UNIVERSIDAD NACIONAL AUTONOMA DE MEXICO
POSGRADO EN CIENCIAS BIOLOGICAS
INSTITUTO DE BIOLOGIA
SISTEMATICA
(PROYECTO)

TAXONOMIA INTEGRATIVA DE LAS ESPECIES DEL GENERO Phloeosinus (Curculionidae:
Scolytinae) DISTRIBUIDAS EN MEXICO

TESIS

(POR ARTICULO CIENTIFICO)
TESTING THE CLASSICAL TYPOLOGICAL TAXONOMY: AN APPROACH TO EVALUATE

THE SPECIES HYPOTHESES IN Phloeosinus spp., FROM MEXICAN TRANSITION ZONE

BASED ON PHYLOGENOMIC DATA AND MULTIPLE CHARACTER SOURCES

QUE PARA OPTAR POR EL GRADO DE:
MAESTRA EN CIENCIAS BIOLOGICAS

PRESENTA:
ALICE NELLY FERNANDEZ CAMPOS

TUTOR PRINCIPAL DE TESIS: Dr. FRANCISCO ARMENDARIZ TOLEDANO
Instituto de Biologia, UNAM
COMITE TUTOR: Dr. JUAN JOSE MORRONE
Facultad de Ciencias, UNAM
Dr. ALEJANDRO ZALDIVAR RIVERON
Instituto de Biologia, UNAM

CIUDAD UNIVERSITARIA, CD. MX. MARZO, 2024



e e

Universidad Nacional - J ~  Biblioteca Central
Auténoma de México -

Direccion General de Bibliotecas de la UNAM
Swmie 1 Bpg L IR

UNAM - Direccion General de Bibliotecas
Tesis Digitales
Restricciones de uso

DERECHOS RESERVADQOS ©
PROHIBIDA SU REPRODUCCION TOTAL O PARCIAL

Todo el material contenido en esta tesis esta protegido por la Ley Federal
del Derecho de Autor (LFDA) de los Estados Unidos Mexicanos (México).

El uso de imagenes, fragmentos de videos, y demas material que sea
objeto de proteccion de los derechos de autor, serd exclusivamente para
fines educativos e informativos y debera citar la fuente donde la obtuvo
mencionando el autor o autores. Cualquier uso distinto como el lucro,
reproduccion, edicion o modificacion, sera perseguido y sancionado por el
respectivo titular de los Derechos de Autor.






UNIVERSIDAD NACIONAL AUTONOMA DE MEXICO
POSGRADO EN CIENCIAS BIOLOGICAS

INSTITUTO DE BIOLOGIA
SISTEMATICA
(PROYECTO)

TAXONOMIA INTEGRATIVA DE LAS ESPECIES DEL GENERO Phloeosinus (Curculionidae:
Scolytinae) DISTRIBUIDAS EN MEXICO

TESIS

(POR ARTICULO CIENTIFICO)
TESTING THE CLASSICAL TYPOLOGICAL TAXONOMY: AN APPROACH TO EVALUATE

THE SPECIES HYPOTHESES IN Phloeosinus spp., FROM MEXICAN TRANSITION ZONE

BASED ON PHYLOGENOMIC DATA AND MULTIPLE CHARACTER SOURCES

QUE PARA OPTAR POR EL GRADO DE:
MAESTRA EN CIENCIAS BIOLOGICAS

PRESENTA:
ALICE NELLY FERNANDEZ CAMPOS

TUTOR PRINCIPAL DE TESIS: Dr. FRANCISCO ARMENDARIZ TOLEDANO
Instituto de Biologia, UNAM
COMITE TUTOR: Dr. JUAN JOSE MORRONE
Facultad de Ciencias, UNAM
Dr. ALEJANDRO ZALDIiVAR RIVERON
Instituto de Biologia, UNAM

CIUDAD UNIVERSITARIA, CD. MX. MARZO, 2024



PSS L RADC

Sl BN AET] A &

®BI0LOGICAS ®

COORDINACION GENERAL DE ESTUDIOS DE POSGRADO
COORDINACION DEL POSGRADO EN CIENCIAS BIOLOGICAS
INSTITUTO DE BIOLOGIA

OFICIO: CGEP/CPCBI/IB/0210/2024

ASUNTO: Oficio de Jurado

M. en C Ivonne Ramirez Wence
Directora General de Administraciéon Escolar, UNAM
Presente

Me permito informar a usted que en la reunion ordinaria del Comité Académico del Posgrado en Ciencias
Bioldgicas, celebrada el dia 22 de enero de 2024 se aprobd el siguiente jurado para el examen de grado
de MAESTRA EN CIENCIAS BIOLOGICAS en el campo de conocimiento de Sistematica de la alumna
FERNANDEZ CAMPOS ALICE NELLY con nimero de cuenta 522003886 por la modalidad de
graduacion de tesis por articulo cientifico titulado: “Testing the classical typological taxonomy: an
approach to evaluate the species hypotheses in Phloeosinus spp., from Mexican Transition Zone
based on phylogenomic data and multiple character sources”, que es producto del proyecto
realizado en la maestria que lleva por titulo: “Taxonomia integrativa de las especies del género
Phloeosinus (Curculionidae: Scolytinae) distribuidas en México”, ambos realizados bajo la direccion
del DR. FRANCISCO ARMENDARIZ TOLEDANO, quedando integrado de la siguiente manera:

Presidente: DR. ISMAEL ALEJANDRO HINOJOSA DIAZ

Vocal: M. EN C. GRISELDA MONTIEL PARRA
Vocal: DRA. ROXANA ACOSTA GUTIERREZ
Vocal: DR. TONATIUH RAMIREZ REYES

Secretario: DR. JUAN JOSE MORRONE

Sin otro particular, me es grato enviarle un cordial saludo.

ATENTAMENTE )
“POR MI RAZA HABLARA EL ESPIRITU” & C“ENCMS
Ciudad Universitaria, Cd. Mx., a 26 de febrero de 2024 : T

COORDINADOR DEL PROGRAMA

DR. ADOLFO GERARDO NAVARRO SIGUENZA

c. c. p. Expediente del alumno
AGNS/RGA/EARR/rga
COORDINACION DEL POSGRADO EN CIENCIAS BIOLOGICAS

Unidad de Posgrado, Edificio D, 17 Piso. Circuito de Posgrados, Ciudad Universitaria
Alcaldia Coyoacan. C. P 04510 CDMX Tel. (+5255)5623 7002 http://pcbiol.posgrado.unam.mx/



AGRADECIMIENTOS INSTITUCIONALES

En primer lugar, al Posgrado en Ciencias Biologicas de la UNAM por el apoyo brindado
durante el desarrollo y termino de este proyecto de investigacion.

Al Consejo Nacional de Humanidades, Ciencias y Tecnologias (CONAHCYT) por la beca de
maestria con numero de CVU 1146407 durante agosto de 2021 a julio de 2023. Asi como al
financiamiento otorgado por PAPIIT 2020.

A los miembros de mi comité tutor, Dr. Francisco Armendariz Toledano (Tutor principal), Dr.
Juan José Morrone Lupi y Dr. Alejandro Zaldivar Riverén, por el interés y apoyo demostrado

en este proyecto.



AGRADECIMIENTOS A TITULO PERSONAL

Al Dr. Francisco Armendariz Toledano, por su apoyo, asesoria y paciencia para finalizar este
trabajo.

Al Instituto de Biologia, UNAM, por el apoyo brindado durante el desarrollo y termino de este
proyecto de investigacion.

A Maria Berenit Mendoza Garfias del Laboratorio de Microscopia y Fotografia de la
Biodiversidad 1 (LANABIO) por su apoyo para la obtencién de imagenes.

A los miembros del jurado: M. en C. Griselda Montiel Parra, Dra. Roxana Acosta Gutiérrez,
Dr. Ismael Alejandro Hinojosa Diaz, Dr. Juan José Morrone y Dr. Tonatiuh Ramirez Reyes
por tomarse el tiempo de revisar este trabajo.

A mis amigas y compafieras de laboratorio, Montserrat Cervantes Espinoza, Valeria Guzman
Robles, Raquel Cid Mufioz y Jazmin Garcia Roman por su apoyo, motivacion y sobre todo su
amistad y buenos momentos compartidos a lo largo de todo este tiempo.

A Carlitos, por tu amistad y por siempre motivarme y apoyarme a dar este paso hacia la
investigacion.

A todas las personas que alguna vez me escucharon hablar respecto a este tema.

A ti que ahora estas, gracias por acompafarme.

A mi familia.



INDICE

RESUMEN ...ttt ettt ettt et e et e et e et et e e e et e et e et e e e e et e st et e eeete e e e aeeareereaneseeans 1
F =TS 27\ T 2
INTRODUCCION GENERAL.......ccueiuiittiteeee ettt ens e aan e eteeae e 3
ARTICULO CIENTIFICO MAESTRIA . ...ttt ae e 6
DISCUSION GENERAL Y CONCLUSIONES. ........cotiiiieiieeeeeece et ete et 58
REFERENCIAS BIBLIOGRAFICAS ......coooiieitite ettt sttt anas 59



RESUMEN

El género Phloeosinus consta de mas de 80 especies en el mundo, de las cuales nueve de
ellas se distribuyen en México y para las cuales no se cuenta con estudios taxonémicos
recientes desde su descripcion hace mas de 50 afios. Asimismo, algunos taxones presentan
problemas taxonomicos, debido a similitudes morfolégicas. Ademas de que, el estatus
taxondmico de varias de ellas esta basado en el arbol huésped del que fueron recolectadas y
en atributos morfolégicos cualitativos externos, principalmente del declive elitral, la cabeza y
el pronoto, dejando de lado caracteristicas de la morfologia interna como los
correspondientes a los genitales. Por lo anterior, en este trabajo bajo un contexto de
taxonomia integrativa se implement6é el uso de diferentes métodos de observacion y de
andlisis de variacién como morfometria tradicional y geométrica para estudiar caracteristicas
morfolégicas externas e internas de las especies de Phloeosinus distribuidas en México, y
también a través de la implementacién de analisis filogenomicos utilizando datos de RAD-
seq, se evaluo la monofilia de algunas de estas especies y si la estructura de los linajes
reconocidos es congruente con su estatus de especie. Los analisis morfométricos con datos
cualitativos y cuantitativos mostraron diferencias entre los grupos de especies estudiadas,
principalmente en caracteristicas asociadas al declive elitral. Los analisis de morfometria
geométrica mostraron que existe variacion en la forma del pronoto y los élitros de estas
especies. El estudio del esternito IX de las hembras de Phloeosinus fue el que mostré
mayores diferencias entre las especies. Finalmente se observd congruencia entre los arboles

filogenéticos obtenidos y los resultados de los analisis morfologicos.



ABSTRACT

The genus Phloeosinus consists of more than 80 species in the world, nine of which are
distributed in Mexico and for which there are no recent taxonomic studies since their
description more than 50 years ago. Also, some taxa present taxonomic problems due to
morphological similarities. In addition, the taxonomic status of several of them is based on the
host tree from which they were collected and on external qualitative morphological attributes,
mainly of the elytral declivity, head and pronotum, leaving aside internal morphological
characteristics such as those corresponding to the genitalia and terminalia. Therefore, in this
work, under the context of integrative taxonomy, we implemented the use of different methods
of observation and analysis of variation such as traditional and geometric morphometry to
study external and internal morphological characteristics of Phloeosinus species distributed in
Mexico, and also through the implementation of phylogenomic analysis using RAD-seq data,
we evaluated the monophyly of some of these species and whether the structure of the
recognized lineages is congruent with their species status. Morphometric analyses with
gualitative and quantitative data showed differences between the groups of species studied,
mainly in characteristics associated with elytral declivity. Geometric morphometric analyses
showed that there is variation in the shape of the pronotum and elytra of these species. The
study of the sternite 1X of Phloeosinus females showed the greatest differences between
species. Finally, congruence was observed between the phylogenetic trees obtained and the
results of the morphological analyses.



INTRODUCCION GENERAL

El género Phloeosinus de escarabajos descortezadores corresponde a un grupo de
especies fle6fagas que se alimentan y reproducen dentro de coniferas de la familia
Cupressaceae (Wood, 1982; Cervantes-Espinoza et al., 2022). Este género comprende mas
de 80 especies a nivel mundial, cuya distribucién abarca principalmente las regiones Neéartica
y Paleartica (Faccoli y Sidoti 2013; Kirkendall et al. 2015). Son especies mondgamas Yy
durante el periodo de reproduccion las hembras construyen sus sistemas de galerias sobre
arboles moribundos o debilitados fisiolégicamente por lo que se las considera saprobias
tardias. Sin embargo, pueden colonizar y matar arboles aparentemente sanos por lo que
también se las considera plagas (Blackman, 1942; Wood, 1982; Faccoli y Sidoti, 2013).

En México habitan nueve especies del género: P. arizonicus Blackman, 1942; P.
baumanni Hopkins, 1905; P. cristatus Leconte, 1868; P. deleoni Blackman, 1942; P. palearis
Wood, 1969; P. serratus Leconte, 1942; P. spinosus Blackman, 1942, P. tacubayae Hopkins,
1905 y P. taxodii taxodiicolens Wood, 1956. Sin embargo, el conocimiento que se tiene sobre
ellas es escaso e incipiente, su distribucion actual no es clara y el grado de especificidad y
las preferencias hacia los huéspedes, asi como el impacto que tienen sobre las comunidades
forestales naturales y urbanas estan pobremente estudiados. A pesar de ello algunas
especies se consideran plagas forestales y se incluyen en la norma oficial Mexicana NOM-
019-SEMARTNAT-2017, para su control y manejo. Aunado a esto, la informacién taxondmica
gue se tiene de ellas esta soportada por eventos de recolecta esporadicos y registros
escasos, con especies que solo se han colectado una o dos veces en la region. Ademas de
lo anterior, algunos pares de especies presentan problemas de identificacion debido a su
gran similitud morfolégica, ejemplo de ello son P. taxodii taxodiicolens- P. tacubayae, P.
palearis- P. serratus y P. baumanni- P. variaolatus (Wood, 1982). Asimismo, el estatus
taxondmico de estas especies esta soportado por su distribucion geogréfica y por haber sido
colectadas en diferentes plantas huéspedes y desde su descripcion no se ha hecho una
revision del mismo. También, las diferencias morfolégicas entre las especies que se
reproducen en Juniperus spp., son muy leves y dificiles de interpretar, por lo que los registros
de distribucion, especialmente en el norte de México, se basan en identificaciones erréneas.
En el norte de la Zona de Transicion Mexicana (ZTM), en Coahuila y Nuevo Leon, las
poblaciones de todas las especies de Juniperus y en consecuencia de los escarabajos

descortezadores, estan compuestas por parches que varian extremadamente en tamafio
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(Estrada-Castillon et al.,, 2014, Hernandez-Garcia et al., 2020), lo cual podria estar
promoviendo el aislamiento de las poblaciones y una variacion genotipica y fenotipica
considerable. Desde un punto de vista taxondmico, en conjunto, estas circunstancias
conducen a la necesidad de evaluar la diversidad de las especies del género en esta area.

