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Using morphological assessments and phylogenetic inference, we described a new subterranean termite spe-
cies in the genus Reticulitermes in southern California: Reticulitermes rusti sp. nov. Genetic analyses utilizing 3 
mitochondrial loci (16S rRNA, COI, and COII) and 7 microsatellites successfully distinguished the new species 
from 2 other Reticulitermes found in southern California: R. hesperus Banks and R. tibialis Banks. Empirical 
measurements of key morphological characters further support the delineation of R. rusti as a new species. 
While R. rusti is genetically closer to R. tibialis, its soldier caste is morphologically similar to that of R. hes-
perus. We recommend confirming species identification by sequencing the COI or COII region. The integration 
of biological, genetic, and morphological data robustly supports the recognition of R. rusti as a distinct new 
species in southern California.
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Introduction

The taxonomy of Reticulitermes in California has been a subject 
of ongoing debate. Early studies on Californian termites suggested 
that only 2 species were present: R. hesperus Banks and R. tibi-
alis Banks (Light and Pickens 1934, Pickens 1934, Snyder 1949, 
1954). However, more recent profiling of the cuticular hydrocar-
bons (CHCs) of Reticulitermes from northern California revealed 5 
distinct CHC phenotypes, suggesting the presence of additional spe-
cies (Haverty and Nelson 1997). Following this discovery, further 
evidence supporting the existence of potentially undescribed species 
of Reticulitermes has accumulated from studies utilizing CHC pro-
files (Nelson et al. 2001, 2008, 2022, Copren et al. 2005, Haverty 
and Nelson 2007), soldier defense secretion profiles (Nelson et al. 
2001, 2008), flight phenology comparisons (Haverty et al. 2003), 

behavior (Haverty et al. 1999, Delphia et al. 2003), and phylo-
genetic approaches (Copren et al. 2005, Su et al. 2006, Tseng et 
al. 2023). Nelson et al. (2008) suggested the presence of at least 
7 Reticulitermes species in California. These include the described 
species R. hesperus, R. tibialis, and R. flavipes (Kollar) (Su et al. 
2006), as well as 4 potentially undescribed species (Nelson et al. 
2008).

Phylogenetic studies of Reticulitermes species in California 
have primarily focused on 2 mitochondrial DNA loci: COII 
(Copren et al. 2005) and/or 16S rRNA (Austin et al. 2005, 
Tripodi et al. 2006). With the increasing emphasis on system-
atics, phylogenetic approaches have increasingly complemented 
chemotaxonomic methods. Jenkins et al. (2000) were the first to 
demonstrate concordant results between these approaches when 
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examining Reticulitermes species in the southeastern United States. 
In California, a correlation between CHC phenotypes and mtDNA 
COII variation was identified by Copren et al. (2005), further 
demonstrating the utility of both methods for Reticulitermes identi-
fication (Copren et al. 2005, Nelson et al. 2008). Tseng et al. (2023) 
incorporated nuclear DNA loci ITS1 and ITS2 to improve clade de-
lineation. However, the incongruence between the tree constructed 
by mtDNA COII and the tree constructed by nuclear loci ITS1 
and ITS2 potentially challenged the accuracy of mtDNA markers 
in delineating species boundaries. Widely distributed species can 
undergo historical isolation and then merge during later expansion, 
resulting in the coexistence of distinct mtDNA haplotypes (Després 
2019). Considering the wide distribution of R. hesperus (Banks and 
Snyder 1920, Nelson et al. 2008), more evidence beyond mtDNA 
is required.

In terms of morphology, although diagnostic keys for termites 
in the United States have been published in several studies (Banks 
and Snyder 1920, Snyder 1954, Gleason and Koehler 1980, Nutting 
1990, Scheffrahn and Su 1994), those that include Reticulitermes 
species from the western US are limited, namely only in Banks 
and Snyder (1920) and Nutting (1990). While several researchers 
have noted that the undescribed species are morphologically indis-
tinguishable, empirical measurements have rarely been provided 
(Szalanski et al. 2006, Tripodi et al. 2006). Only Haverty and 
Nelson (1997) included a detailed morphological analysis, where 
they measured characters of the soldier caste of the 4 northern 
California CHC phenotypes CA-A, CA-B, CA-C, and CA-D; how-
ever, the morphometric measurements failed to discriminate those 
CHC phenotypes from each other, and all were diagnosed morpho-
logically as R. tibialis (Haverty and Nelson 1997). Later, Copren et 
al. (2005) identified additional CHC phenotypes, SC-A, SC-B, and 
SC-B′, in southern California, but the morphology of these lineages 
was not examined.

Species delimitation is the process of defining species boundaries 
using empirical data. A common approach for identifying mor-
phologically ambiguous species involves examining the geographic 
zones where their ranges overlap. By investigating their genetic clus-
tering of lineages in sympatric and parapatric settings, researchers 
can assess whether these lineages are genetically distinct. Such ana-
lysis provides insights into the reproductive barriers that emerge as 
species diverge (Abbott et al. 2013, Adams et al. 2014, Singhal et 
al. 2018).

According to the tree reconstructed using 16S rRNA, COII, ITS1, 
and ITS2 in Tseng et al. (2023), a total of three Reticulitermes CHC 
phenotypes, SC-A, SC-B, and SC-B′, fell into 2 candidate species 
CA-A and SC-B in southern California. Tseng et al. (2023) confirmed 
CA-A as R. hesperus, which is broadly distributed along the west 
coast of North America. In contrast, SC-B has so far only been found 
in southern California. The distribution patterns suggest that R. hes-
perus may overlap with the ranges of the SC-B phenotype, providing 
an ideal area to examine if these phenotypes can be separated as a 
biological species.

The aim of this study is to reexamine the relationship between the 
SC-B phenotype and R. hesperus using samples collected in southern 
California. Our objectives were to (i) confirm the sympatric distri-
bution of the CHC phenotype SC-B and R. hesperus, (ii) investigate 
genetic clustering among sympatric populations of these 2 lineages 
using 7 microsatellite markers, and (iii) assess morphological vari-
ation within and between the lineages through direct measurement. 
Finally, if all the evidence pointed SC-B as a distinct species, we shall 
propose it as a new species.

Materials and Methods

Sample Collection and Processing Procedures
Specimens of Reticulitermes used in this study were collected across 
California from 2005 to 2024. The collections primarily focused 
on locations in southern California; however, collections were 
made from Riverside to Monterey, CA. Termites were obtained ei-
ther through direct field collection by the senior author and other 
coauthors, or from specimens collected and sent by pest manage-
ment professionals (PMPs). The insects were primarily collected 
from decaying wood, tree stumps, twigs, fallen branches, and in-
fested structures. Specimens containing soldier castes were mainly 
collected directly from wood sources in the field, while colonies 
with soldiers from University of California Riverside were collected 
using in-ground termite monitoring stations. Imagoes were collected 
during Reticulitermes swarming seasons, typically in fall/winter, and 
spring, either by the authors or with the assistance of PMPs. The 
number of individuals collected for each colony varied depending 
on the number of insects that were available during the collection. 
Whenever possible, we attempted to collect at least 50 workers per 
colony, along with as many soldiers and imagoes. Field-collected 
termites were preserved using 2 different methods: specimens in-
tended for molecular analyses were stored in 100% ethanol, while 
those designated for morphological examination were kept in 75% 
ethanol.

