based 
on the divergence time estimation presented here, Tineid moths 
diverged and diversified long before the first appearance of mod-
ern humans. Therefore, it is plausible that keratinophagy was 
exapted by certain tineid species to facilitate a shift towards the 
indoor environment upon its creation.

4.3   |   Ancestral State Estimation of Tineid Dietary 
Strategy

We also performed an ancestral state estimation based on di-
etary strategy and compared it with our estimated divergence 
time to examine which traits are associated with synanthropic 
adaptation in this superfamily. Additionally, examining the hy-
pothesised evolution of keratinophagy in this ancient lineage 
provides insights into the dietary evolution of lepidopterans as 
a whole. The results of our ancestral character state estimation 
indicate that the common ancestor of Adelidae, Tortricidae and 
Tineidae was not keratinophagous in any capacity (Figure  3). 
The ancestral lineage of the crown group containing the ma-
jority of subfamily Tineinae, excluding Trichophaga tapetzella, 
has a higher likelihood of having been facultatively keratino-
phagous. Several species are considered obligately keratinoph-
agous, meaning their diet primarily consists of keratin as it is 
crucial to their survival. These species are all located within the 

genus Tinea and are part of the ‘pellionella-group’ (Plarre and 
Krüger-Carstensen 2011). None of these obligate keratinophages 
are concurrently obligate synanthropes, which leads us to hy-
pothesise that obligate keratinophagy is a successful dietary 
strategy for wild, nonhuman-associated species. Furthermore, 
the majority of both obligately and facultatively synanthropic 
species are facultatively keratinophagous, which appears to be 
the most successful strategy for capitalising on the indoor en-
vironment. This may be because there is a high variety of plant 
and insect-based materials available for consumption indoors, 
excluding keratin, such as starches or chitin. This allows these 
synanthropic species to be both opportunistic and generalists in 
their feeding habits. Understanding the broad dietary spectrum 
of these synanthropic pest species may allow for future advances 
in pest management by increased monitoring of nonkeratinous 
materials.

Based on our analysis, the predicted dietary ancestral state of 
the Tineinae subfamily was facultatively keratinophagous, with 
this divergence occurring around 95 Ma. As mentioned above, 
this feeding strategy predates the emergence of modern humans 
by several tens of millions of years, as does the appearance of ob-
ligate keratinophagy. Ostensibly, facultative keratinophagy was 
a dietary strategy that predisposed modern tineids towards fac-
ultative, and in some cases, obligate, synanthropy. By the time 
humans began building dwellings, wearing clothes and farming 
cattle, tineids had already evolved these feeding strategies and 
were feeding on hair, feathers and horns, suggesting that traits 
facilitating synanthropy are tineid exaptations.

Much work remains to be done to fully understand dietary 
evolution and its relationship to the origins of synanthropic 
life-history strategies among tineids. Information about these 
life-history traits is scarce, and our designation of ‘obligate’, 
‘facultative’ or ‘non-synanthropic’ is based on what little data 
are available. For example, knowledge that Tinea croceoverti-
cella, among others, can be found indoors is the result of per-
sonal collection by the authors. However, it is unclear if this is a 
regular occurrence for this species. While we estimate Tineola 
bisselliella diverged in the Paleogene, it is possible that obligate 
synanthropy evolved more recently (e.g., post human contact) 
and that our tree is missing individuals from this specific pop-
ulation. This omission could be due to the extinction of these 
taxa or, more likely, the small sample size and singular location 
of collection for Tineola bisselliella. Additionally, evidence sug-
gesting that Tineola bisselliella is an obligate synanthrope comes 
from a single study location (Plarre 2014). Therefore, it is possi-
ble that this species may also occur beyond human dwellings in 
some locations. Similarly, information regarding dietary strat-
egies is also severely limited for many of these species. There 
have been very few studies on feeding habits, specifically the 
degree of keratinophagy, in Tineids (Ishii and Kawahara 1966). 
While knowledge from all available sources was analysed to 
complete the designations used in this study, it is possible that 
some species were misidentified based on limited knowledge. 
Future studies should focus on dietary and life-history strategies 
of tineid species in order to build more accurate estimations of 
ancestral states within this family, as well as increasing sam-
ple size and scope for Tineola bisselliella collection, increasing 
our understanding of synanthropic evolution, as well as lepi-
dopteran dietary evolution.
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