En Phloeosinus, como en la mayoria de los escarabajos descortezadores,
comunmente la taxonomia se realiza utilizando atributos morfolégicos cualitativos externos,
principalmente del declive elitral, la cabeza y el pronoto (Hopkins, 1905; Blackman, 1982;
Wood, 1982; Lopez-Buenfil et al., 2001; Pérez-Silva et al., 2021; Burgos-Solorio y Atkinson
2022; Atkinson 2023; Atkinson et al., 2023). Aunque estos caracteres han sido importantes
en la taxonomia alfa de los escarabajos descortezadores, en algunos casos son de poca
utilidad en especies cripticas (Armendariz Toledano et al., 2014, 2017), debido a que los
habitos del grupo han homogeneizado su morfologia, ocultando su verdadera diversidad
(Hulcr et al., 2015). Por lo tanto, otros sistemas de caracteres como la microescultura, los
terminalia, las estructuras internas y las piezas bucales, asi como diferentes métodos de
observacion y andlisis de variacion, como la morfometria tradicional y la morfometria
geométrica han mejorado el reconocimiento de los limites de las especies (Armendariz-
Toledano et al., 2014; Garcia-Roman et al., 2019; Valerio-Mendoza et al., 2019). Asimismo,
el uso de las antenas, el proventriculo, segmentos abdominales, del aparato estridulador, la
varilla seminal, el ancla y la espermateca ha sido reconocido como una fuente rica de
caracteres taxondémicos y como una herramienta Gtil para la delimitacibn en especies
cripticas (Armendariz et al. 2017, Garcia Roman et al., 2022; Johnson et al., 2020; McNichol
et al., 2021; Ospina-Garceés et al., 2021; Mandelshtam et al. 2022).

Por otro lado, los estudios genéticos que abordan la sistematica de Scolytinae se han
realizado mayoritariamente utilizando datos moleculares de Sanger (principalmente
mitocondriales) (Stauffer et al., 1997; Cognato y Sperling, 2000; Jordal, 2007; Dole et al.,
2010; Victor y Zuiiga, 2016; Pistone et al., 2018; Jordal, 2023). Sin embargo, el uso de un
solo tipo de marcador molecular (mitocondrial o nuclear) no ha sido suficiente para dilucidar
las relaciones filogenéticas entre géneros y especies (Cognato y Sperling, 2000; Pistone et
al., 2018). Mudltiples marcadores obtenidos a través de técnicas de secuenciacion de nueva
generacion (NGS), como la secuenciacion de ADN asociada al sitio de restriccion (RAD-
Seq), que, en escarabajos descortezadores, ha demostrado ser una herramienta poderosa

para la inferencia de relaciones filogenéticas y evolutivas, estudios biogeogréaficos y



diversificacion en el género Dendroctonus (Godefroid et al., 2019; Ramirez-Reyes et al.,
2023).

Por lo anterior, el objetivo de este trabajo fue abordar las hipétesis de especies de
Phloesinus spp., reconocidas en la ZTM mediante un enfoque de taxonomia integrativa
utilizando datos morfologicos y moleculares. A través de analisis filogenomicos con datos de
RAD-seq, se evalud la mondfilia de las especies y si la estructura de los linajes reconocidos
es congruente con su estatus de especie.
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Abstract
Phloeosinus species from the Mexican Transition Zone have remained for more than 50 years without
taxonomic studies. Some taxa present taxonomic problems due to morphological similarities, also,
differences between species that breed in Juniperus spp., are very slight and difficult to interpret, thus
distribution records, especially in the north of Mexico, are based on misidentifications. In this study,

based on the principles of integrative taxonomy, we test the species hypotheses of eight of the nine
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Phloeosinus spp., recognized in the MTZ using molecular and morphological data. From a wide
phenotype representation, studying multiple character sources (body measurements and traits, body
shape and morphology of female sternite 1X) and with different multivariate methods of analysis, we
evaluate the degree of morphological variation in the recognized species. Also, through phylogenomic
analyses using RAD-seq data, we evaluated the monophyly of the species and whether the structure of
the recognized lineages is congruent with their species' status. Collectively the analyses performed
supported that at least seven species are consistent with their previous hypotheses. Although, P.
serratus was the only taxon one in which there was evidence that its taxonomic label masks a greater
diversity, and at least three putative species can be recognized corresponding to different populations
isolated from three different host species with patchy distributions.

Key words: Morphometrics, integrative taxonomy, cryptic species

Introduction

Phloeosinus bark beetles are monogamous and phloeophagous species that feed and reproduce in
conifers of Cupressaceae (Blackman 1942, Wood 1982). Most members are late saprophytes with a
good capacity for adult aggregation and low tolerance to host defenses; few members are aggressive
opportunists, with a high capacity for adult aggregation, a moderate tolerance to host defenses, and a
capacity to kill physiologically stressed trees, causing considerable tree mortality, thus, can be pests in
natural and urban settings (Craighead and George 1930, Fettig 2016, Cervantes-Espinoza et al. 2022).
The genus consists of 80 described species, of which more than 66 are taxonomically valid, whose
distribution is Holarctic (Schedl 1956, Wood 1986, Wood and Bright 1992, Knizek, 2011, Faccoli and
Sidoti 2013). Blackman (1942) recognized 45 species in North America. These were reduced through
synonymy to 27 by Wood (1982) who also added two additional taxa bringing the total to 29, whose
distribution ranges from Alaska to El Salvador in Central America. Eight species and a subspecies are
found in the Mexican transition zone (MTZ) (Cervantes et al. 2022): Phloeosinus arizonicus Blackman,
1942; Phloeosinus baumanni Hopkins, 1905; Phloeosinus cristatus Leconte, 1868; Phloeosinus deleoni
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Blackman, 1942; Phloeosinus palearis Wood, 1969; Phloeosinus serratus Leconte, 1942; Phloeosinus
spinosus Blackman, 1942, Phloeosinus tacubayae Hopkins, 1905 and Phloeosinus taxodii
taxodiicolens Wood, 1956. These species have remained for more than 50 years without taxonomic
studies, a situation that, beyond being a product of their stability as a hypothesis, reflects the lack of
studies and revisions in the group. Two species were described in the late 19th and early 20th centuries,
while the rest between 1940-1970, epochs that correspond to the period of classical typological
taxonomy in Scolytinae and the most prolific for the taxonomy of the subfamily, respectively (Hulcr et
al. 2015).

Consequently, biological, and ecological information is available for a few Phloeosinus spp. and the
current distribution of the species in the MTZ is supported by punctual, scarce, scattered, and old
collection records (Hopkins 1905, Blackman 1942, Wood 1982, Atkinson et al. 1986). Furthermore,
these taxa present some taxonomic problems. Morphological differences between species that breed in
Juniperus spp., are very slight and difficult to interpret, thus distribution records, especially in the north
of Mexico, are based on misidentifications. In the north of MTZ, in Coahuila, and Nuevo Leon
populations of all Juniperus host species, and consequently of the beetles, are composed of extreme
patches of varying size (Estrada-Castillon et al. 2014, Hernandez-Garcia et al. 2020), that could be
promoting populations isolation and considerable genotypic and phenotypic variation. Recent
integrative and phylogenomic analyses in Dendroctonus, suggest that MTZ harbor more diversity in
Scolytinae species because cryptic species are present (Armendariz-Toledano et al. 2014, 2015,
Pureswaran et al. 2016, Valerio-Mendoza et al. 2019, Sullivan et al. 2021, Ramirez-Reyes et al. 2023).
From a taxonomic point of view, together, these circumstances lead to the need for an evaluation of the
diversity of the species of the genus in the area.

In Phloeosinus such as most bark beetles, the taxonomy is commonly done using external qualitative
morphological attributes, mainly the elytral declivity, the head, and the pronotum (Hopkins 1905,
Blackman 1942, Wood 1982, Ldpez-Buenfil et al. 2001, Pérez-Silva et al. 2021, Burgos-Solorio and
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Atkinson 2022, Atkinson 2023, Atkinson et al. 2023). Although these traits have been important in the
alpha taxonomy of bark beetles, in some cases these are of little use in cryptic species (Armendariz
Toledano et al. 2014, 2017), because the habits of the group have homogenized their morphology,
hiding their true diversity (Hulcr et al. 2015). Therefore, other character systems such as
microsculpture, terminalia, internal structures, and mouthparts, as well as different methods of
observation and variation analysis, such as traditional morphometrics and geometrics morphometrics
have improved the recognition of species boundaries (Armendéariz-Toledano et al. 2014, Garcia-Roméan
et al. 2019, Valerio-Mendoza et al. 2019). Instead, the use of antenna, proventriculus, abdominal
segments, stridulatory apparatus, seminal rod, anchor, and spermatheca has been recognized as a rich
source of systematic traits (Armendariz et al. 2017, Garcia-Roman et al. 2022, Johnson et al. 2020,
McNichol et al. 2021, Ospina-Garces et al. 2021, Mandelshtam et al. 2022).

On the other hand, the genetic studies that address Scolytinae systematics have been made mostly using
Sanger’s molecular data (mainly mitochondrial) (Stauffer et al. 1997, Cognato and Sperling 2000,
Jordal 2007, Dole et al. 2010, Victor and Zufiiga 2016, Pistone et al. 2018, Jordal 2023). The use of a
single type of molecular marker (mitochondrial or nuclear) has not been sufficient to elucidate
phylogenetic relationships between genera and species (Cognato and Sperling 2000, Pistone et al.
2018). Multiple markers obtained through next-generation sequencing (NGS) techniques, such as
restriction site-associated DNA sequencing (RAD-Seq), in bark beetles, have proven to be a powerful
tool for the inference of phylogenetic and evolutionary relationships, biogeographical studies, and
diversification in the genus Dendroctonus. (Godefroid et al. 2019, Ramirez-Reyes et al. 2023).

Based on the principles of integrative taxonomy, i.e., species delimitation supported by multiple data
sources (Dayrat 2005), in this study, we test the species hypotheses of eight of the nine Phloeosinus
spp., recognized in the MTZ using molecular and morphological data. From a wide phenotype
representation, studying multiple character sources (i.e., body measurements, body sculpture, body
pubescence, body shape, morphology of female sternite 1X) and different multivariate methods of
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analysis, we evaluate the degree of morphological variation in the recognized species. Through
phylogenomic analyses using RAD-seq data, we evaluated the monophyly of the species and whether
the structure of the recognized lineages is congruent with their species' status.

Materials and methods

Morphological analyses

Obtaining material. Adults’ specimens corresponding to Phloeosinus spp., inhabit MTZ were analyzed
(P. baumanni, P. tacubayae, P. deleoni, P. cristatus, P. serratus, P. spinosus, P. arizonicus and P.
taxodii tacodiicolens). To represent intraspecific variation, up to three different geographical locations
were considered for each species. In each site, between three and eight adults were randomly selected
for morphological and three for genetic analyses. The sampling method was like the one established by
Hernandez-Garcia et al. (2020); the beetles were obtained using freshly cut branches of the targeted
host tree, as a lure, from sites without apparently infested trees, or in sites where infested trees were
available. Specimens from entomological collections were also reviewed (Table 1). In total 133
specimens from 16 localities were considered. The sex of specimens was determined by the shape and
relative size of both the seventh and eighth abdominal tergites (Cervantes-Espinoza et al. 2023) and by
dissecting the genitalia. Taxonomic identifications were carried out using the keys proposed by
Blackman (1942) and Wood (1982). The assignation of specimens to some taxon was used as a
hypothesis to test.

Specimen preparation. Adults were transferred to 1.5 ml microtubes with Tween 20, and ultrasonicated
for 3 min in Branson Model B200 Ultrasonic Cleaner, then were rinsed with distilled water and again
ultrasonicated with commercial acetone, and one more wash with distilled water was repeated. The
cleaned specimens were photographed in lateral, dorsal, and ventral positions, and magnifications (10x
and 40x) focusing on dorsal and lateral views of the pronotum and elytra, using a stereo microscope
and a compound microscope (Rising Technology, RisingView). The removal and mounting of the
morphological structures (sternite 1X) were carried out following the protocols reported by
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Armendariz-Toledano et al. (2015). For morphometric purposes mounted structures were measured,
quantified, and photographed directly in the slides with an ocular micrometer under a phase contrast
microscope (400x). Some specimens and morphological structures were dried at a critical point and
coated with gold in the Quorum model Q150R ES equipment, for their respective observation in a
Hitachi Scanning Electron Microscope, model SU1510. The elements of elytral sculpture (punctures,
granules, pubescence, etc.) were measured and quantified directly in the SEM photographs. Discrete
quantitative and qualitative characters were recorded from stereo microscope observations and
specimen photographs.

Character selection. The insects were examined to identify morphological characters in addition to
those previously proposed in the taxonomic keys (Blackman 1942, Wood 1982). A total of 44
morphological characters were reviewed, of which 38 were of external morphology (24 quantitative
and 14 qualitative) and 6 quantitative characters of internal morphology corresponding to sternite 1X of
females. All continuous traits were measured with RisingView (vx64, 4.8.16295.20200101) software
from photographs. Because the characters related to the color differ among head, pronotum, and elytra,
therefore each one was considered as an independent trait.

The characters, their acronym, description, and their respective character states in parenthesis are listed
below:

1. Head color (HC). In Phloeosinus the head color can be (1) black (Fig. 1A), (2) brown (Fig. 1B), or
(3) reddish brown (Fig 1C).

2. Size of head pubescence (SHP). The head is covered by pubescence, these vary in size, and they may
be homogeneous in size or present two sizes in the same specimen. These character states were
considered: (1) uniformly short, whose length is shorter than the width of the eye notch (Fig. 1D); (2)
uniformly long, whose length is longer than the width of the eye notch (Fig. 1E), (3) heterogeneous in

size, short and large (Fig. 1F).
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3. Frons sculpting pattern (FSP). Frons surface presents different micro-sculpture elements that
together form the sculpture patterns. According to the presence of these elements at the center of frons,
these character states were considered: (1) granules (Fig. 1G), (2) punctuations (Fig. 1H), or (3) a
combination of both (Fig. 11I).

4. Frons vestiture pattern (FVP). The pubescence present on the frons can vary according to their
abundance and distribution, giving rise to certain patterns. These may be: (1) abundant distributed
heterogeneously (Fig. 2A), (2) sparse distributed heterogeneously (Fig. 2B), (3) sparse distributed
homogeneously (Fig. 2C), (4) abundant distributed homogeneously (Fig. 2D).

5. Vestiture pattern of epistomal margin (EMVP). The epistomal surface displays pubescence at the
inferior margin, whose abundance varies among species: (1) abundant covering the entirely the
epistomal margin (Fig. 3A and B) or (2) sparse, showing some areas without pubescence (Fig. 3C and
D).

6. Pubescence size of epistomal margin (SEMP). The pubescence length present in this structure varied
among (1) uniformly short, they do not cover the first third of mandibles (Fig. 3A and C), (2) uniformly
long, covering more than a half of mandibles (Fig. 3B), (3) heterogeneous in size, a mix of both “short
and long” (Fig. 3D).

7. Elevation of the forehead carina (SFC). At the middle of the frons, there is a thin longitudinal
cuticular elevation or carina. This cuticular element can be (1) inconspicuous (almost imperceptible
under light microscopy) (Fig. 11) or (2) pronounced concerning the epistomal margin, easily observed
under light microscopy (Fig. 1G)

8. Color of pronotum (CP): This character has been considered for phylogenetic analysis in
Dendroctonus. In Phloeosinus this trait varies among the analyzed species. These character states were
considered: (1) black (Fig. 4A), (2) brown (Fig. 4B), (3) dark brown (Fig. 4C), (4) reddish brown and

(Fig. 4D), (5) yellowish brown (Fig. 4E).
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9. Color of elytra (EC): For this structure, the color varied among (1) black (Fig. 4A), (2) brown (Fig.
4B), (3) dark brown (Fig. 4C), (4) reddish brown (Fig. 4D), and (3) yellowish brown (Fig. 4E).