For DNA extraction, one worker termite per colony was used. 
In situation when worker termites were absent, DNA was extracted 
from an alate. Morphometric measurements were performed on sol-
dier or alate castes in colonies which the specimens were available. 
For those colonies, 1 to 5 soldiers and/or imagoes were measured. 
DNA samples from Tseng et al. (2023) were also included to amplify 
the cytochrome c oxidase subunit I (COI) region. Comprehensive 
details, including collection locations and sample characteristics, can 
be found in Table S1.

DNA Extraction
For each sample collected in this study, a single worker or alate was 
subjected to DNA extraction. The only exception was the R. tibialis 
colony (R066), which 8 workers were used and genotyped to allow 
inclusion in the PCA analysis. DNA extraction was performed using 
the Puregene Tissue Kit (Qiagen, Germany) following the “DNA 
Purification from Tissue” protocol outlined in the kit handbook (https://
www.qiagen.com/us/Resources/ResourceDetail?id=a9e6a609-4600-
4b03-afbd-974318590ce5&lang=en). The extracted DNA was dis-
solved in 200 μl of diethyl pyrocarbonate-treated water and stored 
at −20 °C for preservation. All DNA samples were first used for 
mtDNA sequence amplification. Samples with sufficient remaining 
DNA were subsequently used for microsatellite genotyping.

PCR Amplification and Sanger Sequencing
To obtain sequences from 16S rRNA, COI, and COII regions, DNA sam-
ples extracted in this study were used to amplify all 3 loci, while DNA 
samples from Tseng et al. (2023) were used only for COI amplification, as 
COII and 16S rRNA sequences were already available in GenBank. The 
COI gene was amplified using primers LCO1490 (5′-GGTCAACAAA 
TCATAAAGATATTGG-3′) and HCO2198 (5′-TAAACTTCAGGGTG 
ACCAAAAAATCA-3′) (Folmer et al. 1994). The COII gene was ampli-
fied using primers TL2-J-3037 (5′-ATGGCAGATTAGTGCAATGG-3′) 
and TK-N-3785 (5′-GTTTAAGAGACCAGTACTTG-3′) (Simon 
et al. 1994). For the 16S rRNA gene, primers LR-J-13007 
(5′-TTACGCTGTTATCCCTAA-3′) (Kambhampati and Smith 1995) 

http://academic.oup.com/aesa/article-lookup/doi/10.1093/aesa/saaf019#supplementary-data
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and LR-N-13398 (5′-CGCCTGTTTATCAAAAACAT-3′) (Simon et 
al. 1994) were used. PCR mixtures consisted of 1 μl of template DNA, 
0.2 μM of each primer, and 12.5 μl of EmeraldAmp GT PCR Master 
Mix (Takara Bio, Japan), with nuclease-free water added to a final 
volume of 25 μl per reaction. The PCR protocol included an initial de-
naturation at 95 °C for 10 min, followed by 35 cycles of denaturation 
at 95 °C for 30 s, annealing at gene-specific temperatures (COI: 45 °C; 
COII: 52 °C; 16S: 50 °C) for 30 s, and extension at 72 °C for 45 s. A 
final extension step was performed at 72 °C for 10 min to complete the 
amplification. Post-amplification, PCR products were purified using the 
ExoSAP-IT PCR Product Clean-Up Reagent (ThermoFisher Scientific, 
MA). The purified samples were then submitted to Retrogen Inc. (San 
Diego, CA) for Sanger sequencing on an Applied Biosystems DNA 
Analyzer 3730xl. Sequence data were trimmed using Sequencher 4.9 
(GeneCodes). GenBank accession numbers for each locus (16S rRNA, 
COI, COII) are provided in Table S2.

Mitochondrial Differentiation and Phylogenetic 
Inference
To investigate the phylogenetic relationships of Reticulitermes col-
lected in southern California, 16S rRNA, COI, and COII partial 
sequences were used to reconstruct a phylogenetic tree via max-
imum likelihood inference. Sequences generated in the current 
study were supplemented with COII and 16S rRNA sequences 
from Tseng et al. (2023), and a host of other Reticulitermes mito-
chondrial genome sequences obtained from GenBank, to form the 
dataset for phylogenetic analysis (Table S2). Each of the 3 loci (16S 
rRNA, COI, and COII) was aligned independently using MAFFT 
version 7 with the global pairwise alignment algorithm (G-INS-i 
method) (Katoh and Standley 2013) and then trimmed to remove 
all over-hangs. Subsequently, the aligned 16S rRNA, COI, and COII 
sequences were concatenated using a custom Python script to form 
a combined dataset comprising 361 bp of 16s, 628 bp of COI, and 
680 bp COII. The concatenated sequences were then divided into 
7 partitions, 16S rRNA, the 3 codon positions of COI, and the 3 
codon positions of COII. The codon positions were confirmed 
manually using MEGA 11 (Tamura et al. 2021). The best-fit substi-
tution model for each partition was determined using ModelFinder 
in IQ-TREE (Kalyaanamoorthy et al. 2017). Details of each parti-
tion and the selected models are provided in Table S3. Phylogenetic 
reconstruction was performed using maximum likelihood analyses 
with IQ-TREE version 2.1.4-beta (Minh et al. 2020). The settings 
included ultrafast bootstrap (UFBoot) with 10,000 iterations, a max-
imum correlation coefficient of 0.99, and single-branch tests util-
izing the SH-like approximate Likelihood-Ratio Test (SH-aLRT). All 
other options were set to default. P-distance between sequences was 
calculated using dist.dna() function in the R package “ape” (Paradis 
and Schliep 2019).

Short Tandem Repeat Genotyping
Seven microsatellite loci were selected for short tandem re-
peat (STR) genotyping. These loci were originally developed for 
Reticulitermes santonensis (now a junior synonym of R. flavipes) 
and R. flavipes (Vargo 2000, Dronnet et al. 2004) and were later 
determined to be applicable to R. hesperus and related species, 
providing adequate polymorphism for population-level analyses 
(Copren 2007). A summary of the general information for each 
locus is provided in Table S4. Microsatellite genotyping was per-
formed using a 2-step PCR protocol (Blacket et al. 2012). In the 
initial PCR, the STR region was amplified with locus-specific pri-
mers. Fluorescence labeling was incorporated in the second PCR by 

using 1 of 2 fluorophore-labeled universal primers (Fam or Hex). 
Thermal cycling conditions for both PCR steps included an initial 
denaturation at 95 °C for 10 min, followed by 35 cycles at 95 °C 
for 30 s, annealing at the locus-specific temperature (listed in Table 
S4) for 30 s, and extension at 72 °C for 30 s, concluding with a 
final extension at 72 °C for 10 min. The labeled PCR products were 
analyzed using the fragment analysis service at the Arizona Genetics 
Core Facility. The resulting raw data were subsequently trimmed, 
and allele fragment lengths were determined using GeneMarker 
version 3.0.1 (SoftGenetics, USA).