10. Elytral disc vestiture (VD). In the margin of the elytral disc is pubescence and its organization is
variable among species: These character states were considered: (1) abundant (Fig. 5A) and (2) sparse
(Fig. 5B).

11. Size of the elytral disc pubescence (SEDP): The pubescence length varied among (1) long (Fig.
5C), (2) short (Fig. 5D), or (3) a mix of both “short and long” (Fig. SE).

12. Vestiture of the elytral declivity (VDE): The elytral declivity is covered with different types of
pubescence such as hairs and scales, whose density is variable: (1) abundant (Fig. 5F), (2) sparse (Fig.
5G).

13. Vestiture of the elytral declivity (PVDE): The vestiture is constituted by hairs and scales. Adults
display vestiture patterns conformed by: (1) hairs (Fig. 5H), (2) only scales (Fig. 51) or (3) hairs and
scales (Fig. 5J).

14. Pattern of sculpture and vestiture of interstriae Il at elytral declivity (PEVI12-DE). Specifically, the
vestiture pattern varied among all species, they can be (1) glabrous (Fig. 5K), (2) with hairs (Fig. 5L),
(3) scales (Fig. 5M), (4) scales and hairs (Fig. 5N), (5) teeth (Fig. 50).

Quantitative characters of external morphology include the following: (15) total length in dorsal view
(TL-I), (16) total length in lateral view (TL-II), (17) eye length (EL, Fig. 1C), (18) mandible length
(LM, Fig. 6C), (19) length of head from vertex to gula (LH, Fig. 6C), (20) length of head-pronotum
(HPL, Fig. 6A), (21) pronotum length (PL, Fig. 6A), (22) width of anterior region of pronotum (WPA,
Fig. 6A), (23) width of posterior region of pronotum (WPP, Fig. 6A), (24) thorax length (LDT, Fig.
6B), (25) length of pronotum-elytra (LPE, Fig. 6A), (26) elytral length (LE, Fig. 6A), (27) body width
at base of elytral disc (AC, Fig. 6A), (28) abdomen length in ventral view (LA, Fig. 6B), (29) abdomen
width in ventral view (AA, Fig. 6B), (30) distance between coxae of foreleg (DC-I, Fig. 6B), (31)
distance between coxae of midleg (DC-Il, Fig. 6B), (32) distance between coxae of hindleg (DC-III,
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Fig. 6B), (33, 34) number of crenulations on the right and left elytral disc margin (NCM-DED, NCM-
DEI), (35, 36) number of dentitions in interstriae | of right and left elytral declivity (NDI1-DED, NDI1-
DEI), (37, 38) number of dentitions in interstriae 111 of the right and left elytral declivity (NDI3-DED,
NDI3-DEI).

Quantitative characters corresponding to sternite 1X of females included the following: (1) angle of
base (AB), (2) distance between lateral apices of posterior margin (DALMP), (3) distance between the
central silks (DSC), (4) distance between the arch (DA), (5) length of the anterior projection (LPA), (6)
Length of the posterior to anterior margin (LMPA) (Supplementary Fig. S1).

Multivariate statistics. Each specimen was considered an operational taxonomic unity (OTU). To
explore whether character set variation segregated OTU’s into discrete groups corresponding to
species, a series of ordination analyses were performed using matrices that included the external
morphological characters of females (n= 56) and males (n=77) independently and together (n=133:
569 and 773). Principal component analyses (PCA’s) were performed using correlation matrices of
continuous characters (TL-I, TL-II, EL, LM, LH, HPL, PL, WPA, WPP, LDT, LPE, LE, AC, LA, AA,
DC-I, DC-1I, DC-Ill, NCM-DED, NCM-DEI, NDI1-DED, NDI1-DEI, NDI3-DED, NDI3-DEl), and
principal coordinate analyses (PCoA’s) were performed from a paired Gower matrices combining
quantitative and qualitative characters (CH, SHS, FSP, FVP, EMVP, SEMS, SFC, CP, CE, VD, SEDS,
VDE, PVDE, PEVI2-DE). To evaluate the discriminatory power of the character systems and the
integrity of the species analyzed, a series of discriminant analyses were carried out using continuous
traits; the power of the resulting discriminant functions and character systems to identify species was
established as the percentage of individuals correctly classified by the function. Finally, to observe
whether there were statistically significant differences among the groups, analyses of similarities
(ANOSIM) or multivariate analyses of variance (MANOVA) were performed. The characters
corresponding to sternite IX of females (AB, DALMP, DSC, DA, LPA, LMPA) were analyzed in an
independent matrix and the same analyses mentioned above were applied.
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Geometric morphometrics. Shape variation of the pronotum (@, &), elytra (¥, &), and sternite 1X of
females were analyzed. The contour of the morphological structures was quantified using potential
homologous landmarks (Im’s) and semilandmarks (sml’s). The shape of the pronotum, in dorsal view,
was defined by three type 1l Im’s, one type Il Im, and 28 sml’s; the elytron in lateral view, by two type
I Im’s and 28 sml’s; the sternite IX by six type I Im’s and 14 sml’s (Supplementary Fig. S2). The
positioning of the semilandmarks was defined using combs on the photographs of each of the structures
with the software MakeFan6 from the Integrated Morphometrics Package (Sheets, 2003). Two combs
of 10 parallel lines each were placed on the pronotum, the first located between the lateral curvatures of
the posterior region and the second located in the mid-dorsal region in the anterior-posterior direction.
A comb of 15 parallel lines was placed at the maximum points of the elytra in the dorsal region of the
elytral disc and at the ventral end of the elytral declivity. One comb with ten divisions (landmarks 7-16)
and two with five divisions each (lamdmarks 2-6 and 2-17) were used to establish the configuration of
landmarks and semilandmarks of the sternite IX. Landmark configurations of pronotum, elytra, and IX
sternite are presented in Supplementary (Figure S2).

Landmarks and semilandmarks were digitized using tpsDig 1.40 software (Rohlf 2004). To remove
variation due to size, scale, and rotation of shape configurations, a generalized Procrustes analysis was
applied using PAST software (Hammer and Harper. 2001). To reduce the number of variables
associated with the description of the main trends in the shape variation of the structures a relative warp
analysis (RWA) was performed and to evaluate the shape patterns of the structures the first three
relative deformation components (or relative warps-RW’s) of each analysis were plotted. In each
RWA, the positional variation of the landmarks of each structure was described through deformation
grids. To explore whether variation in pronotum and elytra shape recovered discrete groups of species,
linear discriminant analyses (LDA) were performed. To explore whether the shape variation was

statistically significant among species a multivariate analysis of variance (MANOVA) was performed
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using the relative warps values obtained from the first ten principal components (PC’s) or resulting
from the relative warp analyses.

About P. serratus. Since P. serratus was the only species for which samples were obtained from three
different hosts from different geographic localities, an analysis including three populations from
different hosts was performed to observe whether the variation in structures segregated discrete groups.
The methodology for each analysis was the same as described above for each structure. The three
populations were labeled based on the host from which they were collected.

Genotyping by sequencing (GBS) data analysis. The extraction of genomic DNA, library
preparation, and sequencing were carried out using protocols established by LGC genomics (Biosearch
Technologies, Berlin, Germany). In total 31 samples belonging to six species of Phloeosinus (P.
baumanni, P. cristatus, P. deleoni, P. serratus, P. tacubayae, P. taxodii taxodiicolens), were sent for
DNA extraction, library preparation and sequencing (Supplementary Table S1). Briefly, the
representation-reduced genome technique selected was GBS (paired) which belongs to techniques of
the Radseq family. The enzyme selected to fragment the genomic DNA was Pstl, because these
samples were multiplexed with other Dendroctonus samples in the same sequencing run (see Ramirez-
Reyes et al. 2023 for more information). In total, 100 million paired-end reads (150 bp paired-end read)
were sequenced for the 31 samples by using the Illumina NextSeq (500/550 v2). Additionally, we took
advantage of joint sequencing with some Dendroctonus species and included three samples of two
species as an outgroup for phylogenetic analyzes (D. mesoamericanus and D. adjunctus).

In total 34 samples were analyzed with the ipyrad v.0.9.92 pipeline (Eaton and Overcast 2020).
Because there is no reference genome for Phloeosinus spp., we selected a reference genome close to
both bark beetle genera (Dendroctonus and Phloeosinus) to map loci and perform the assembly and
variant calling, therefore, we used the reference genome of Ips nitidus (BioProject PRINA722788).
Initially, we carried out assembly tests only with the genus of interest (Phloeosinus). These initial tests
allowed us to discard 11 samples that were shown to contain few traces of the beetle genome.
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Subsequently, the samples that passed the assembly tests (only four species of Phloeosinus: P.
baumanni, P. tacubayae, P. deleoni, P. serrratus), were incorporated together with the three samples of
Dendroctonus (outgroup). In total, 46 fastq files were analyzed (23 paired samples), and the samples
corresponding to P. cristatus and P. taxodii taxodiicolens were discarded for the final assemblies due to
their low quality. Some of the parameters indicated to ipyrad were: data type (pairgbs), the maximum
number of low-quality bases allowed in a read Q < 20 (5 bases), Qscore Phred (33), clustering
threshold (85%), adapter filter value (2 the maximum), minimum length of reads after filtering (35 pb),
maximum number of alleles in a consensus sequence (2), minimum number of samples per locus (4)
and maximum number of heterozygous sites per locus (30%). From the parameters indicated in the first
assembly, two more were created, in which only the minimum number of samples was modified to call
a locus (8 and 16 samples). These last two assemblies (min_8 and min_16) and their output files were
selected to perform the genomic and phylogenomic analyses in the present study (see Results).

Genetic structure and phylogenomic analysis. To explore the genetic structure of the species and
subsequently quantify the degree of genetic differentiation, we used the SNPs called during assembly
(min16). The genetic structure was visualized through a PCA. The PCA and divergence guantification
(Fst) were calculated and performed with the adegenet (Jombart and Ahmed 2011) and VCFR (Knaus
and Griinwald 2017) packages in Rstudio.

Once the genetic structure of the populations and their correspondence with the species has been
determined, we explored phylogenetic hypotheses with the gene concatenation approach with two
models: maximum likelihood (ML) and Bayesian inference (Bl). The ML approach was implemented
in IQTREE v 2.2.0 (Minh et al. 2020) for both concatenated loci matrices (min8 and min16). First, we
determined the most probable evolution model for each matrix based on three criteria AIC, AlCc, and
BIC. Once the model that best fits has been determined, we performed the ML phylogenies. For these
analyses, two metrics were used to assess branch support, the SH-like approximate likelihood ratio test
(Guindon et al. 2010), and ultrafast bootstrapping (Hoang et al. 2018).
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In the case of the Bayesian model, we implemented the phylogenetic search with Mr. Bayes v.3.3.7
(Huelsenbeck and Ronquist 2001) for both concatenated loci matrices (min8 and minl6). First, the
best-fit substitution model for Bl was selected based on the BIC using JMODELTEST v.2.1.10
(Darriba et al. 2012). Once the model was selected, two independent analyses with started random trees
were performed each one with four Markov chains. The Markov Chain Monte Carlo processes were
run for 4 x 10° generations with a sampling frequency of every 1,000 generations. The first 25% of the
MCMC samples were discarded as burn-in. The Bayesian posterior probability was calculated from a
50% majority rule from the 200,000 trees. A consensus tree was constructed by summarizing the
bootstrapping values.

Integration of information

The integration of information was made through a congruence matrix, in which each hypothesis (i.e.,
species) was contrasted with the set of data and analyses to which its morphological or genetic
variation was subjected. In total, the variation of each species was evaluated with 14 different analyses,
according to the nature of the data analyzed (genetic or morphological), the source of the characters
used (external or internal morphology), the nature of the variation of the attributes (discrete or
continuous), and the sex of the specimens studied (females, males, or both) (Table 4).

Results

Multivariate analysis. The results of applied analyses to the 24 quantitative and 38 quantitative and
qualitative characters from females and males together and alone are presented in Table 2. In all of
them, the first three PC’s quantified more than 90% of the variation of traits; and respective scatter
plots display the OUT’s, in most cases, segregated according to hypothesis species (Figs. 7A and B). In
all analyses, for females and males, the LDA correctly classified 100% of the specimens according to

the species hypothesis.

The scatter plots of LDA and PCoA of quantitative attributes showed five phenotypic groups.

Although, the groups are different in each one. For the LDA of quantitative attributes, P. taxodii
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taxodiicolens, P. serratus, P. deleoni were displayed as discrete groups, while P. arizonicus, P.
tacubayae, and P. spinosus appeared overlapped, and P. baumanni and P. cristatus partially overlapped
(Fig. 7A). On the other hand, the scatter plot of PCoA using qualitative and quantitative external
attributes recovered one group conformed by P. baumanni, P. cristatus and P. deleoni and P. serratus.
While the other species were displayed as independent groups (Fig. 7B). The MANOVA test using
quantitative continuous traits supported statistically significant differences (Awiks= 0.0003149, F=
9.595, p < 0.0001) among all groups corresponding to the hypothesis species, the same were for
ANOSIM (R > 0.3904 and p=0.0001) using quantitative and qualitative attributes. For all analyses, the
characters that most influenced the variation were the number of dentitions in the first and third, right
and left interspaces (NDI1-DED, NDI1-DEI, NDI3-DED, NDI3-DEI) and the number of crenulations
on the elytral disc (NCI1-DED, NCI1-DEI). For the independent analyses for females and males, the
scatter plots were similar to those described above and the characters that most influenced the variation
were similar (Supplementary Fig. S3).

The PCA applied to the 6 quantitative characters of sternite 1X, quantified in the first three PCs 92.75%
of the total variation (PC1, 44.68%; PC2, 38.69%; PC3, 9.67%), the scatter plot of the first two
components (PC1 vs PC2) showed a total separation of all species (Fig. 7C). The LDA correctly
classified 96.77% of the specimens and the scatter plot showed a separation of OUT’s according to
hypothesis species (Fig. 7D). The MANOVA test supported significant differences (Awiiks= 0.001852,
F= 10.44, p < 0.0001) among species. In both analyses, the characters that most influenced the
variation were the distance between the lateral apices of the posterior margin, the length from posterior
to anterior margin, and the distance of the arch, (DALMP, LPA, DA)

Geometric morphometrics

The results of shape analyses of pronotum and elytra are presented in Table 3. In both structures the
results for females and males were similar, so, here only show the scatter plot for males (see
Supplementary Fig. S4 for females results).
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Pronotum. Superposition of pronotum configurations and the relative deformation grids of two first
relative warps display the shape variation of the structure located at the posterior and anterior angles
and in the lateral area of the middle and posterior section (Fig. 8A). In females the LDA of the first ten
relative warps correctly classified 78.59% of the specimens and for males the 77.92%. The scatter plot
showed a large overlap between groups, except in P. baumanni. The shape of the pronotum of this
species is rounded at the lateral edges concerning the other species and the curvatures of the anterior
edge are less marked compared to the other species (Fig. 8B). For females the ANOSIM significance
test supported statistically significant differences (R values < 0.35, p=0.0001) except for P. cristatus
with the rest of species (R values < 0.23, p > 0.12), P. serratus with P. tacubayae and P. taxodii
taxodiicolens (R values < 0.1889, p > 0.05) and P. taxodii taxodiicolens with P. baumanni (R = 0.1801,
p = 0.1153). On the other hand, for males the ANOSIM showed statistically significant differences (R
=0.3507, p <0.0001), except for P. taxodii taxodiicolens with P. baumanni, P. cristatus and P. deleoni
(R <£0.2, p > 0.05), P. cristatus with P. serratus (R = 0.0913, p = 0.1293), and P. spunosus with P.
deleoni and P. tacubayae (R < 0.2, p > 0.05)

Elytra. Superposition of elytral configurations and grids of two first relative warps display the shape
variation of the structure in the curvature of the lower edge and elytral declivity slope (Fig. 8C). In
females the LDA of the first ten relative warps correctly classified 89.29% of the specimens and for
males the 89.61%. The scatter plot shows six species forming an overlapping phenotypic group, but P.
baumanni and P. deleoni were discrete groups (Fig. 8D). For P. deleoni the elytral slope is very steep,
whereas for P. deleoni it is very curved. The ANOSIM for females supported statistically significant
differences (R = 0.18, p= 0.006), except for P. cristatus versus P. baumanni, P. serratus, P. tacubayae
and P. taxodii taxodiicolens (R < 0.6 , p > 0.05), P. baumanni versus P. tacubayae (R = 0.09, p =
0.0958), and P. serratus versus P. deleoni, P. tacubayae and P. taxodii taxodiicolens (R < 0.1, p >
0.05). For males ANOSIM showed statistically significant differences (R = 0.3, p = 0.0001), P.
baumanni was the only specie that differentiated from the others (R > 0.5, p < 0.0001), P. tacubayae
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versus P. cristatus, P. serratus, P. spinosus, P. arizonicus and P. taxodii taxodiicolens did not show
differences (R < 0.3, p > 0.05), also P. serratus vs. P. cristatus, P. spinosus, P.taxodii taxodiicolens (R
<0.1, p<0.05) and P. arizonicus v.s P. spinosus and P. taxodii taxodiicolens (R < 0.2, p > 0.05).
Sternite IX of females. Shape variation observed in superposition configurations and grids of the two
first relative warps was related and located in the curvature of the posterior margin (Fig. 8E). The first
three relative warps explained almost 97.28% of the total variation (RW1, 72.14; RW2, 17.08; RW3,
8.05). The LDA correctly classified 95% of the specimens and the scatter plot showed the separation of
the four species analyzed in discrete groups. And the ANOSIM supported statistically significant
differences (R > 0.5, p=0.0001) among all hypothesis species (Fig. 8F).

Description of shape patterns of both elytra and sternite 1X allowing species discrimination are
presented in the section “Integrating the information from different sources”.

About P. serratus

Phloeosinus serratus was the only sampled species obtained from different host species, Juniperus
coahuilensis (JC), J. saltillensis (JS), and Cupressus arizonica (CA). Also, in all analyses, this taxon
showed high variation among all studied samples (see plots for above analyses). Individual analyses
were performed to study the intraspecific variation inside this species. The results obtained from LDA
applied for males and females together using the 24 quantitative characters correctly classified the
100% of the individuals according to respective hosts. The scatter plot showed that the three
populations from different host were morphologically differentiated and recovered in three well-
defined discrete groups (Fig. 9A). Although, the MANOVA did not support statistically significant
differences between the populations (Awiks= 0.003263, F= 2.751, p = 0.0654). For the PCoA using 38
quantitative and qualitative characters, the first three components recovered 59.11% of the variation
(Fig. 9B). The scatter plot from this analysis showed the three groups overlapped, but the MANOVA

supports statistically significant differences among them (R > 0.3, p <0.001).
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For the geometric morphometrics of the body, the LDA of the pronotum shape correctly classified 95%
of females and 100% of males. In both cases, the scatter plot showed three discrete groups (Fig. 9C and
D). ANOSIM did not show statistically significant differences for females (R=0.01422, p= 0. 3831),
but for the males there were statistically significant differences among P. serratus-CA versus P.
serratus-JC (R = 0.216, p = 0.03), and P. serratus-CA versus P. serratus-JS (R = 0.268, p = 0.038),
while between P. serratus-JC versus P. serratus-JS did not show differences (R <0, p =0.7782). For
the elytra shape the results were similar, thus all populations of P. serratus were segregated into
discrete groups (Fig. 9E and F). The LDA correctly classified 93.33% of females and the 100% of
males. Although females did not support statistical differences (R <0, p=0.7872), males support
statistically significant differences among P. serratus-JC versus P. serratus-JS (R = 0.2, p = 0.0141).
The results of shape analysis of sternite IX showed all populations were segregated in non-overlapping
groups (Fig. 9G and H) but the ANOSIM showed statistically significant differences only for P.
serratus-JC versus P. serratus-JS (R = 0.578, p = 0.0037).

Genotyping by sequencing (GBS) data analysis

Once the samples with poor coverage and poor quality (P. cristatus and P. taxodii taxodiicolens) were
discarded, three assemblies were created, one basic assembly with the parameters mentioned above and
two more modifying the minimum number of samples to call a locus (min8 and min16), which were
used for genomic and phylogenomic analyses. The min8 assembly presented 612 loci on average,
reflected in a concatenated matrix of 137,897 characters (48% missing data) with 3,768 parsimoniously
informative sites and 6,032 SNPs. For its part, the minl6 assembly obtained 369 loci on average,
forming a concatenated matrix of 69,018 characters (34% missing data) with 2,123 parsimoniously
informative sites and 3,031 SNPs. For both assemblies, the sample with the lowest coverage was D.
mesoamericanus (outgroup sample).

The first three axes of the PCA components explained more than 70% of the variance of the SNP
matrix (3,031 SNPs, 25% missing data), showing the existence of four genetic groups within
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Phloeosinus, which coincide with the taxa recognized at the date (P. tacubayae, P. serratus, P. deleoni
and P. baumanni; Fig. 10). The Fst values were congruent with the structured genetic groups, with Fst
= 0.80 on average for the four taxa and high values of genetic differentiation among them.

Regarding phylogenomic analyses, all ML phylogenomic trees were congruent with each other. First,
the largest matrix with 137,897 characters presented the two most probable models of evolution, one
congruent for AIC and AlCc (TVM+F+1+1+R5) while the BIC found the TVM+F+R4 model. Despite
this, both topologies were identical (Fig. 11). The phylogenetic trees recovered Phloeosinus as
monophyletic clade. Inside the genus P. baumanni is monophyletic and is the sister group of P.
tacubayae. At the same time, P. deleoni is also monophyletic and is the sister group of P. baumanni
and P. tacubayae. While P. serratus specimens from different host species were not recovered as a
monophyletic group. All clades showed high values of branch support (SH-like approximate likelihood
ratio test and ultrafast bootstrap). For its part, the smaller matrix of 69,018 characters showed
convergence of the GTR+F+R4 model for AIC and AlCc, while the BIC showed the TVM+F+I model.
Identical to the results obtained from the larger matrix, the topology and phylogenetic relationships
were the same as those described above (Supplementary Fig. S6).

All BI phylogenomic trees were congruent with each other and with the ML trees. All clades showed
high values of branch support. With JModelTest for both matrices, the best substitution model was
TVM+I+G for AIC and BIC. The phylogenetic inferences were implemented using the GTR+I+G
model (this model is more like TVM model), because the TVM model is unavailable in MrBayes.
Finally, the results obtained from both matrices were identical in topology and phylogenetic
relationships (Supplementary Fig. S7).

Integrating the information from different sources

The combination of different data sources and types of analysis of Phloeosinus spp. showed that each
taxon analyzed as a hypothesis is supported by at least two sets of data, morphological, genetic, or
both. (Table 4). Of the species for which genetic and morphological information was available,
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Phloeosinus baumanni was the best-supported hypothesis, because both phylogenetic inference
analyses supported it as monophyletic, and nine morphological ones as a taxon well differentiated
phenotypically (Fig. 7 and 8). Phloeosinus tacubayae and P. deleoni were also supported as
independent lineages in both phylogenetic trees, and by seven morphological analyses each (Fig. 11).
Phylogenetic inferences did not support the monophyly of P. serratus however in four morphological
tests, it was displayed as a discrete group (Fig. 7, 8 and 9). The remaining species were not analyzed
using genetic data, however, two of them, P. taxodii taxodiicolens, and P. cristatus displayed well-
differentiated phenotypes, recovering them as discrete groups. The low number of specimens obtained
of P. arizonicus and P. spinosus limited the number of analyses performed to evaluate them, however,
the analyses of quantitative and qualitative attributes of external morphology supported these species
with discrete phenotypes distinct to other Phloeosinus spp. (Fig. 7B).

Concerning the data analyzed, in five species quantitative characters were good for distinguishing
them, while for P. arizonicus, P. tacubayae and P. spinosus not. The combination of quantitative and
qualitative characters supported the hypothesis for P. arizonicus, P. tacubayae, P. taxodii taxodiicolens
and P. spinosus, while for the rest of the species, it does not. The analyses applied from the attributes of
sternite 1X support all five species hypotheses analyzed (P. baumanni, P. deleoni, P. tacubayae, P.
taxodii taxodiicolens and P. serratus). In the body shape analyses, P. baumanni was the only species
for which the shape of both structures (pronotum and elytra) allows its distinction in a clearer way
concerning the other analyzed species. On the other hand, the phylogenetic inferences allow the
recognition of three to four analyzed species, P. serratus was the only species that cannot be
recognized as a monophyletic group (Fig. 11).

The evaluation of phenotypic variation in the recognized species by mean multiple character sources,
allows us to recognize a combination of traits of body size (total length), body sculpture (number of

crenulations in the elytral disc and number of dentitions on the interstriae of elytral declivity), body
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shape (pronotum and elytra), morphology of female sternite 1X (size and shape) that together allow a
better the species recognition.

Phloeosinus arizonicus. Length 1.57-2.57 mm; 10 crenulations per side on the margin of elytral disc; 6-
7 dentitions on the surface of interstriae I of elytral declivity and 5-7 on the surface of interstriae 111 of
elytral declivity. The shape of the pronotum is characterized by rounded lateral and anterior edges,
while the posterior edge and the angles that form it are very well-defined. The width and length of this
structure is similar. The posterior central angle is pronounced more than the posterior lateral angle. The
shape of the elytra is characterized by a rounded elytral declivity with a very steep slope starting in the
last third of the elytra.

Phloeosinus baumanni. Length 2.8-3.9 mm; 13 crenulations per side on the margin of the elytral disc; 5
dentitions on the surface of inter striae 1 and 8 on the surface of inter striae I11 of elytral declivity. The
pronotum is larger than the width, its shape characterized by a narrower anterior edge than the posterior
one, the middle section at the lateral edges becomes narrow towards the anterior region, and the
posterior angles (lateral and central) are rounded but are not very marked. The shape of the elytra is
characterized by a straight elytral slope with a very steep slope. The shape of female sternite IX is
characterized by a straight posterior edge in the central section and slightly curved in the laterals. The
anterior margins are straight.

Phloeosinus cristatus. Length 2.7-3.5 mm; 12 crenulations per side on the margin of the elytral disc; 3-
6 dentitions on the surface of inter striae | and 8-11 on the surface of inter striae 111 of elytral declivity.
The pronotum is rounded on the anterior edge, the lateral edges taper slightly in the anterior middle
section, the posterior angles are pointed, but the central angle is more marked than the others. The
shape of the elytra is characterized by slightly curved elytral declivity that start in the last third of
elytra. the width of this structure (distance between lateral apices of posterior margin) is larger than the

length.
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Phloeosinus deleoni. Length 2.7-3.3 mm; 13 crenulations per side on the margin of elytral disc; 5
dentitions on the surface of interstriae | and 5 on the surface of interstriae 11l of elytral declivity.
Pronotum is characterized by rounded lateral and anterior edges, while the posterior edge and the
angles that form it are very well defined. The shape of the elytra is characterized by slightly curved
elytral declivity that start in the second third of elytra. The shape of female sternite 1X is characterized
by a curved posterior edge, the anterior margins are slightly convex and rounded in the apices and, the
width (distance between lateral apices of posterior margin) is larger than the length.

Phloeosinus serratus. Length 2.4-3.2 mm; 12 crenulations per side on the margin of elytral disc; 6-8
dentitions on the surface of interstriae | and 10-13 on the surface of interstriae Il of the elytral
declivity. Pronotum is characterized by parallel lateral edges in the posterior middle section and narrow
in the anterior middle section, the posterior lateral angles are rounded and prominent than the central
angle. The shape of the elytra is characterized by very slightly curved elytral declivity that start in the
last third of elytra. The shape of female sternite 1X is characterized by a curved posterior edge, the
anterior margins are slightly convex and the width and length are similar.

After fine analysis of the elytral disc and elytral declivity elements, and shape of IX sternite,
differences were found among populations - host of P. serratus. These are in the size and number of
dentitions on the insterstriae | and 111, the number of crenulations on the elytral disc margin, curvature
of posterior margin of IX sternite and relative proportions of this segment. Specimens from C.
arizonica population, length is 2.4 to 3 mm., 11 crenulations per side on the margin of elytral disc, 7
dentitions on the surface of interstriae I, and 10 on the surface of interstriae 111, both of elytral declivity
are present, and the shape of sternite IX is very curved on the posterior margin and the anterior edges
are convex, the width and length are almost proportional. While for J. coahuilensis population,
specimen’s length is 2.94 to 3.27 mm., 12 crenulations per side on the margin of the elytral disc, 10
dentitions on the surface of interstriae | of elytral declivity, and 11 on the surface of interstriae 11l of
elytral declivity are present, and the shape of sternite X is less curved on the posterior margin and in
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the center are almost straight, the width are larger than the length. Finally, for J. saltillensis population,
the specimens’s length is 2.67 to 2.96 mm, 11-12 crenulations per side on the margin of elytral disc, 8
dentitions on the surface of interstriae | of elytral declivity and 12 on the surface of interstriae 11l of
elytral declivity are present, and the shape of sternite IX is curved on the posterior margins and the
anterior edges are lightly convex, the width is larger than the length.

The shape of body structures was similar in the three populations, with slight variations in the shape of
the anterior angles (pronotum), in the curvature of the elytral declivity (elytra), and in the curvature and
width of the posterior margin of sternite IX in females. The variation among the external structures
(pronotum and elytra) may be derived from the host in which these insects are found or from other
factors.

Phloeosinus spinosus. Length 2-2.1 mm; 10 crenulations per side on the margin of the elytral disc; 5
dentitions on the surface of interstriae | and 5 on the surface of interstriae 111 of elytral declivity. The
pronotum is characterized by a lateral edge slightly curved in the posterior middle section and narrow
in the anterior middle section, the posterior angles are rounded and all of them are equal (none stands
out more than the other), and the width is larger than the length. The shape of the elytra is characterized
by very curved elytral declivity that starts in the last third of the elytra.

Phloeosinus tacubayae. Length 2-2.5 mm; 12 crenulations per side on the margin of the elytral disc; 6-
7 dentitions on the surface of interstriae I, and 6 on the surface of interstriae 111 of the elytral declivity.
Pronotum is characterized by curved lateral edges in the posterior middle section and narrow in the
anterior middle section, the anterior edge is rounded but is not very marked; the posterior central angle
is pointed, and the posterior lateral angles are rounded, and the length is larger than the width. The
shape of the elytra is characterized by very rounded elytral declivity that starts in the last third of the
elytra. The shape of female sternite IX is characterized by a straight posterior edge and rounded
anterior margins, the width (distance between lateral apices of posterior margin) is smaller than the
length.
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Phloeosinus taxodii taxodiicolens. Length 2.2-2.7 mm. 11-14 crenulations per side on the margin of the
elytral disc; 8.13 dentitions on the surface of interstriae | and 12-15 on the surface of interstriae I11 of
the elytral declivity. The pronotum is rounded at anterior edge. The lateral edges are curved in the
posterior middle section and narrow and the anterior middle section, the posterior central angle is
pointed, and the posterior lateral angles are rounded but are not very marked and the length is larger
than the width. The shape of the elytra is characterized by curved elytral declivity that start in the last
third of the elytra. The shape of female sternite 1X is characterized by a curved posterior edge and
convex anterior margins and the width (distance between lateral apices of posterior margin) is larger
than the length.