Genetic Clustering Analysis
To determine whether the Reticulitermes clades represented gen-
etically distinct groups, we performed clustering analyses using 
Principal Coordinates Analysis (PCoA) and the Bayesian model-
based approach implemented in STRUCTURE. The sampling sites 
for genotyped samples are displayed on the map (Fig. 1) and 
highlighted in red font on the tree (Fig. 3). Detailed information 
is provided in Table S1. First, genetic clustering patterns were 
visualized via PCoA based on genetic distance. This analysis was 
conducted using GenAlEx 6.5 (Peakall and Smouse 2006), an 
Excel-based tool for population genetic analyses. Subsequently, 
STRUCTURE version 2.3.4 (Pritchard et al. 2000) was used to 
evaluate genetic variation and potential gene flow. The number of 
genetic clusters (K) tested ranged from 1 to 7, with 10 replicates 
per K value. Each STRUCTURE run included 1,000,000 Markov 
chain Monte Carlo iterations, discarding the initial 100,000 it-
erations as burn-in. The optimal K value was determined using 
Structure Selector (Li and Liu 2018) based on 4 criteria: the ΔK 
method (Evanno et al. 2005), the LnP(K) method (Pritchard et 
al. 2000), the median-based MedMedK and MaxMedK methods 
(Puechmaille 2016). Results from the STRUCTURE analyses 
were visualized and summarized using the CLUMPAK server 
(Kopelman et al. 2015). Final graphical representations of popu-
lation clustering were created with the ggplot2 package in R 
(Wickham 2016). Additionally, to evaluate how well our prede-
fined groupings based on species and populations are supported 
by microsatellite data, we conducted a population assignment 
analysis using GenAlEx 6.5 (Peakall and Smouse 2006). The 
predefined grouping methods are shown in Fig. 4B beneath the 
STRUCTURE plot.

Morphological Examination
We initially applied the soldier-caste identification key to identify the 
specimens we collected in southern California (Banks and Snyder 
1920). To evaluate the morphological characteristics, we measured 
key dimensions of the imago and soldier using high-resolution images 
captured with a Leica DMS1000 digital microscope (Leica Camera, 
Wetzlar, Germany) (Fig. 2). The measurements for soldiers included 
8 characteristics: pronotum length (PL), pronotum width (PW), head 
length excluding the mandible (HL), head width at the maximum 
width of the postmentum (HW), front width of the postmentum 
(FP), maximum width of the postmentum (MaP), minimum width 
of the postmentum (MiP), and length of the left mandible (LM) (Fig. 
2A and B). Additionally, 8 characteristics were measured for both 
male and female imago specimens, which included PL, PW, head 
length to clypeus (HLC), HW, eye length (EL), distance between the 
eye and ocellus (EO), forewing length (FwL), and hindwing length 
(HwL) (Fig. 2C to F). All measurements were conducted using high-
resolution images digitally captured with a Leica DMS1000 digital 
microscope and analyzed with Leica LAS X software (version 5.1.1). 

http://academic.oup.com/aesa/article-lookup/doi/10.1093/aesa/saaf019#supplementary-data
http://academic.oup.com/aesa/article-lookup/doi/10.1093/aesa/saaf019#supplementary-data
http://academic.oup.com/aesa/article-lookup/doi/10.1093/aesa/saaf019#supplementary-data
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http://academic.oup.com/aesa/article-lookup/doi/10.1093/aesa/saaf019#supplementary-data
http://academic.oup.com/aesa/article-lookup/doi/10.1093/aesa/saaf019#supplementary-data
http://academic.oup.com/aesa/article-lookup/doi/10.1093/aesa/saaf019#supplementary-data


318 Chen et al.

Colony information and the number of specimens examined are de-
tailed in Table S5 for soldiers and Table S6 for imagoes.

Statistical Analyses
All statistical analyses related to morphological comparisons were 
conducted using the R statistical programming language (version 
4.4.1; R Core Team 2024). For soldier measurements, the colony 
was included as a random effect to account for measurements taken 
within the same colonies. The data were analyzed using linear mixed 
models (LMM) with the “lme4” package (Bates et al. 2015) . Posthoc 
comparisons were made using the “emmeans” package with Tukey 
adjustment (Lenth 2024). The imagoes of R. hesperus and R. rusti 
were compared using the Wilcoxon rank-sum test, implemented 
via the “wilcox.test” function. All boxplots were generated with 
the ggplot2 package (Wickham 2016). Additionally, we utilized the 
dataset comprising all morphological characters to perform multi-
variate statistical analyses through Permutational Multivariate 
Analysis of Variance (PERMANOVA), using the “adonis2” func-
tion from the “vegan” package (Oksanen et al. 2024). Soldiers and 
imagoes were analyzed separately. The multivariate results were visu-
alized using principal component analysis (PCA) with the “prcomp” 
function. Missing values for some individuals were handled using 
the “imputePCA” function from the “missMDA” package (Josse and 
Husson 2016). The results were visualized using ggplot2 (Wickham 
2016).

Nomenclature
This paper and its nomenclatural act have been registered 
in Zoobank (www.zoobank.org), the official register of the 
International Commission on Zoological Nomenclature. The 
LSID (Life Science Identifier) number of the publication is: 
urn:lsid:zoobank.org:pub:9DA6D8F7-68DD-4A15-99C8-
4F5C6181C2FA. Abbreviations of depository institutions for 
voucher specimens are as follows: AMNH (American Museum 
of Natural History, New York, NY, USA), EMEC (Essig Museum 
of Entomology, University of California, Berkeley, CA, USA), 
ERM (Entomology Research Museum, University of California, 
Riverside, CA, USA), UCR (UCR Urban Entomology Laboratory 
Collection, University of California, Riverside, CA, USA).