Discussion

One of the most important tasks for systematics is to define species (Mayr 1963), for this purpose, there
are different ways, which vary according to three elements: 1 the attributes, 2 the evidence
(morphological, genetic, ecological, reproductive, geographic or some combination) and 3 the criteria
used to delimit them (Young et al. 2018). The combination of these elements has been articulated in
terms of defining species, recapitulated in more than 20 concepts, some of them operational and others
theoretical (Mayden 1997).

Another approach has been to view species as hypotheses, or the result of inferences aimed at
understanding the properties and relationships of organisms (Fitzhugh 2005). Under this perspective,
species can be viewed as explanations of occurrences of the same characters among cross-fertilized
individuals, by character origin and fixation during tokogeny (Fitzhugh 2005). So, when an author
describes a species, he hypothesizes that all its members can be recognized by the characters provided
in the description and that these are the product of causal tokogenetic relationships (Hening 1966).
Based on this framework, in this study, the hypotheses of Phloeosinus spp, inhabiting the Mexican
Transition Zone were tested, based on many character sources, both morphological and genetic ones,
and 14 different analyses. We hypothesize that if the individuals from different geographical localities,
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identified to a putative species, under the criteria of their description (i.e. diagnosis), correspond to only
one species, then the analyses of their overall phenotype will show, that part of their morphological
variation patterns will be shared and will covary among them as a product of an origin and its
respective fixation in the population during past tokogenetic events. Also, the monophyly of some
species using phylogenomic data was evaluated, we hypothesize that if the patterns of morphological
variation among individuals associated with a previous hypothesis are the product of tokogenetic
events, then their genetic variation will present a clear structure of linages congruent with that
hypothesis.

Collectively the 14 analyses performed, according to the source of the attributes, the nature of their
variation, and the sex of the specimens, supported that at least seven species are consistent with their
previous hypotheses P. baumanni, P. tacubayae, P. deleoni, P. cristatus, P. spinosus, P. arizonicus,
and P. taxodii taxodiicolens (Table 4).

The phylogenomic analyses in four of them delineated and supported to P. baumanni, P. tacubayae,
and P. deleoni as well-structured linages and monophyletic species, corresponding to the most stable
species taxonomically in the region, because since their description, they have not had nomenclatural
changes (Hopkins 1905, Blackman 1942).

Phloesinus baumanni and P. tacubayae were recovered as sister species and the best supported
phenotypically by more than seven morphological analyses (Fig. 7, 8 and Table 4). These results agree
with the fact that they share many ecological and biological traits and overlap their distribution areas.
Both are monophagous, inhabit coniferous, oak, mountain mesophytic, and tropical deciduous forests
(Cibrian-Tovar et al. 1995), and develop their life cycle exclusively in the Mexican Cypress,
Hesperocyparis lusitanica (Atkinson and Equihua 1985). Both species are native of MTZ in Mexico
and Central America, P. baumanni is distributed from SE Arizona to El Salvador, and P. tacubayae
from Nuevo Leon to Nicaragua (Wood 1982; Atkinson et al. 1986, Atkinson 2019, Cervantes-Espinoza
et al. 2022); in some localities, they can be found in sympatry and syntropy within the same host tree
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(Cibrian-Tovar et al. 1995). Respect to their taxonomy, both species were proposed by Hopkins (1905),
and supported by contrasting morphological differences between them, the most evident being the
larger size and the marked sexual dimorphism in the elytral declivity of P. baummani, absent in P.
tacubayae (Hopkins 1905, Wood 1982, Cervantes-Espinoza et al. 2022). Although they share
biological and ecological traits, relationships between these species likely need to be clarified because
both have been related to other congenerics based on morphological resemblance (Wood 1982).
Phloesinus baumanni has been closely related to P. variolatus, a species whose distribution is restricted
to California and feeds on Cupressus sargenti, while P. tacubayae is closely related to P. anntenatus
whose distribution is widespread in the southern Rocky Mountains, where it feeds of Pinaceae and
Libodendrus spp.

The clade P. baumanni-P. tacubayae was supported as the sister of the monophyletic P. deleoni, whose
morphological variation patterns also were consistent with its species status in “I1 and 97
morphological analyses respectively, both external and internal attributes (Fig 7, 8 and Table 4). This
species is the most distinctive from the other Juniperus feeders of the genus within MTZ (Wood.
1982), by its ecological and morphological traits. Phloeosinus deleoni is a monophagous species that
develop its life cycle in J. flaccida, and do not share its host with another Phloesinus spp., it inhabits
xeric areas and is endemic to four Mexican mountain systems: Sierra Madre Oriental (SMOR), (Nuevo
Leon); Sierra Madre Occidental (SMOC), (Chihuahua, Durango); Faja Volcanica Transmexicana
(FVTM), (Hidalgo, Michoacan); Sierra Madre del Sur (SMS), (Oaxaca, Puebla); (Atkinson 2023). Due
to its degree of trophic specialization and the combination of characters on the frons and elytral
declivity, Wood (1982) was unable to establish a clear relationship with other members of the genus.

In the cases of P. arizonicus, P. cristatus, P. spinosus and P. taxodii taxodiicolens it was not possible to
evaluate their hypothesized lineage structure and monophyly, however, these were supported by
different morphological analyses. Phloeosinus arizonicus was supported by 2 analyses corresponding
to external morphology including qualitative and quantitative data. This species is taxonomically stable
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(it has not presented synonymies), is closely related to P. setosus, whose distribution is restricted to
Arizona where it feeds on Cupressus arizonica.

Phloeosinus cristatus was supported by 5 analyses, including traditional morphometrics of quantitative
characters (body measurements), as well as the shape of structures such as pronotum and elytra. This
species has been synonymized once and is related to P. sequoia, whose distribution extends from
California to Arizona and Durango, where it feeds on Cupressus, Juniperus, and Thuja spp.
Phloeosinus spinosus was supported by 2 analyses corresponding to external morphology including
qualitative and quantitative data. This species has not presented synonymies and is closely related to P.
swaine and P. frontalis, whose distribution extends to Arizona and New Mexico to Chihuahua, where it
feeds on Cupressus arizonica and Juniperus deppeana. Finally, P. taxoddii taxodiicolens was
supported by 10 morphological analyses. It was previously considered a different species from P.
taxodii, supported on specimens from San Luis Potosi. Its distribution is restricted to Mexico from
Durango to Puebla, where it feeds on Taxodium mucronatum. Wood (1982) categorized it as a
subspecies based on morphological variation of specimens from Durango, that display intermediate
characters between P. taxodii and P. taxodiicolens. Its necessary to review type material and evaluate
variation of specimens from Sierra Madre Occidental to clarify the status of these taxa.

About P. serratus.

This taxon was the only one in which there was evidence that its taxonomic label masks a greater
diversity. In our analyses based on genetic data, P. serratus showed a very clear lineage structure,
concerning the rest of the studied members (Fig. 7 and 8), however, it was not recovered as
monophyletic in any of the phylogenies (Fig. 11). Morphologically it was supported by only 5 analyses
and in all was the species that occupied the largest area in the multivariate spaces (Fig. 7 and 8),
indicating wide phenotypic variation. Interestingly, when the morphological variation of its specimens
was analyzed according to the host-locations from which they were obtained, discrete well-
differentiated phenotypes were recovered in the multivariate space, corresponding to three groups
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whose main differences and characteristics are described in the results section. These groups
correspond to populations of P. serratus isolated by the patchy distribution of their hosts Juniperus
coahuilensis, J. saltillensis and Cupressus arizonica, on the slopes of Cerro del Potosi, which is the
highest mountain in the SMOR.

Phloeosinus serratus is a polyphagous species that feeds on 9 species of Juniperus and one of
Cupressus, and has the widest distribution range of the genus, from Washington and Idaho through
Texas in the USA to the state of Hidalgo in Central Mexico with a record in Jamaica (Atkinson 2023).
Taxonomically it is the oldest species in the region (LeConte 1868) and the one with the most
nomenclatural acts, with seven synonymies (Wood 1982). Previous authors have highlighted its wide
morphological variation by establishing allopatric units in the northern Rocky Mountain distribution
and recognized differences between these and the Mexican populations of the SMOC, without
establishing their respective limits and degrees of morphological variation (Blackman 1942, Wood
1982). The specimens included in the present study correspond to the first records in that region of the
SMOR and on those hosts, so their morphological variation had not been evaluated.

The complex taxonomic background of P. serratus, its geographic-ecological context and our results
support that geographic isolation and host specialization are factors that are promoting the
diversification of this species. Likewise, the paraphyly of P. serratus populations in our analyses is
congruent with a peripatric speciation pattern, where new species originate at the periphery of their
range and as a result, the ancestral populations become a paraphyletic group, i.e. a lineage that does not
include all its descendants (Lukhtanov 2019). Although, it is possible to recognize morphological
differences and diagnostic attributes among the allopatric phenotypes of P. serratus in the SMOR, and
with respect to those presented in previous descriptions (Wood 1982, Blackman 1942), we prefer to
maintain these populations without a formal taxonomic assignment due to the lack of genetic evidence.

Character analysis
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Our results support that the body measurements, patterns of body sculpture and pubescence, body
shape, and morphology of female sternite IX in addition to different multivariate methods of analysis,
allow us to recognize morphological variation to support the species. In addition, a set of attributes can
be recognized for identification.

For the eight Mexican species tested previously, the characters associated with elytral declivity have
been reported as diagnostic (Wood 1982; Hopkins 1905; Blackman 1942), but, they had not been
evaluated with statistical methods. This study confirms that in the species where interstria 1 and 3 are
armed with teeth, the number of teeth (NDI1-DED, NDI1-DEI, NDI3-DED, NDI3-DEI) is useful to
delimit and identify. In P. serratus and P. taxodii taxodiicolens, these traits are remarkable, because
were that most contribute to diagnosticate them. These species have the major number of dentitions in
interstriae 3, with 10 and 15 respectively. In addition, it was observed that these traits are useful for
discriminating between females and males in some species, mainly in those where these characteristics
are very marked among sexes as in P. baumanni, P. deleoni, P. serratus and P. cristatus. Also, for all
species the number of crenulations of each side on the margin on disc elytral (NCI1-DED, NCI1-DEI)
allows their recognition and delimitation, mainly for P. baumanni with 14, P. cristatus with 11 and P.
deleoni with 12.

Likewise, in this work, it was observed that the use of continuous quantitative characters mainly
influences the segregation of groups of species by size. In the scatter plots the small, medium, and big
species appear separate each one. The small species (1.9 to 2.4 mm) P. arizonicus, P. tacubayae, P.
taxodii taxodiicolens, and P. spinosus appear on one side of the scatter plot and large species (3 to 4.1
mm) P. baumanni and P. cristatus appear on the opposite side, while medium-sized species are in the
center (2 to 3.7 mm) P. deleoni and P. serratus).

The sternite IX of females has not previously been studied. In this study the quantitative character

analysis supports differences in this structure for all species, with the greatest differences being in the
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distance between the lateral apices of the posterior margin, length from posterior to anterior margin,
base angle, and arc distance (DALMP, LMPA, AB, DA).

The shape study of body structures like pronotum and elytra in bark beetles has shown that t
differences between species and in some cases between sexes are present (Garcia-Roman et al. 2019,
Ospina-Garces et al. 2021). In the genus Phloeosinus, the variation of pronotum shape is complex
between females and males. The diagram shows a partial segregation of some groups concerning shape
configuration, due to the presence of intraspecific variation. Statistically, they are different and based
on this it is observed that both males and females present variations in the shape of the pronotum,
especially the posterior basal margin, the posterior angles, the anterior angle, and in the lateral area of
the middle and posterior section. Although some differences are observed between females and males,
the shape configuration does not appear to be a distinguishing feature for each species.

The shape pattern of the elytra shows a slightly more marked segregation compared to the pronotum.
The scatter plot between RW1 and RW?2 in females and males does not show a total segregation of
discrete species groups, because there is a high intraspecific variation. Nevertheless, statistically
discrete species groups segregate and show differences in elytral declivity angle, lateral margin, and
anterior margin angle. Also, the variation between these regions allows better differentiation of each
species compared to the pronotum shape.

Also, the results of geometric morphometry analysis indicate that the shape of sternite IX differs among
species, indicating that this structure may be a useful diagnostic character for identification. Previously
in other curculionids, a structure similar in shape was found that corresponds to sternite VIII and is
commonly referred to as spiculum ventrale (Cristévdo and Lyal 2018, Gultekin and Lyal 2020, Kost'al
2018). Although further studies are needed to corroborate whether there is a relationship between these
structures.

Sexual dimorphism
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Sexual dimorphism has been previously identified in bark beetles via body size or discrete traits
(Kirkendall et al. 2015). In this work, we found differences associated with body size, mainly in P.
baumanni, where females are slightly larger than males. Previously, differences in size have been
associated with mating systems, and it has been described that the larger sex in monogamous species is
the female and this is related to the fact that females are the pioneer sex in the colonization of the host
tree (Foelker and Hofstetter 2014). Also differences in discrete traits from elytral declivity were found
between females and males of P. serratus, P. deleoni and P. baumanni. Mainly differences were
observed in the shape and number of dentitions present in interstria | and I1l. In other Scolytinae these
differences are associated with the fact that these structures are involved in mating behavior and
therefore have undergone a process of sexual selection (Wood 1982; Kirkendall et al. 2015). It has also
been described that generally the sex that blocks the entrance of the gallery is usually the one that has
more spines or dentitions in the elytral declivity, in this case it is the males that cover these
characteristics (Hamilton 1979).

Conclusion

The results of this study provide support for using more than one source of evidence to evaluate species
hypotheses in bark beetles and within the genus Phloeosinus. The use of different sets of discrete
morphological traits, mainly those associated with elytral declivity and body measurements, allow the
species to be distinguished. Likewise, the shape and characteristics of the sternite IX of females is a
new and useful feature to distinguish all the species evaluated. The power of RAD-seq to evaluate
hypotheses through phylogenetic inferences is also corroborated. In addition, the use of an integrative
approach such as the one used in this work has not been previously addressed for the study of
Scolytinae, so it is presented as a new proposal for it.
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Figures

Figure 1. Characters associated from the head in Phloeosinus. (A) Color head of P. baumanni, “black”.
(B) Color head of P. deleoni, “brown”. (C) Color head in lateral of P. serratus “reddish brown”. (D)
Size of head pubescence of P. tacubayae. (E) Size of head pubescence of P. deleoni. (F) Size of head
pubescence of P. serratus. (G) Frons sculpting pattern of P. deleoni. (H) Frons sculpting pattern of P.
serratus. (I) Frons sculpting pattern of P. baumanni. White arrows indicate the frons patterns sculpture.
Figure 2. Frons vestiture pattern. (A) P. deleoni, abundant distributed heterogeneously. (B) P. taxodii
taxodiicolens, sparsely distributed heterogeneously. (C) P. serratus, sparsely distributed
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homogeneously. (D) P. tacubayae, abundant distributed homogeneously. Doted lines indicate the
vestiture patterns on frons.