Results

Phylogenetic Analysis
The phylogenetic tree reconstructed using concatenated 16S 
rRNA, COI, and COII sequences clustered samples from the 
western US into 5 distinct clades (Fig. 3). Clade 5 has previ-
ously been identified as R. hesperus by Copren et al. (2005), 
Nelson et al. (2008), and Tseng et al. (2023). Among the 5 
Californian clades, the R. hesperus clade exhibited the highest 
divergence from the other 4 in 16S rRNA, COI, and COII (mean 
p-distances: 16S: 3.34% to 3.62%, COI: 7.46% to 9.13%, COII:

Fig. 1.  Map illustrating the sympatric distribution of Reticulitermes hesperus and R. rusti sp. nov., along with a single R. tibialis sample collected in Riverside, CA. 
The map displays 66 samples used for microsatellite genotyping. The left panel shows the overall distribution of collection sites across the state, while the right 
panels provide detailed zoom-ins of the Lake Arrowhead and University of California Riverside collection areas. Different markers represent different species: 
red circles indicate R. hesperus, green diamonds represent R. rusti, and blue stars mark R. tibialis. Contra Costa County is highlighted in red, encompassing one 
R. hesperus sample (Rh08), although GPS coordinates for this site was not recorded.

http://academic.oup.com/aesa/article-lookup/doi/10.1093/aesa/saaf019#supplementary-data
http://academic.oup.com/aesa/article-lookup/doi/10.1093/aesa/saaf019#supplementary-data
www.zoobank.org
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7.34% to 8.55%, Table 1). This clade is sister to the eastern US 
Reticulitermes species; however, support for this relationship was 
weak, indicated by moderate ultrafast bootstrap values (UFBoot: 
77%, Fig. 3) and low SH-like approximate Likelihood-Ratio 
Test values (SH-aLRT: 24.6%, Fig. S1). Clades 1, 2, 3, and 4 
formed a monophyletic group. Based on morphology and dis-
tribution, we designated Clade 4 as the R. tibialis group (see 
Morphological Examination section). The mean p-distances to 
the other 3 clades were as follows: 16S: 2.35% to 2.97%, COI: 
5.67% to 6.01%, and COII: 6.13% to 6.92% (Table 1). Samples 
in Clade 1 were all collected in southern California. Clade 2 in-
cludes samples from Tseng et al. (2023) that were collected in 
Placerville (El Dorado County), situated in the Sierra Nevada 
foothills of northern California. Clade 3 consists of samples from 
various locations in northern California, with the southernmost 
sample collected in King City, Monterey County (R141). The 
p-distances among these 3 clades were: 16S: 1.35% to 1.77%,
COI: 3.51% to 3.87%, and COII: 3.21% to 3.41% (Table 1). In
contrast to Tseng et al. (2023), where only 2 lineages were iden-
tified in southern California, we collected samples representing 3
independent mtDNA lineages: the remaining R. hesperus Clade
(Clade 5), the SC-B clade (Clade 1), and an additional species, R. 
tibialis (Clade 4).

Genetic Clustering Analyses
Genetic clustering analyses were performed using microsatellite 
genotype data to assess whether the 3 clades collected in southern 
California represent genetically distinct species. Samples were 

categorized according to the clades identified in the mtDNA phylo-
genetic tree (Fig. 3). In R. hesperus (Clade 5), samples were further 
divided into northern and southern US populations based on add-
itional genetic cluster analyses.

PCoA showed that the samples grouped into 4 distinct genetic 
clusters (Fig. 4A). The samples from R. rusti (Clade 1; green triangles) 
and R. tibialis (Clade 4; blue circles) each formed independent clus-
ters. In contrast, R. hesperus samples (Clade 5; red squares and 
yellow diamonds) were divided into 2 clusters: one included samples 
from northern California and Lake Arrowhead (yellow diamonds) 
and the other comprised samples collected in southern California 
(red squares).

Due to the limited representation of R. tibialis, with only 
one colony (R66) collected, this sample was excluded from the 
STRUCTURE analysis to prevent sampling bias that could pro-
duce misleading results. The STRUCTURE analysis of the re-
maining samples identified 3 distinct genetic clusters (K = 3): R. 
rusti (green), the northern population of R. hesperus (yellow), 
and the southern population of R. hesperus (red) (Fig. 4B). This 
result corroborates the findings from the PCoA. The optimal 
number of clusters, K = 3, was consistently determined using 
4 different methods: the ΔK method (Evanno et al. 2005), the 
LnP(K) method (Pritchard et al. 2000), and the median-based 
MedMedK and MaxMedK methods (Puechmaille 2016) (Fig. 
S2). Despite sample R096 being identified in Lake Arrowhead, 
no admixed individuals were found. This individual possessed al-
lele “289” at the RS33 locus, which is exclusively found in indi-
viduals from R. rusti (Clade 1). The genetic assignment analysis 

Fig. 2.  Morphological measurement characters. For the soldier caste: A) head length excluding mandibles (HL), head width at the maximum width of the 
postmentum (HW), front width of the postmentum (FP), maximum width of the postmentum (MaP), minimum width of the postmentum (MiP), length of the 
left mandible (LM); B) pronotum length (PL), pronotum width (PW). For the imago: C) forewing length (FwL), hindwing length (HwL); D) pronotum length (PL), 
pronotum width (PW); E) eye length (EL), eye to ocellus (EO); F) head length to clypeus (HLC), head width (HW).

http://academic.oup.com/aesa/article-lookup/doi/10.1093/aesa/saaf019#supplementary-data
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Fig. 3.  Phylogenetic tree based on concatenated 16S rRNA (361 bp), COI (628 bp), and COII (680 bp) sequences, illustrating the clustering of Reticulitermes 
species. Clades 1 to 5 represent 5 lineages of Reticulitermes in the western US, with 3 clades collected in southern California (R. rusti sp. nov. in Clade 1, R. 
tibialis in Clade 4, and R. hesperus in Clade 5) highlighted in color. The tree also includes gene sequences from Reticulitermes species in the eastern US, Europe, 
and Asia. Ultrafast bootstrap (UFBoot) is annotated on each node, with values ≥ 95 marked in red, ≥80 marked in blue, and ≥60 marked in green. Values below 
60 are not shown. A tree with SH-aLRT is provided in Fig. S2. The branch length to the outgroup is omitted, and the actual genetic distance is directly indicated 
at the root. Genotyped samples are marked in red font.

http://academic.oup.com/aesa/article-lookup/doi/10.1093/aesa/saaf019#supplementary-data
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revealed that our predefined groupings, based on species (R. hes-
perus and R. rusti) and populations (R. hesperus from northern 
and southern California), were 98% accurate. The only discrep-
ancy was sample “R096”, initially classified as belonging to the 
northern California population but later assigned to the southern 
California R. hesperus group.

Morphological Examination
After confirming that Clade 1, Clade 4, and Clade 5 represent 3 
genetically distinct groups, we identified these clades as separate 
species by comparing morphological traits and referencing pre-
vious descriptions. We first recognized Clade 4 as R. tibialis for 2 
reasons: (i) according to the soldier-caste identification key (Banks 

Fig. 4.  A) PCoA and B) STRUCTURE analysis of Reticulitermes populations. The samples were categorized into 4 predefined groups based on phylogenetic 
inference: R. hesperus northern population includes Clade 5 samples from northern California and Lake Arrowhead, R. hesperus southern population includes 
Clade 5 samples from southern California, R. rusti sp. nov. includes samples from Clade 1, and R. tibialis corresponds to Clade 4. A) PCoA plot showing the 
clustering of individuals, with colors representing the predefined grouping of the four populations: R. hesperus southern population (red squares), R. hesperus 
northern population (yellow diamonds), R. rusti (green triangles), and R. tibialis (blue circles). B) STRUCTURE analysis with K = 3, displaying the ancestry 
proportions of individuals. Samples are separated into 3 ancestry groups: R. hesperus northern population (yellow), R. hesperus southern population (red), and 
R. rusti (green). The color bar at the bottom reflects the predefined grouping method. R. tibialis is not included in the STRUCTURE analysis due to the limited
sample size (n = 1), which could lead to inaccurate clustering.
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and Snyder 1920), we identified the single sample (R066) in Clade 
4 as R. tibialis (Fig. 6K to O). (ii) The distribution data aligns with 
the original description, including sequences from Nevada (NV-00-5 
and NV-00-6), Utah (UT-03-6), Arizona (AZ-00-105B and AZ-99-
58), and California (R066, Fig. 1). Specimens in Clade 1 and Clade 
5 were both initially classified as R. hesperus, rendering the group 
paraphyletic. Measurements of the soldier head capsule indicated 
that Clade 5 is generally larger, although there is overlap across all 
measured characters (Table 2, Fig. 5A and Fig. S3). Based on 3 pieces 
of evidence, we identified Clade 5 as R. hesperus: (i) specimens col-
lected from the R. hesperus type location, Lake Arrowhead (R95 to 
R99), fell into Clade 5; (ii) the original distribution descriptions for 
R. hesperus in Banks and Snyder (1920) include northern California, 
whereas Clade 1 was only found in the southern region; (iii) both
holotype and cotype are imagoes originally collected in spring,
indicating that this species swarms during the spring season. The
cotype was collected at Little Bear Lake (currently known as Lake
Arrowhead) (Robinson 1989), San Bernardino Co., California, on 1
June 1917 (Banks and Synder 1920; p. 84). The paratype was col-
lected in the San Gabriel Mountains, Los Angeles Co., California, on 
26 March (Banks and Synder 1920, p. 84; Harvard University and
Morris 2024). In this study, the 6 R. hesperus imagoes we examined
(Clade 5) also swarmed in spring, reinforcing the conclusion that
Clade 5 represents R. hesperus. Consequently, we designated Clade
1 as a new species.

To summarize our measurement data, we conducted a PCA on all 
measured characters, along with PERMANOVA statistical analysis 

(Fig. 5). In soldiers, although R. rusti and R. hesperus exhibited 
overlapping areas, the PERMANOVA analysis revealed significant 
differences (Fig. 5A; F = 30.63499, P = 0.001). In imagoes, despite 
the morphological distinction being clearer between R. rusti and R. 
hesperus (see Description), PERMANOVA did not indicate signifi-
cant differences (Fig. 5B; F = 1.849736, P = 0.227).

Taxonomy

Reticulitermes rusti Chen sp. nov. (Tables 2 and 3, Figs. S3 to S6, 
Figs. 5 to 8).

LSID: urn:lsid:zoobank.org:act:F552E898-8B3A-400A-9F4D- 
94CD47CDC934.

Materials Examined
HOLOTYPE: United States: California: 1 female imago, University 
of California, Riverside (33°58′08″ N 117°19′37″ W), 02-xi-2023, 
J.T.C. Chen (AMNH), UCR collection reference: R007.

PARATYPES: United States: California: 1 female imago, 
University of California, Riverside (33°58′08″ N 117°19′37″ W), 
02-xi-2023, J.T.C. Chen (AMNH), UCR collection reference: R007;
1 female imago, University of California, Riverside (33°58′05.1″ N
117°19′34.5″ W), 06-xi-2023, J.T.C. Chen (AMNH), UCR collec-
tion reference: R009; 1 soldier, University of California, Riverside
(33°58′22.2″ N 117°19′14.9″ W), 16-viii-2023, J.T.C. Chen
(EMEC), UCR collection reference: R003; 1 soldier, Los Angeles
County (34°12′07.8″ N 118°11′52.4″ W), 2005, W. Studenmund,

Table 1.  Mean pairwise p-distance across different lineages, with values presented for 16S rRNA (top), COI (middle), and COII (bottom) 
sequences

Mean pairwise p-distance between 16S rRNA sequences (%)

R. hesperus R. tibialis R. rusti Clade 2 Clade 3

R. hesperus 0.28 ± 0.25 3.49 ± 0.42 3.45 ± 0.69 3.34 ± 0.31 3.62 ± 0.42

R. tibialis 1.92 ± 0.79 2.35 ± 0.70 2.86 ± 0.53 2.97 ± 0.51

R. rusti 0.83 ± 0.58 1.77 ± 0.65 1.35 ± 0.42

Clade 2 1.09 ± 1.06 2.01 ± 0.26

Clade 3 0.45 ± 0.43

Mean pairwise p-distance between COI sequences (%)

R. hesperus R. tibialis R. rusti Clade 2 Clade 3

R. hesperus 1.20 ± 1.36 9.13 ± 0.62 7.50 ± 0.55 7.46 ± 0.96 7.74 ± 0.42

R. tibialis 4.26 ± 1.73 5.81 ± 0.69 6.01 ± 1.10 5.67 ± 0.75

R. rusti 0.93 ± 0.56 3.51 ± 0.40 3.87 ± 0.41

Clade 2 2.29 ± 2.22 4.33 ± 0.44

Clade 3 0.96 ± 0.94

Mean pairwise p-distance between COII sequences (%)

R. hesperus R. tibialis R. rusti Clade 2 Clade 3

R. hesperus 0.95 ± 0.52 7.34 ± 0.56 7.98 ± 0.34 8.55 ± 0.25 8.16 ± 0.28

R. tibialis 3.37 ± 1.38 6.13 ± 0.50 6.92 ± 0.61 6.69 ± 0.61

R. rusti 0.89 ± 0.58 3.21 ± 0.35 3.41 ± 0.22

Clade 2 1.85 ± 1.78 3.84 ± 0.66

Clade 3 0.57 ± 0.81

http://academic.oup.com/aesa/article-lookup/doi/10.1093/aesa/saaf019#supplementary-data
http://academic.oup.com/aesa/article-lookup/doi/10.1093/aesa/saaf019#supplementary-data
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(ERM), UCR collection reference: R105; 1 soldier, University of 
California, Riverside (33°58′22.2″ N 117°19′14.9″ W), 24-v-2024, 
C. N. Campbell, (UCR), UCR collection reference: R135; 1 soldier,
Los Angeles County (34°05′47″ N 118°42′56″ W), 29-vii-2024,
J.T.C. Chen, (UCR), UCR collection reference: R136; 1 soldier, Santa 
Barbara County (34°44′27.7″ N 120°16′46.4″ W), 1-viii-2024,
J.T.C. Chen, (UCR), UCR collection reference: R145.