Figure 3. Vestiture pattern and pubescence size of the epistomal margin. (A) Female of P. serratus,
abundant and uniformly covering entirely the epistomal margin. (B) Female of P. tacubayae abundant
and uniformly covering entirely the epistomal margin. (C) Male of P. taxodii taxodiicolens. (D) Male
of P. deleoni sparse, showing some areas without pubescence.

Figure 4. Pronotum and elytra color. (A) Male of P. cristatus “black”. (B) Male of P. tacubayae
“brown”. (C) Male of P. arizonicus “dark brown”. (D) Male of P. deleoni “reddish brown ”. (E) Male
of P. baumanni “yellowish brown”.

Figure 5. Characters associated with sculpture and vestiture of elytra. (A) Male of P. tacubayae, elytral
disc vestiture “abundant”. (B) Male of P. taxodii taxodiicolens, elytral disc vestiture “sparse”. (C) Male
of P. serratus, size of the elytral disc pubescence “long”. (D) Male of P. deleoni, size of the elytral disc
pubescence “short”. (E) Male of P. taxodii taxodiicolens, size of the elytral disc pubescence “short and
long”. (F) Female of P. serratus, vestiture of the elytral declivity “abundant”. (G) Female of P. deleoni
vestiture of the elytral declivity “sparse”. (H) Male of P. deleoni, the elytral declivity with “hairs”. (I)
Female of P. deleoni, the elytral declivity with “only scales”. (J) Male of P. tacubayae, the elytral
declivity with “hairs and scales”. (K) Male of P. arizonicus, pattern of sculpture and vestiture of elytral
declivity interstriae II “glabrous”. (L) Female of P. serratus, elytral declivity interstriae 1l with “hairs”.
(M) Male of P. serratus, elytral declivity interstriae 1l with “scales”. (N) Male of P. taxodii
taxodiicolens, elytral declivity interstriae 1l with “scales and hairs”. (O) Male of P. deleoni, elytral
declivity interstriae 11 with “teeth”.

Figure 6. Characters of body measurements of male of P. baumanni. (A) Dorsal view. (B) Ventral
view, (C) Lateral view. Attribute acronyms are present in methods.

Figure 7. Scatter plots from multivariate analyses using quantitative and qualitative characters. (A)
Linear discriminant analysis from males and females from 24 quantitative characters. (B) Principal
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coordinate analysis for males and females from 38 characters. (C) Principal component analysis from 6
quantitative characters from sternite IX of females. (D) Linear discriminant analysis from 6 quantitative
characters from sternite 1X of females. Abbreviations: AB, angle of base; DA, distance between the
arch; DALMP, distance between lateral apices of posterior margin; DSC, distance between the central
silks; LMPA, length of the posterior to anterior margin; LPA, length of the anterior projection; NCM-
DED, number of crenulations on the right elytral disc margin; NCM-DEI, number of crenulations on
the left elytral disc margin; NDI1-DED, number of dentitions in interstriae | of right elytral declivity;
NDI1-DEI, number of dentitions in interstriae | of left elytral declivity; NDI3-DED, number of
dentitions in interstriae 111 of right elytral declivity; NDI3-DEI, number of dentitions in interstriae 111
of left elytral declivity. Arrows indicate the characters that most influenced in the variation.

Figure 8. Scatter plots of multivariate analyses of body shape structures in Phoeosinus. (A) Scatter plot
of the first and second relative warps with respective deformations grids of males pronotum shape. (B)
Scatter plot from linear discriminant analysis of male pronotum shape. (C) Scatter plots of the first and
second relative warps with respective deformations grids of male elytra shape. (D) Scatter plot from
linear discriminant analysis of male elytra shape. (E) Scatter plots of the first and second relative warps
with respective deformations grids of female sternite 1X shape. (F) Scatter plot from linear discriminant
analysis of female sternite IX shape. The shape configurations to the right of the graphs represent the
mean of each species evaluated.

Figure 9. Scatter plots from multivariate analysis of phenotypic variation among the populations of P.
serratus. (A) Linear discriminant analysis of females and males from 24 quantitative characters. (B)
Principal coordinate analysis of females and males from 38 quantitative and qualitative characters. (C)
First and second relative warps with respective deformations grids of male pronotum shape. (D) Linear
discriminant analysis of male pronotum shape. (E) First and second relative warps with respective
deformations grids of male elytra shape. (F) Linear discriminant analysis of male elytra shape. (G)
First and second relative warps with respective deformations grids of female sternite IX shape. (H)
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Linear discriminant analysis of female sternite 1X shape. The shape configurations to the right of the

graphs represent the mean of each population evaluated.

Figure 10. Principal component analysis of 3,031 SNP’s variation. The color points represent each

species.

Figure 11. Maximum likelihood phylogenetic tree inferred with IQTREE from the larger matrix

(137,897 characters). Bootstrap support values are on branches.

Table 1. Locations, geographical coordinates, and host for examined specimens of Phloeosinus.

Specie Country State and Latitude Longitude Genus host Species host
Municipalty
P. tacubayae Mexico Nuevo Leon, 24.8223611 -100.084333 Hesperocyparis lusitanica
Galeana
Mexico Edo. Mex, 19.4806472 -98.865225 Cupressus sp
Chapingo
P. deleoni Mexico Nuevo Leon, 24.8254611 -100.077367 Juniperus flaccida
Galeana
Mexico Oaxaca, San 17.65 -97.2768611 Juniperus flaccida
Juan Bautista,
Coixtlahuaca
P. baumanni Mexico Michoacan, 19.5225806 -101.610167 Hesperocyparis lusitanica
Patzcuaro
Mexico Iztaccihuatl- 19.1727167 -98.6410556 Hesperocyparis lusitanica
Amecameca
Mexico Edo. Mex, 19.4912 -98.88 Hesperocyparis lusitanica
Texcoco
P. cristatus Mexico Coahuila, - - Cupressus arizonica
Arteaga
Mexico Chihuahua, - - Cupressus arizonica
Urique
USA Oak Creek, - - - -
AZ.
P. arizonicus Mexico Coahuila, 25.3451 -101.0289 Cupressus arizonica
Saltillo
P. spinosus USA Oak Creek, - - Cupressus glabra
AZ.
P. taxodii Mexico Edo. Mex, 19.4912 -98.88 Taxodium mucronatum
taxodiicolens Texcoco
P. serratus Mexico Nuevo Leon, 24.49 -100.07 Cupressus arizonica
Galeana
Phloeosinus Mexico Nuevo Leon, 24.8596667 -100.360333 Juniperus coahuilensis
serratus Galeana
Phloeosinus Mexico Nuevo Leon, 24.8223611 -100.084333 Juniperus saltillensis
serratus Aramberri
Table 2. Multivariate analyses results.
Origin of Number of Type of Samples Number PC1/ PC2/ PC3/ Total MANOVA test
characters characters analysis of AXIS1 | AXIS2 | AXIS3 | variation
analyzed samples
analyzed
(n)
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External 24 PCA/LD Q4 133 75.25% | 15.33% | 5.30% 95.88% p=1.411E-63
morphology quantitative A*
52.10% 18.78 13.10 83.98%
% %
Q 56 67.35% | 14.01% | 9.77% 91.13% p=1.07E-25
60.39% 13.73 11.63 85.75%
% %
3 77 73.58% | 15.41% | 6.19% 95.18% p= 6.28E-50
45.21% 26.62 11.84 83.67%
% %
38 PCoA 4 133 31.33% 9.25% 5.93% 46.51% p=9.336E-107
quantitative
and Q 56 33.98% | 10.84% | 7.96% 52.78% p=1.122E-241
qualitative 3 77 3% | 9.69% | 7.66% | 5535% p=0
* The values highlighted in black correspond to the linear discriminant analyses.
Table 3. Analyses results from body shape study.
Origin of Type of Samples Number of RW1/ RW2 / AXIS RW3/ Total ANOSIM
characters analisis samples AXIS 1 2 AXIS 3 variation test
analyzed
(n)
Pronotum PCA/LDA* Q 56 61.03% 16.67% 9.05% 86.75% p=0.0001
61.96% 16.71% 10.26% 88.93%
3 77 74% 10.66% 7.24% 91.90% p=0.0001
52.83% 10.08% 14.13% 77.04%
Elytra PCA/LDA* Q 56 65.32% 19.16% 10.34% 94.82% p=0.002
79.97% 10.33% 5.89% 96.19%
3 77 55.35% 22.49% 11.28% 89.12% p=0.0001
69.97% 12.55% 6.89% 89.41%
* The values highlighted in black correspond to the linear discriminant analyses.
Table 4. Matrix with support of each analyses applied.
Method Characters or Analysis Samples SPECIES HYPOTHESIS
S"UCT “Ctgre applied P. P. P. P. P. taxodii P. P. P.
analyze baumanni | tacubayae | deleoni | serratus | taxodiicolens | cristatus | spinosus | arizonicus
Traditional 38 PCA/LDA ol X X X X X NA NA
morphometry quantitative quantitative 5 X X " " X X NA NA
and
qualitative
characters ) X X X X X X X
from external
morphology PCoA og X NA NA
quantitative 0 X NA NA
and 3 <
qualitative X X
6 quantitative | PCA/LDA Q X X X X X NA NA
characters
from sternite
IX
Body Pronotum PCA/LDA Q X NA NA
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Shape ) X X X
Geometric Elytra Q X X X X NA NA
morphometry I X X X
Sternite 1X Q X X X X X NA NA NA
Phylogenetic RaxML ML ol X X X NA NA NA NA
inference Mr.Bayes BI X X X NA NA NA NA

Note: The "x" indicates for which character matrix and analysis each species is supported.
"NA" indicates that there were no samples for that analysis.
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DISCUSION GENERAL Y CONCLUSIONES

Un reto importante en la taxonomia de los escarabajos descortezadores es el
establecimiento de caracteres que permitan la correcta identificacion y delimitacién de las
especies, sobre todo en especies cripticas. Sin embargo, debido a los habitos de estos
insectos, su morfologia se ha homogeneizado dificultando su identificacion, por lo que es
necesario encontrar otros caracteres y técnicas que sean Utiles para este proposito.
Asimismo, la utilizacion en conjunto de mas de una disciplina en la taxonomia de estos
insectos ofrece resultados mas robustos y la fiabilidad de las hipétesis aumenta con la
independencia de las disciplinas analizadas. En este trabajo a través de la implementacion
de dos lineas de evidencia: morfolégica y genética se obtuvieron resultados congruentes
entre si que respaldan en mayor o menor medida las hipétesis de las especies del género
Phloeosinus distribuidas en Meéxico. Especificamente, los resultados de este trabajo
respaldan que el uso de caracteres morfoldgicos externos y su andlisis a través de
estadistica mutivariada es Util para delimitar a las especies. Si bien, previamente este tipo de
caracteres ya han sido reportados como diagnésticos para Phloeosinus (Hopkins, 1909;
Blackman, 1964; Wood, 1982), no se habian evaluado con métodos estadisticos y las
descripciones de los mismos eran muy ambiguas.

El analisis de la forma de estructuras corporales anteriormente ha sido pobremente abordado
en escarabajos descortezadores, sin embargo, en los géneros Dendroctonus y Xyleborus, se
ha demostrado que la forma del pronoto y los élitros difiere entre especies y en algunos
casos entre sexos (Garcia-Roman et al., 2019; Ospina-Garceés et al., 2021). En el género
Phloeosinus no es tan evidente la variacién de la forma de estas estructuras entre especies,
sin embargo, si presentan diferencias, sobre todo en la curvatura del declive elitral y la
curvatura de los bordes anteriores y posteriores del pronoto. El estudio la forma del esternito
IX de las hembras no habia sido abordado previamente. En este trabajo se encontraron
diferencias en esta estructura para todas las especies, por lo que esta estructura puede
constituir un caracter diagnostico util para la identificacién y delimitacion de las especies
dentro del género. Asimismo, el andlisis filogenémico realizado a partir de datos Rad-seq y el
apoyo6 obtenido a tres de las hipotesis estudiadas, corrobora la utilidad de la aplicacion de
datos de esta magnitud para la realizacion de inferencias filogenéticas dentro de la subfamilia

Scolytinae.
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Abstract

The taxonomy of the subfamily Scolytinae has traditionally been based on external morphological
attributes corresponding to the elytral declivity, head, and pronotum. Some traits from the general
morphology of the aedeagus and spermatheca have been proposed in scarce genera. In this study, we
explore and improve a technique of endophallus inflation, to apply it in Scolytinae members and
describe its morphology for the first time in 16 species from Dendroctonus Erichson, Ips De Geer, and
Phloeosinus Chapuis. These taxa display differences in the attachment types of endophallus and two
distinct inflate and retraction mechanisms. Our results support that the internal sac is a useful tool for
taxonomy in Scolytinae because each tribe, genera, and species display a particular morphological
pattern, and in Dendroctonus also suggests its value to phylogenetic inferences.

Introduction

The taxonomy of the subfamily Scolytinae has traditionally been based on external morphological
attributes corresponding to the elytral declivity, head, and pronotum because their variation allows the
recognition of species, and because they display cuticle elements easily observable and quantifiable in
terms of abundance, size, and distribution (Wood 1982; Hopkins 1909; Hulcr et al. 2015).

In insects, particularly in Coleoptera, male genital attributes are of great importance for their taxonomy
(Coca-Abia and Robbins 2006; Pardo-Diaz et al. 2020; Yang et al. 2020; Gao and Coca-Abia 2021),
however, these have been poorly integrated in bark beetles’ studies, due to the difficulty of
manipulating small specimens and structures (Hurl et al. 2015). Although the genitalia have been little
explored for the Scolytinae for taxonomic purposes, some attributes from the general morphology of
the aedeagus and spermatheca have been proposed in scares genera (Wood 1957; Hopping 1963;
Lanier 1972, 1987; Pajares and Lanier 1990; Lanier et al. 1991; Furniss 1996; Mandelshtam et al.
2006, 2012). In a few taxa, specialized parts of male genitalia also provided good taxonomic traits such

as seminal rod and anchor shape in Dendroctonus Erichson (Coleoptera: Curculionidae) and receptacle
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in Xyleborus Eichhoff (Coleoptera: Curculionidae) (Rios-Reyes et al. 2008; Armendariz-Toledado et
al. 2014; Pérez-Silva et al. 2015; Garcia-Romaén et al. 2019, 2022; Valerio-Mendoza et al. 2019).

A little explored structure, but with taxonomic potential is the endophallus, an eversible membranous
sac located within the aedeagus (Torre-Bueno et al. 1989; Tuxen 1970). During the copulation process
the endophallus is placed inside the bursa copulatrix functioning as a key-lock system and as a
prezygotic isolation mechanism (Diingelhoef and Schmitt 2010), so it is useful for defining species
boundaries and estimating phylogenetic relationships (Coca-Abia 2007; Dlngelhoef and Schmitt 2010;
Sasabe et al. 2010, Erbey and Candan 2018). In several Coleoptera taxa, the endophallus is a powerful
taxonomic tool, to delimit and recognize problematic species (Danilevsky et al. 2004; Bollino and
Sandel 2017).