Other Material Examined
Please see Table S5 for soldier specimens and Table S6 for imago 
specimens.

Soldier: Color yellowish, similar to R. hesperus, paler than 
R. tibialis. Head margins parallel. HL measured at the widest
point of postmentum nearly identical to HL measured at the nar-
rowest point. The HL 1.62 to 1.81 times the HW. The pronotum
emarginate both in the middle front and the middle rear. LM 1.12
to 1.38 mm. The outer margin of the left mandible is S-shaped,
similar to R. hesperus, S-shaped but less curved in R. tibialis. HL
1.63 to 1.99 times the LM. The widest part of the postmentum is
1.58 to 2.39 times the narrowest part (MiP). R. rusti is generally
smaller than R. hesperus, although size overlaps occur (Fig. 5A, 
Figs. S3 and S4).

Table 2.  Morphological measurements of R. hesperus, R. rusti, and R. tibialis soldiers. The table includes the mean, standard devi-
ation (std. dev.), minimum (Min), and maximum (Max) values for various morphological characters: pronotum length (PL), pronotum 
width (PW), head length excluding mandible (HL), head width at the maximum width of the postmentum (HW), front width of the 
postmentum (FP), maximum width of the postmentum (MaP), minimum width of the postmentum (MiP), length of the left mandible 
(LM), and the ratios of MaP/MiP, HL/HW, and HL/LM. The letters next to the means reflect the results of the statistical analysis per-
formed using a linear mixed model. Different letters indicate significant differences based on posthoc comparisons with Tukey’s ad-
justment (P < 0.05)

Characters
PL 
(mm)

PW 
(mm)

HL 
(mm)

HW 
(mm) FP (mm)

MaP 
(mm)

MiP 
(mm)

LM 
(mm)

MaP/
MiP

HL/
HW HL/LM

R. hesperus
(Colony = 13, n = 36)

Mean 0.73 (a) 1.15 (b) 2.63 (b) 1.48 (b) 0.42 (b) 0.64 (b) 0.25 (a) 1.42 (b) 2.59 (b) 1.78 (b) 1.85 (b)

std. dev. 0.04 0.05 0.19 0.06 0.04 0.03 0.03 0.06 0.23 0.10 0.12

Min 0.59 1.01 2.06 1.37 0.31 0.58 0.21 1.28 2.10 1.49 1.57

Max 0.83 1.23 2.98 1.63 0.52 0.72 0.30 1.54 3.05 1.97 2.04

�R. rusti
(Colony = 12, n  = 29)

Mean 0.68 (a) 1.03 (a) 2.31 (a) 1.35 (a) 0.36 (a) 0.60 (a) 0.25 (a) 1.25 (a) 2.39 (a) 1.71 (b) 1.85 (b)

std. dev. 0.05 0.07 0.16 0.08 0.04 0.04 0.04 0.07 0.27 0.05 0.08

Min 0.60 0.90 1.97 1.21 0.25 0.53 0.19 1.12 1.58 1.62 1.63

Max 0.77 1.15 2.54 1.53 0.41 0.66 0.38 1.35 2.90 1.81 1.99

�R. tibialis
(Colony = 1, n = 5)

Mean 0.62 (a) 1.09 (ab) 2.02 (a) 1.34 (ab) 0.36 (ab) 0.40 (ab) 0.32 (b) 1.39 (ab) 2.01 (a) 1.51 (a) 1.45 (a)

std. dev. 0.04 0.05 0.04 0.02 0.04 0.03 0.02 0.04 0.11 0.03 0.03

Min 0.55 1.05 1.95 1.31 0.25 0.36 0.29 1.35 1.81 1.49 1.41

Max 0.65 1.19 2.06 1.37 0.41 0.45 0.36 1.45 2.14 1.56 1.49

Fig. 5.  PCA was performed to examine the morphological variation in Reticulitermes soldiers and imagoes. A Permutational Multivariate Analysis of Variance 
(PERMANOVA) was conducted to assess differences within each group. In soldiers, the multivariate morphological comparison revealed significant differences 
(A; F = 30.63499, P = 0.001), whereas in imagoes, no significant differences were detected (B; F = 1.849736, P = 0.227).

http://academic.oup.com/aesa/article-lookup/doi/10.1093/aesa/saaf019#supplementary-data
http://academic.oup.com/aesa/article-lookup/doi/10.1093/aesa/saaf019#supplementary-data
http://academic.oup.com/aesa/article-lookup/doi/10.1093/aesa/saaf019#supplementary-data
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Fig. 6.  Morphological features of Reticulitermes soldiers. LSID: urn:lsid:zoobank.org:act:F552E898-8B3A-400A-9F4D-94CD47CDC934. Each row represents a 
different species: R. hesperus (A to E), R. rusti sp. nov. (F to J), and R. tibialis (K to O). Each column displays different views of the species: dorsal view of the 
head capsule (A, F, K), lateral view of the head capsule (B, G, L), ventral view of the head capsule (C, H, M), dorsal view of the pronotum (D, I, N), and dorsal view 
of the mandibles (E, J, O). The scale bar is 1 mm for images A to C, F to H, and K to M, and 500 µm for images D, E, I, J, N, and O.
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Imago: Sclerotized area deep black. HLC slightly longer than the 
HW; eyes about circular, diameter 0.24 to 0.28 mm. Ocelli very close 
to eyes (EO: 28.76 to 47.34 µm), EO shorter than eye-to-antennal 
socket distance. Antennae color brownish, darker than R. hesperus. 
Tibiae dark brown to black, paling only at the end of the tibiae. 
Tarsi pale yellowish. Paraprocts brownish. Wings transparent to 
pale brownish, more transparent than R. hesperus. FwL 10.52 to 
11.20 mm. HwL 9.79 to 11.02 mm. The body length, excluding 
wings, is equal to or greater than the length from the abdomen end 
to the wing tips (Fig. 8).

Diagnosis
Of the southern California Reticulitermes, R. rusti is genetically 
closest to R. tibialis, but the soldier can be distinguished by a larger 
HL to LM ratio: 1.63 to 1.99 in R. rusti versus 1.41 to 1.49 in 
R. tibialis. The R. rusti soldier is morphologically very similar but
slightly smaller than R. hesperus (Table 2, Figs 6 and 8). Soldier iden-
tification between the 2 species should be confirmed through COI or
COII sequence on GenBank.

The imagoes of R. rusti can be distinguished from R. hesperus 
by dark brownish tibiae and longer wing length. For R. rusti, FwL: 
10.26 to 11.20 mm, HwL: 9.79 to 11.02 mm; for R. hesperus, FwL: 
8.04 to 9.76 mm, HwL: 7.89 to 9.38 mm (Table 3. Figs. 7 and 8). COI 
and COII sequences for voucher specimens are available in GenBank 
(Holotype: R007, COI: PV121365, COII: PV133894; Paratypes: 
R003, COI: PV121360, COII: PV133872; R009, COI: PV121368, 
COII: PV133897; R105, COI: PV121397, COII: PV133835; R135, 
COI: PV121417, COII: PV133856; R136, COI: PV121418, COII: 
PV133864; R145, COI: PV121426, COII: PV133869).