The first comparative study of the anatomy of the male genitalia in the order Coleoptera corresponds to
Sharp and Muir (1912), they described characteristics of the shape and structures of endophallus, also
incorporated a technique for its eversion and emphasized the importance of including it in taxonomic
studies. Since this work, the study of the endophallus morphology has contributed significantly to the
taxonomy of different beetle families such as Lucanidae (Imura 2007), Glaphyridae (Uliana and
Sabatinelli 2010; Bollino and Ruzzante 2015), Chrysomelidae (Bukejs and Anichtchenko 2019;
Daccordi et al. 2020), Carabidae (Anichtchenko 2010; Janovska et al. 2013), Curculionidae (Bollino
and Sandel 2017; Meregalli et al. 2020) and Cerambycidae (Danilevsky et al. 2004; Yamasako and
Ohbayashi 2011).

In some taxa of Scarabaeoidea, the structural characteristics of the everted and non-inflated
endophallus, such as sclerites, spines, and silks, have been used as attributes for phylogenetic
inferences (Coca-Abia 2007). In Scolytinae, the endophallus has only been studied in Dendroctonus
monticolae Hopk. (= D. ponderosae), focusing on the description of the inflated endophallus and the
musculature associated with its eversion movement; however, the technique used for inflation was not
presented (Cerezke 1964).
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The diversity of Coleoptera groups in which the study of the endophallus has been approached allowed
the development of several inflation techniques, using different substances to inflate and/or fill this
structure. The Berti-Vachon technique or "air filling" (Bontems 2013), is one of the most used, since it
achieves the recovery of the endophallus shape, respecting the integrity of the structures of the internal
sac; however, its execution is complicated, especially in small specimens. Another commonly used
technique is Berlov’s technique, which consists of filling the sac using toothpaste (Berlov 1992).
Although with this method the endophallus shape is well recovered, the details of the sclerotized
structures are lost by the toothpaste color, and the sac loss volume during the drying process. To avoid
this problem, a modification to Berlov’s technique was proposed (Uliana and Sabatinelli 2010), adding
micronized silica to reduce this effect. The use of glycerin as a filling substance has also proven
effective (Yamasako and Ohbayashi, 2011), the only disadvantage is that the structure cannot be
preserved dry as with the previous techniques. A new inflation technique was adapted to small
curculionids, applicable to both fresh and museum specimens, which consists of cleaning the aedeagus
with an enzymatic solution and then using K-Y gel to fill the endophallus (Van Dam 2014). Although
this technique yields effective results and maintains the transparency of the membrane, the sample
cannot be kept dry. In this study, we propose some modifications to Van Dam's technique (2014) for
the study of the endophallus of Scolytinae members. In addition, the anatomy and morphology of
internal sac are described for the first time in 16 species from Dendroctonus Erichson, Ips De Geer, and
Phloeosinus Chapuis, emphasizing its usefulness for taxonomic use, also the inflation patterns of the
sac are described and discussed.

Materials and methods

Sixty specimens corresponding to sixteen species of three genera of Scolytinae were analyzed: ten
Dendroctonus spp. (D. adjunctus Blandford, D. approximatus Dietz, D. barberi Hopkins, D. frontalis
Dietz, D. mesoamericanus Armedariz-Toledano and Sullivan, D. parallelocollis Chapuis, D.
pseudotsugae barragani Furniss, D. vitei Wood; D. rhizophagus Thomas and Bright, and D. valens
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LeConte), four of Phloeosinus Chapuis (Coleoptera: Curculionidae) (P. baumanni Hopkins, P. deleoni
Blackman, P. tacubayae Hopkins, P. serratus LeConte) and three of Ips De Geer (Coleoptera:
Curculionidae) (I. lecontei Swaine and I. calligraphus Germar) (Table 1). The specimens examined
were obtained from infested trees in 21 localities from Mexico and Honduras; also, museum specimens,
both mounted and preserved in alcohol were included. Specimens were borrowed from Coleccion
Nacional de Insectos, Instituto de Biologia, Universidad Nacional Auténoma de México, Mexico.
Specimens from different populations were included in D. valens and P. serratus, because cryptic
diversity is recognized within them (Ramirez-Reyes et al. 2023).

For the sexing and identification of specimens, dichotomous keys were used. Dendroctonus spp., were
sexed based on body external traits and the shape of the seventh tergite (Armendariz-Toledano et al.
2015) and by the presence of stridulatory apparatus in males (Lyon 1958). Species identification was
made based on external and internal morphology attributes, like the presence or absence of frontal
tubercules, length and abundance of pubescence of elytral declivity (D. adjunctus and D.
approximatus) (Garcia-Roman et al. 2019), the presence of coarse rugosities on the elytral interspaces
and impressed striae, and short pubescence on the elytral declivity (D. barberi) (Valerio-Mendoza et al.
2019), the shape of the lateral margins of the epistomal process and pronotum (D. parallelocollis and
D. pseudotsugae) (Garcia-Roman et al. 2019, Armendariz-Toledano et al. 2017), characteristics of the
antennal club (D. rhizophagus, D. valens and D. vitei) (Armendariz-Toledano et al. 2014) and
characteristics of the male genitalia such as the seminal rod and anchor (D. frontalis and D.
mesoamericanus) (Armendariz-Toledano et al. 2014, 2015).

Phloeosinus specimens were sexed based on whether the eighth tergite was visible (males) or not
(females) (Hopkins 1905: Cervantes-Espinoza, et al. 2023). The species were identified based on
external morphological characters (Blackman 1942; Wood 1982). Characters from the head were used,
like frons shape, elevation of the carina concerning the epistomal margin and the shape of antennal
sutures, density of pubescence and punctuations of pronotum, shape of elytral declivity, width of
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interstriae, and number and shape of the declivital teeth (P. baumanni, P. deleoni, P. serratus and P.
tacubayae)

Finally, the Ips specimens were identified using the dichotomous keys of Lanier (1987), LaBonte and
Valley (2019), and Douglas et al. (2019). While the I. calligraphus specimens were sexed based on the
shape of the hook shape of the third spine of the elytral declivity; meanwhile, I. lecontei males were
recognized by the presence of bifurcate tubercles at the center of the epistomal margin.

Male adults were dissected to obtain the genitalia. The method of obtaining the aedeagus was different
depending on the method of preservation of the specimens (dry, alcohol, or fresh) and is described
below.

Rehydration of dry-mounted specimens. For optimal extraction of the genitalia, the specimens were
first renydrated using a "softening solution™ (distilled water and 50% commercial meat tenderizer). The
ingredients of meat tenderized indicated on the label of the product were iodized salt, dextrose, papain,
and calcium stearate. The procedure consisted of placing the insects in vials with this solution and
incubating them for 45-60 min at 60° C.

Obtaining and cleaning of the aedeagus. After rehydration, the dissection to obtain the aedeagus was
performed for all specimens (preserved dry, in alcohol, and fresh). The abdomen was removed and
placed in a vial with a pancreatin solution to facilitate tissue digestion (Alvarez-Padilla and Hormiga
2007; Van Dam 2014), the samples were incubated for 1 to 2 hours at 37°C, although they can also be
left at room temperature for two to three days. Once the samples were clean, they were rinsed with
distilled water and then transferred to alcohol. If the tissue did not dissolve completely, the samples
were incubated for 30 min at 60°C with 10% NaOH to finish cleaning and softening, then neutralized
with 10% HCI, rinsed with distilled water, and preserved in 70% alcohol.

Endophallus inflation. Once the aedeagous were clean, the endophallus inflation was made. Thus, the
Van Dam’s (2014) technique was performed with certain modifications. An insulin syringe was used to
inflate the endophallus, the tip of the needle was filed to a right angle and the contour was filed to
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obtain a conical shape and facilitate inflation. A lubricant K-Y gel was used as an inflation substance.
Due to the density of the gel, before inflation, a 50% dilution with 96% alcohol was performed. A drop
of the gel solution was placed on a slide and then the aedeagus was placed in it. The procedure was
performed using a stereo microscope. With the help of fine-tipped forceps the body of the aedeagus
was held taking care not to crush it and it was placed in a dorsal position or in a position that allowed
easy manipulation for inflation. With the syringe, the gel was injected through the basal orifice of the
aedeagus located between the apodemes (Fig. 1). Once the endophallus was everted, photographs were
taken in different positions: dorsal, lateral, and ventral for their subsequent description. The
photographs were taken using a compound microscope with a camera at 40x, 100x, and 400x
magnification depending on species size. Finally, the samples were preserved in a vial with 70%
alcohol. For some species, the inflation process was recorded on video to visualize the movement of the
structures involved, however, in the case of the genus Ips, this was the only option to describe it due to
the intrinsic characteristics of the endophallus (see results). From the photographs and videos, drawings
of the different views of the endophallus of all species were made.

The description of the endophallus anatomy was performed using the nomenclature of Cerezke (1964),
Yamasako and Ohbayashi (2011), Daccordi et al. (2020), and Meregalli et al. (2020), Torre-Bueno
1989 and Tuxen 1970. The following is a list of abbreviations with respective definitions for describing
the structures of the aedeagus and endophallus. The definitions were based on the glossary of Torre-
Bueno (1989), Cerezke (1964), Tuxen (1970) and Armendariz-Toledano et al. (2015). The term
‘aedeagus’ or “penis” is here restricted to the part commonly known as the median lobe, containing the
accessory apparatus and the internal sac, and it not including the spicule and tegmen.

LIST OF ABBREVIATIONS

acap, accessory apparatus. An ensemble of two sclerotized structures located within the aedeagus and
connected by muscles and involved in seminal flow, it consists of the anchor, and the seminal rod.
anch, anchor. Flat, chitinous, “u” shaped plate supporting the seminal rod.
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apod, apodemes. A paired fine needle at the base of the aedeagal shaft.

bor, basal orifice. Basal opening of aedeagus through which the ejaculatory duct enters.

edvlb, endophallus’ distal ventral lobe. The lobe arises in the ventral-lateral region of the median lobe
of the endophallus, situated below the proximal dorsal lobes.

dlb, aedeagus’ dorsal lobe. Single or subdivided lobe in the dorsal region of the aedeagus.

ellb, endopallus’ lateral lobes. Lobes arise laterally from the median lobe of the endophallus.

emlb, endophallus’ median lobe. The main lobe of the endophallus, is attached to the accessory
apparatus, the ellb, and epdlb arise from it.

epdlb, endophallus’ proximal dorsal lobes. Lobes arise on the dorso-lateral region of the median lobe,
located above the distal-ventral lobes.

ost, ostium. Opening or area in the distal region in which the endophallus is everted.

Ifd, aedeagus lateral folds. Folds located on the dorsal-distal sides of the ostium in Phloeosinus.

Ipen, lateral lobes of pennis/aedeagus. Two prominent lobes lie on the dorsal aspect of the aedeagus in
Dendroctonus and Ips.

smrd, seminal rod. The chitinous structure of the penis attached to the anchor, within the aedeagus, is
involved in seminal flow.

smt, seminal trough. Or ejaculatory duct.

spcl, spicule. A small needlelike spine, attached by membranes to the outside of the aedeagus.

vlb, aedeagus’ ventral lobe. Subdivided lobe in the ventral region of the aedeagus.

y, possible sensory structure. Located on the endophallus median lobe, it has been to sensorial function
(Cerezke 1964).

Results

Inflation. Of the sixteen species analyzed, only two were partially inflated, because they were dry-
preserved specimens with very small aedeagus. In members of Dendroctonus and Phloeosinus, the
inflated endophallus was maintained for days after the procedure, which facilitated their observation
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and description. For Ips spp., the endophallus only maintained its shape when the pressure of the
injection fluid was constant, when the fluid was no longer applied, the sac retracted into the aedeagus,
suggesting a stronger mechanism of retraction (Supplementary Video 1).

Morphology. The genital organ of the Dendroctonus, Ips, and Phloeosinus, consists of three
sclerotized structures, the spicule, tegmen, and penis (sensu Cerezke 1964) or aedeagus (sensu Nichols
1999). The tegmen and spicule lie adjacent to the penis but are attached ventrally to it by muscle and
membrane. The tegmen is a small transversal segment, irregular in shape, attached to apodemes; this
structure serves as musculature support during eversion (Cerezke 1964). In Dendroctonus the tegmen is
a u-shaped structure located in the ventral region of the aedeagus close to the apodemes, while in
Plhoeosinus is v-shaped, and in Ips is a ring that surrounds the aedeagus. The spicule is a small parallel
needlelike spine attached by membranes to the outside of the aedeagus (Tuxen 1970), distally the spine
is bifurcated partially rounding the aedeagus this structure serves as a support within the aedeagus.
Among all species, the spicule is similar in shape, but the principal difference is its size.

In both Dendroctonus and Phloeosinus members within the aedeagus, the endophallus and an accessory
apparatus are present, the last in turn consists of the seminal rod and an anchor.

The aedeagus is a capsule with two orifices, the basal one in the proximal region and the apical one, or
ostium, in the distal region. In the basal region are the apodemes, which correspond to a pair of thin
extensions that support the spermatic duct; the length of apodemes vary among genera and species
mainly in Ips. The seminal rod and anchor conform to the accessory apparatus in Dendroctonus and
Phloeosinus, these structures show variation within species mainly in Dendroctonus. Both structures
are involved in the process of eversion of the endophallus during copulation.

The endophallus in the taxa studied is a sac continuously connected to the distal end of the aedeagus.
When the endophallus is fully everted and inflated, it looks like a semitransparent membrane, which is
composed of lobes (Fig. 2). During the process of eversion, the endophallus exits through the ostium in
Dendroctonus, driven by the movement of the accessory apparatus to which it is attached (Fig. 2A). In
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Phloeosinus the endophallus ascends through the dorsal-distal region of the aedeagus, where it joins at
the lateral folds, and in the dorsal-proximal region it joins with the accessory apparatus (Fig. 2B). In
both Dendroctonus and Phloeosinus when the endophallus is everted, the accessory apparatus is
displaced at an angle of 45 to 90° concerning its uninflated position. In Ips the endophallus is attached
dorsally to the median lobe of the aedeagus and laterally to the ventral lobe, both the median and
ventral lobe limit the movement of the endophallus during the eversion process, giving it the
characteristic of being retractile (Fig. 2C).

The number of endophallus lobes is different among genera and species, Dendroctonus spp. display
three to five lobes, Phloeosinus spp. three lobes, and finally Ips spp. have two (Fig. 2). Comparing the
relative position of lobes, a common morphological pattern in endophallus can be recognized, the
presence of a pair of lateral lobes (ellb), in ventral and lateral view (Fig. 2), whose arrangement, and
shape are different among genera. The lateral lobes (ellb) are oval and smaller than the median one
(emlb) in Dendroctonus, meanwhile, these are rounded and equally or larger than the median one in
Phloeosinus; in Ips only the lateral lobes are present, and their shape is uniform and oval (Fig. 2C). An
additional pair of lobes can be recognized in lateral view (epdlb and edvlb) in members of
Dendroctonus frontalis complex (Fig. 2A).

Similarities among genera were recognized. In Dendroctonus and Phloeosinus, a median lobe and a
yellow pore-like circular structure located in the posterior region of the median lobe, are preserved,
both structures absent in Ips species (Figure 2). The pore-like circular structure was previously
recognized "Y" structure (Fig. 12, in Cerezke 1964). Spiny sclerite patterns are observed on the outer
surface of the lobes in all species. Lateral lobes have evenly arranged conical spines. In Dendroctonus,
the median lobe has smaller spines in closely spaced groups, the spines become smaller towards the
posterior end of the lobe, and no sclerotization’s are observed on its ventral side.