Ecology and Distribution
This species is commonly found in southern California, with its 
southernmost distribution possibly extending into Baja California. 

The northernmost sample was collected in Santa Barbara. Its entire 
distribution range overlaps with that of R. hesperus.

Remarks
Unlike R. hesperus, which swarms in the spring, swarms of R. rusti 
occur from late fall to winter (November through January) after the 
first fall rain. In addition, R. rusti possesses the CHC phenotypes 
SC-B and SC-B′. For further details on its CHC profile, see Nelson 
et al. (2008).

Etymology
We named this species ‘rusti’ in honor of Professor Emeritus Michael 
K. Rust (University of California, Riverside), who has contributed
significantly to our knowledge of the biology and management of
subterranean termites in southern California for the last 50 yr.

Discussion

This study employed an integrative taxonomic approach (Padial et 
al. 2010) that incorporated phylogenetic evidence, the genotypic 
cluster concept (Mallet 1995), morphological comparisons, and pre-
vious chemotaxonomic data based on CHC analyses. Together, these 
complementary lines of evidence demonstrate the presence of a new 
subterranean termite species in the genus Reticulitermes in southern 
California. Population clustering analyses distinguish R. rusti from 
R. hesperus and R. tibialis. Additionally, mtDNA phylogenies recon-
structed from 16S, COI, and COII genes indicate that R. rusti is
genetically closer to R. tibialis than to R. hesperus. Combined with
morphological measurements, flight phenology (Table S6), and CHC 
phenotype data presented in Nelson et al. (2008) and Tseng et al.
(2023), we confirm that the CHC phenotype SC-B and SC-B′ (Clade
1) is a distinct species, separate from R. hesperus.

Table 3.  Morphological measurements of R. hesperus and R. rusti imagoes (female and male). The table includes mean, standard deviation 
(std. dev.), minimum (Min), and maximum (Max) values for various morphological characters: pronotum length (PL), pronotum width (PW), 
head length to clypeus (HLC), head width (HW), eye length (EL), eye to ocellus (EO), forewing length (FwL), and hindwing length (HwL). 
Statistical analysis was performed using the Wilcoxon signed rank test. An asterisk (*) indicates significant differences (P < 0.05).

Characters PL (mm) PW (mm) HLC (mm) HW (mm) EL (mm) EO (µm) FwL* (mm) HwL* (mm)

R. hesperus
Imago ♀
(n = 6, Total = 6)

Mean 0.67 1.07 1.30 1.21 0.29 34.26 9.01 8.85

std. dev. 0.02 0.04 0.06 0.03 0.01 2.95 0.55 0.49

Min 0.66 1.05 1.25 1.15 0.27 30.15 8.25 8.11

Max 0.69 1.13 1.42 1.23 0.30 38.13 9.76 9.38

R. hesperus
Imago ♂
(n = 6, Total = 6)

Mean 0.65 1.05 1.33 1.21 0.27 39.71 8.74 8.55

std. dev. 0.03 0.03 0.06 0.04 0.02 10.97 0.37 0.37

Min 0.64 1.02 1.26 1.19 0.26 30.02 8.04 7.89

Max 0.68 1.09 1.42 1.28 0.29 59.93 9.12 9.01

�R. rusti
Imago ♀
(n = 4, Total = 4)

Mean 0.65 1.04 1.26 1.21 0.26 34.96 10.90 10.47

std. dev. 0.02 0.02 0.02 0.03 0.02 4.54 0.25 0.36

Min 0.62 1.02 1.23 1.17 0.24 28.76 10.52 10.03

Max 0.68 1.06 1.29 1.25 0.28 40.75 11.20 11.02

�R. rusti
Imago ♂
(n = 3, Total = 3)

Mean 0.60 1.01 1.26 1.18 0.27 38.11 10.31 9.93

std. dev. 0.01 0.02 0.01 0.03 0.00 7.28 0.04 0.18

Min 0.59 0.99 1.25 1.14 0.27 29.55 10.26 9.79

Max 0.62 1.04 1.27 1.21 0.28 47.34 10.35 10.18

http://academic.oup.com/aesa/article-lookup/doi/10.1093/aesa/saaf019#supplementary-data
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Fig. 7.  Morphological features of Reticulitermes imagoes. LSID: urn:lsid:zoobank.org:act:F552E898-8B3A-400A-9F4D-94CD47CDC934. Each column represents a 
different species: R. hesperus (A to E) and R. rusti sp. nov. (F to J). Each row displays different views of the species: lateral of the head (A, F), dorsal view of the 
head (B, G), dorsal view of the pronotum (C, H), right wings (D, I), and right middle legs (E, J). For images A to C, E to G, and J, the scale bar represents 500 µm. 
For images D and I, it represents 2 mm.
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Our phylogenetic analysis reveals that the undescribed 
Reticulitermes (Clades 1, 2, and 3) form a monophyletic group, 
which is sister to R. tibialis. In this study, we describe the new 
species, R. rusti, corresponding to Clade 1, while Clades 2 and 3 
remain undescribed. The discovery of R. rusti and its related clades 
was initially inferred through CHC analyses (Haverty and Nelson 
1997, Copren et al. 2005, Nelson et al. 2008). R. rusti aligns with 
the SC-B and SC-B′ phenotypes, whereas its sister group, Clade 2, 
corresponds to the CA-B and CA-C phenotypes. Clade 3 is associ-
ated with the CA-D phenotype, which is sister to the Clade 2 + R. 
rusti group.

The mean p-distance between R. rusti, Clade 2, and Clade 3 (16S: 
1.35% to 1.77%; COI: 3.51% to 3.87%; COII: 3.21% to 3.41%;) 
(Table 1) suggest some ambiguity regarding species boundaries, 
leaving the exact number of species subject to further debate. A gen-
etic distance of approximately 3% in the COI sequence is often used 
as a threshold for species delimitation in insects and can distinguish 
up to 98% of lepidopteran species (Hebert et al. 2003). Considering 
these points, we chose not to assign Clades 2 (CA-B and CA-C) and 3 
(CA-D) to R. rusti for the following reasons: (i) Geographic distribu-
tion: the clades exhibit distinct geographic ranges. In Clade 2, CA-B 
has been found only in El Dorado County, while CA-C has been 
found in El Dorado, Nevada, Sacramento, and San Joaquin coun-
ties in California (Tseng et al. 2023). Clade 3 (CA-D), in contrast, is 
primarily found in more coastal regions in northern California and 
is sympatric with R. hesperus (Haverty and Nelson 1997, Haverty 
et al. 2003, Copren et al. 2005, Tseng et al. 2023), (ii) Distinct CHC 
profiles: each clade possesses unique CHC profiles, as detailed by 
Haverty and Nelson (1997), Copren et al. (2005), and Nelson et al. 
(2008), (iii) Statistical evidence: a multispecies coalescent approach 

(BPP) employed by Tseng et al. (2023) supports the recognition of 4 
independent species within these groups.

Our next step is to examine species boundaries through 
population-level approaches to strengthen these conclusions. This 
approach includes applying integrative taxonomy (Padial et al. 
2010), accounting for gene flow that may confound phylogenetic 
inference ( Leaché et al. 2014 ) and conducting integrative species 
delimitation methods (Singhal et al. 2018) to distinguish valid spe-
cies lineages from mere population-level variation.

Our morphological measurements successfully distinguished R. 
rusti from both R. tibialis in the soldier caste and R. hesperus in the 
imago caste. In the soldier caste, R. tibialis, compared with the other 
2 species, displays more apparent morphological differences (Figs. 
6 and 8). Soldiers have dull brownish head capsules with slightly 
curved sides, making the head broadest at the point corresponding 
to the MiP. The outer margin of the left mandible is less curved than 
that of the other 2 species. In contrast, R. hesperus and R. rusti both 
have pale yellowish to yellowish colored head capsules. The sides 
of the head capsule are parallel, with an approximately equal head 
length to head width (HL/HW) ratio. The outer margin of the left 
mandible is S-shaped. Morphometric measurements show that R. 
rusti is relatively similar to but slightly smaller than R. hesperus. 
Due to the overlap in characters, it is not possible to propose diag-
nostic morphological characters for the soldier caste to distinguish 
R. rusti (Table 2, Figs. 5A and 6). However, in the imago, R. hesperus
does differ from R. rusti. The sclerotized regions of R. rusti appear
deep black, likely due to heavier sclerotization. The most significant
difference is in the tibiae: R. hesperus exhibits pale yellowish tibiae,
whereas R. rusti has dark brown to black tibiae. Additionally, R. 
rusti possesses longer and more transparent wings than R. hesperus

Fig. 8.  Morphological comparison of Reticulitermes hesperus, R. rusti sp. nov., and R. tibialis. LSID: urn:lsid:zoobank.org:act:F552E898-8B3A-400A-9F4D-
94CD47CDC934. (A to C) Comparison of soldier castes in dorsal (A), lateral (B), and ventral (C) views. From left to right: R. hesperus, R. rusti, and R. tibialis. D) 
Comparison of the imago (male): top, R. rusti; bottom, R. hesperus. The scale bar represents 1 mm for images (A) and (C), and 2 mm for images (B) and (D).
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(Table 3, Fig 7). In conclusion, R. rusti is a new species that could be 
readily differentiated from R. hesperus using the imago stage.

Solely relying on morphological characters to identify species re-
mains challenging because of the difficulty in collecting a sufficient 
number of alates and soldiers. Therefore, we also recommend using 
the mtDNA region COI and COII for reliable species identification. 
We also reclassified historical sequences deposited in GenBank from 
5 publications as R. rusti in Table S7 (Copren et al. 2005, Su et al. 
2006, Tripodi et al. 2006, Wang et al. 2022, Tseng et al. 2023). In the 
Barcode of Life Data System (BOLD), R. rusti is within the Barcode 
Index Number: ‘BOLD:ACP7685′ (Ratnasingham and Hebert 2013; 
https://v3.boldsystems.org/index.php/Public_BarcodeCluster?cluster
uri=BOLD:ACP7685).

The fact that these nonsister groups (R. rusti and R. hesperus) 
share similar morphology in the soldier caste may be caused by 
various factors. One possibility is adaptive convergence (Losos 
2011), which means the independent evolution of similar features in 
different lineages. Convergent adaptation can be triggered by envir-
onmental pressure (Greenway et al. 2024) or predation pressure (Lee 
and Coop 2019). Another possible reason causing similar morph-
ology is hybridization-induced gene introgression (Grant et al. 2004, 
Rosser et al. 2024). Indeed, hybridization among Reticulitermes spe-
cies is not uncommon under laboratory conditions (Pickens 1932, 
Wu et al. 2019) and can facilitate the exchange of alleles between 
species. In this study, the result of clustering analysis identified a 
single individual (R096) with an admixed genetic background. 
Notably, among the 6 samples collected from type location Lake 
Arrowhead (R94 to R99), no species other than R. hesperus were 
detected; one individual, however, carried a single allele—‘289’ at 
the RS33 locus—that is shared with R. rusti. The primary criteria for 
determining whether 2 species with different swarming seasons can 
hybridize are the presence of any overlap in their geographical distri-
bution and swarming periods. We observe that the spring swarmers 
(R. hesperus) swarm later in the season in mountain ranges due to the 
shorter period of suitable weather for swarming. However, we have 
not collected any R. rusti colonies in Lake Arrowhead. Therefore, 
it remains unknown whether the two species’ geographical distri-
butions and swarming seasons overlap in mountain ranges. Since 
only one locus and one individual exhibit signs of hybridization, 
more comprehensive genetic data are needed to determine whether 
genuine hybridization really occurred.

Reticulitermes hesperus has long been recognized as California’s 
most common subterranean termite pest species. Its status as a 
pest has prompted numerous studies on control strategies of this 
species, including liquid termiticides (Lewis et al. 1996, Rust and 
Saran 2006, 2008, Saran and Rust 2007), and baits (Lewis and 
Power 2006, Eger et al. 2012, Hamm et al. 2013). However, few 
studies have ever considered the presence of undescribed species 
(Getty et al. 2007), making it difficult to ascertain whether those 
studies had evaluated R. hesperus, R. rusti, or other undescribed 
taxa. Past studies have reported that it was challenging to bait R. 
hesperus in southern California due to low foraging activity and 
poor bait station foraging fidelity (Haagsma and Rust 2005). On the 
contrary, unlike in southern California, baiting R. hesperus in nor-
thern California did not experience any of those challenges (Getty 
et al. 2007, Haverty et al. 2010, Sutherland et al. 2022). Could the 
anomaly in bait responses observed between northern and southern 
California be attributed to the presence of a different species (R. 
rusti) at the latter location?

This is why accurate species identification is crucial in urban 
pest management, as different species may exhibit distinct behav-
iors and biological traits that could influence management strategies 

(Hapukotuwa and Grace 2012, 2014, Su and Lee 2023). Future re-
search should focus on investigating and comparing the biology and 
pest status of R. rusti and R. hesperus. With this knowledge, species-
specific pest management strategies can be developed to accurately 
predict and implement effective measures to mitigate the damage 
caused by Reticulitermes infestations.

Supplementary material
Supplementary material is available at Annals of the Entomological Society of America 
online.
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