Dendroctonus. The endophallus is attached to the anchor arms and below the seminal rod. When
pressure is exerted to evert the endophallus, the seminal rod and anchor move forward, positioning
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themselves outside the capsule and forming an angle between 45 to 90° concerning its initial position,
in lateral view. The size of the endophallus varies among the species, although, in D. adjunctus, D.
approximatus and D. pseudotsugae barragani the internal sac is bigger than aedeagus, and in D.
barberi, D. frontalis, D. mesoamericanus, D. parallelocollis and D. vitei is smaller than it.
Dendroctonus adjunctus

The length of the endophallus (321 pm) is more than half the total length of the aedeagus (493 pm).
The sac is composed of five lobes, one median lobe, two proximal dorsal lobes (Fig. 3A, D), and two
distal ventral lobes (Fig. 3B, E). The median lobe is very pronounced with a rounded shape. The
proximal dorsal lobes are small, located on the apical region of the median lobe (Fig. 3C, F). The distal
lobes are smaller than the upper ones and are in the ventral region of the median lobe (3B, E). The “Y”
structure is located on the distal region of the sac (Fig. 3).

Dendroctonus approximatus

The total length of the endophallus (449 um) is almost equal to that of the aedeagus (581 um). The
endophallus is composed of five lobes, a prominent rounded median lobe in dorsal view (Fig. 4B, F), a
pair of narrower and shorter distal lobes arising from the ventral surface of the median lobe (Fig. 4D,
E), and a pair of proximal lobes arising from the dorsal surface of the median lobe (Fig. 4B, C, F, G)).
The “Y” structure is located on the distal region of sac.

Dendroctonus barberi

The size of the endophallus (490 um) is almost proportional to that of the aedeagus (512.54 um). It is
formed by five lobes, a rounded median lobe in dorsal view (Fig. 5B, E), a pair of wider and larger
proximal lobes arising from the ventral surface of the median lobe (Fig. 5C, F), and a pair of narrower
and long distal lobes arising from the dorsal surface of the median lobe (Fig. 5). The proximal and
distal lobes are similar in shape, but the proximal lobes are larger than the distal lobes. In the posterior
region in the central part of the median lobe is the Y structure on a small evaginated surface of
endophallus (Fig. 5).
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Dendroctonus frontalis

The endophallus (140 pm) is shorter than the aedeagus (297.03 pum). It consists of three lobes, an
inconspicuous median lobe, and two larger lateral lobes (Fig. 6B, E). In dorsal view, the size of the
lateral lobes and the median lobe is almost proportional. The median lobe in the distal region presents
the Y™ structure (Fig. 6D, G). The lateral lobes are covered with small spines evenly distributed over
the entire outer surface (Fig. 6C, F).

Dendroctonus mesoamericanus

The length of the endophallus (181 pum) is proportional to that of the capsule (172 pm). It consists of
three lobes, a conspicuous median lobe, and two well-defined lateral lobes (Fig. 7B, D). The median
lobe is bigger than the lateral ones. The Y structure is in the distal region of the endophallus between
lateral lobes. On the surface of the lobes, there are two types of spines, some small and others large and
conical. The surface of the median lobe is covered by large, evenly distributed conical spines, while the
lateral lobes are covered by smaller spines (Fig. 7).

Dendroctonus parallelocollis

The length of the endophallus (307 um) is proportional to that of the capsule (582 um). It consists of
three lobes, a well-defined median lobe in dorsal and lateral view (Fig. 8A, B) and two distal lateral
lobes extending perpendicular to the median lobe and arising from the sides of the posterior region of
the median lobe (Fig. 8B, E). The shape of the lateral lobes is very different from that of the median
lobe, as it has some folds that give it an irregular shape widest at de base of the lobes. In the posterior
region of the median lobe is the Y structure. On the dorsal surface of the median lobe and in the
anterior region of the lateral lobes small conical spines are distributed, in the median lobe the density of
spines decreases to the laterals (Fig. 8).

Dendroctonus pseudotsugae

The length of the endophallus in dorsal view (382 um) is almost half the total length of the aedeagus
(774 pm). The endophallus of this species consists of three lobes, poorly differentiated among them, a
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prominent median lobe, and two small distal lateral lobes (Fig. 9B, D). The surface of the median lobe
covers almost the entire endophallus. In the dorsal region, the median lobe is covered by small spines,
the density decreases towards the lateral lobes. The Y structure is found in the ventral posterior region
of the median lobe (Fig. 9).

Dendroctonus rhizophagus

A partial inflation of the endophallus was obtained. In dorsal view, it can be observed that it is formed
by at least three lobes, resembling a "T" shape in dorsal view (Fig 10A), a poorly developed median
lobe, and two well-defined distal lateral lobes (Fig. 10A, C). The median lobe is larger than the lateral
lobes. The Y structure is between the two distal lateral lobes on the distal region of the endophallus
(Fig. 10B, D).

Dendroctonus valens from Mexico

The length of the endophallus is almost proportional to the capsule of the aedeagus (655 pum). It is
formed by three lobes resembling a "y" shape in ventral view, an inconspicuous median lobe, and two
prominent distal lateral lobes (Fig. 11A, D). The median lobe is poorly differentiated from the lateral
lobes (Fig. 11B, E). The apices of the lateral lobes end in a point. The dorsal and lateral surface of the
endophallus is covered by small spines, in the ventral region, the density of the spines decreases (Fig.
11).

Dendroctonus valens from Honduras

The endophallus is like those of D. rhizophagus, formed by three lobes resembling a short "T" shape in
ventral view, a conspicuous median lobe divided into two well-defined regions (distal and proximal)
(Fig. 12A, D), the proximal region is rounded in dorsal view, while the distal region is fused with the
two lateral lobes. The apical edge of each lateral lobe is divided in two small lobes equal in size and
shape, both rounded. The median lobe is equal in length to the lateral lobes. The Y structure is between
the two distal lateral lobes on distal region of endophallus. The entire surface of the endophallus is
covered by small spines whose density decreases towards the ventral region (Fig. 12).
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Dendroctonus vitei Wood, 1975

The length of the endophallus (208 um) is almost one-third of the total length of the aedeagus (367
pm). The endophallus is formed by three lobes, a prominent rounded median lobe, in dorsal view (Fig.
13A), and two lateral distal lobes that in dorsal view are small and very rounded, as large as wide (Fig.
13A, D). The lateral lobes are smaller than the median one. The Y structure is in the posterior ventral
region of the median lobe (Fig. 13C, F). The entire surface of the endophallus is covered by small
spines whose density decreases from the center of the dorsal region of the median lobe towards the
ventral region (Fig. 13).

Phloeosinus

The endophallus in this genus is a thin membranous sac whose base is attached to the accessory
apparatus, and the dorsal-distal region of the ostium. The sac surrounds the seminal rod and is fused
with the anchor, which is located above the seminal rod (Fig. 14). When the endophallus is everted or
inflated, the seminal rod performs a 45° movement. In general, the endophallus of Phloeosinus is
formed by three lobes, a median lobe, and two lateral lobes, whose shape is quite uniform in all the
species analyzed. In all species, the size of the internal sac is similar and is not bigger than seminal
capsule. In addition, in the posterior region of the median lobe is the Y structure that in lateral view has
a conical shape.

Phloeosinus baumanni

The length of the endophallus in the dorsal view (280 um) is approximately half the total length of the
aedeagus (242 pm). The sac consists of a conspicuous median lobe extending from the basal orifice
connected to the accessory apparatus to the ostium (Fig. 15A), and a pair of poorly marked lateral lobes
that protrude more than the median lobe and expand beyond the ostium (apical region of the aedeagus).
The shape of the endophallus lobes is rounded. The lateral lobes are not well differentiated from the

median lobe, and they appear the same size as the median lobe, in lateral view (Fig. 15B, E). All lobes
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are covered by small spines whose density is higher at the base (anterior region) near the accessory
apparatus and the Y structure is in the posterior region of the median lobe (Fig. 15F).

Phloeosinus deleoni

The length of the endophallus (328.58 um) corresponds to more than half of the total length of the
aedeagus (537.35 um) in dorsal view. The median lobe is prominent compared to the lateral lobes (Fig.
16B, E). In the posterior region, the median lobe is rounded and the lateral lobes display oval edges
(Fig. 16C, F). The Y structure is in the median lobe apex (Fig. 16C, F). All lobes have spines in the
dorsal region, the density of these is higher at the base (next to the accessory apparatus) and decreases
towards the anterior region (Fig. 16).

Phloeosinus tacubayae

The length of the endophallus (294.33 um) is approximately three-quarters of the total length of the
aedeagus (441.09 um) in dorsal view. The endophallus consists of three inconspicuous lobes (Fig.
17B). The median lobe is prominent compared to the lateral lobes and is rounded in the anterior region.
Lateral lobes are poorly differentiated from the median lobe, and much less evaginated than the median
lobe, in fact in some views appear an unilobate endophallus (Fig. 17A, D). In the apex of the median
lobe is a protruding “Y” structure in the anterior region near the base of the endophallus it presents
spines whose density decreases towards the posterior-apical region (Fig. 17).

Phloeosinus serratus

For this species, specimens from three populations collected from different host plants Hesperocyparis
lusitanica (Mill) Bartel, J. coahuilensis (Martinez) Gaussen ex R.P. Adams and J. saltillensis M.T. Hall
were studied. For each one a description is shown below. Specimens from these hosts present
conspicuous morphological differences in external and female genital morphology. For the three
populations of P. serratus the characteristics of the endophallus were similar (Fig. 18). The
endophallus consists of a median lobe and two smaller lateral lobes. In the region near the accessory
apparatus, the surface of the endophallus is covered by small spines whose density decreases towards
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the sides. In the apical and central region of the endophallus is the Y structure that protrudes from the
median lobe (Fig. 18).

Ips

The endophallus is a retractile eversible sac and presents two lateral lobes. The sac attached to the
dorsal lobes of the aedeagus in the median part of the dorsal region (junction point of both lobes) and
on the sides it is joined with the ventral lobes, (Fig. 19). In the central part of the aedeagus is the
seminal trough, which at the time of inflation descends slightly towards the posterior part of the
endophallus. When inflation is performed, the ventral lobes expand to the sides, allowing the eversion
of the endophallus, the movement performed resembles the opening movement of a fan. However,
when the pressure exerted during inflation is removed, the endophallus retracts and the ventral lobes
return to their initial position. In the two species analyzed the size of the lobes is proportional to the
length of the ventral lobes of the aedeagus.

Ips calligraphus

In this species when the endophallus is inflated and everted, the ventral (vlb) and dorsal lobes (dIb) of
aedeagus are strongly moved together with the endophalus lobes. The vib expands to the sides, forming
an angle of 90 degrees, concerning to dlb, meanwhile, dorsal lobes are slightly separated between them
(Fig. 20). The endophallus lateral lobes (ellb) are longer than wide, and their length is slightly higher
than vlb, and their width is equivalent to dlb length (Fig. 20).

Ips lecontei

In this species when the endophallus is inflated and everted, the ventral (vlb) and dorsal lobes (dIb) of
aedeagus are slightly moved together with the endophallus lobes. The point of vlb expands poorly to
the sides, forming an angle of less than 45°, concerning to dlb, meanwhile, dorsal lobes are slightly
separated between them (Fig. 21). The ellb is as long as wide, and longer than the aedeagus lobes (Fig.
21).

Discussion
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In this study, modifications to Van Dam's technique (2014) were proposed for the study of the
endophallus of Scolytinae, which allows describing the morphology of the internal sac and the inflation
patterns in 16 species from Dendroctonus, Ips, and Phloeosinus. The species display differences in the
attachment type of endophallus and display two distinct inflate and retraction mechanisms. Our results
support that the internal sac is a useful tool for taxonomy in Scolytinae, because each tribe, genera, and
species display a particular morphological pattern, and in Dendroctonus also supports its value to
phylogenetic inferences.

The diversity studies that use the endophallus, promoted the generation of several techniques that
facilitate its processing, evertion, and allow its conservation once inflated (Berlov 1992; Uliana and
Sabatinelli 2010; Janovska et al. 2013; Daccorti et al. 2020). An important problem of previously
proposed methods, including the most widely used technique, Berti-Vachon (Bontems, 2013), is its
applicability in small and pin-mounted specimens. Van Dam (2014) presented an easy and fast
technique for endophallus eversion, that requires, a relatively short time and can be used in a wide taxa
diversity within Curculionidae. The adaptations of this technique implemented in the present study,
such as the previous rehydration step of specimens, the combination of two digestion steps (enzyme
and KOH), the dilution of inflation fluid, and the modifications of the tools (forceps and syringes),
together allow satisfactory results in the Scolytinae members, under different preservation conditions.
First, we were able to inflate the endophallus from large species, such as D. rhizophagus (5.0-6.3 mm),
and D. valens (5.3-8.3 mm), and small ones, such as D. frontalis (2.0-3.2 mm) and P. tacubayae (1.9-
2.4 mm), which represent in a good way the body size variation in the group. Also, the technique
worked properly, both in fresh, and pin-mounted specimens, and allowed the inflation in a relatively
short time, facilitating the analysis of at least two specimens per species.

Two techniques have been implemented in other curculionids to endophallus eversion, the first one is
the Berti-Vachon (Bollino and Sandel 2017; Meregalli et al. 2020), and the second (and more recent) is
the VVan Dam technique, both consists of three general steps: 1 the dissection and enzymatic digestion

80



of the aedeagus, 2 the inflation of the endophallus, and 3 the preparation of the endophallus for
photography. In specimens of Scolytinae, it is possible to obtain relatively good results in fresh
specimens by following these three steps, however, in specimens preserved in alcohol for several years
and those dry mounted, the muscle tissues are very hard, and it is very difficult to dissect without
breaking the segments of the abdomen and pieces of the aedeagus. The incorporation of a previous
rehydration step using a “brine” (softening solution) allowed a much softer consistency of the cuticular
membranes and muscle fibers, allowing cleaner dissections and obtaining the aedeagus with greater
ease and integrity.

In other curculionids, the use of a pancreatin enzymatic solution alone allows tissue digestion within a
couple of hours (Van Dam et al. 2014). However, according to our results, in dry preserved specimens
or those with highly chitinized structures such as D. adjunctus, D. approximatus, D. parallelocollis, D.
rhizophagus, D. valens, and P. baumanni, the pancreatin solution alone was not sufficient for soft
tissue degradation, so it was necessary to add a further digestion step with a low concentration solution
of KOH. The use of K-Y gel as a filling substance allowed the observation of the details of the
endophallus as it is a transparent gel, as opposed to other substances such as toothpaste (Uliana and
Sabatinelli 2010; Janovska et al. 2013), whose coloration masks the sclerotized structures present in the
endophallus. However, it was necessary to dilute the gel (50%), because at the density provided by the
manufacturer, it couldn't flow through the structures and consequently they did not inflate. Despite the
decrease in density, the gel provided firmness to the sample, and allowed its manipulation with a very
low risk of collapse, like when other fluids such as alcohol and glycerin are used (Yamasako and
Ohbayashi 2011).

One of the key points to achieve successful inflation is a good coupling and clamping of the base of the
aedeagus with the forceps. Van Dam et al. (2014), propose the use of microvascular corneal forceps
(no. 18155-13). However, the use of these forceps in Scolytinae is not useful, as the size of the
aedeagus is very small and the forceps are very coarse and stiff, which hinders the manipulation of the
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aedeagus and therefore the inflation process. In the case of very small specimens such as the
Scolytinae, we conclude and highly recommend the use of very fine-tipped forceps, as this gives better
control when manipulating the sample during the inflation process. Also, in this work, 70% alcohol is
proposed as a preservation method for the inflated samples, although the duration is not yet defined, it
seems to be an efficient preservation method.

Anatomy and nomenclature

Studies on the anatomy of the endophallus in the Coleoptera have focused mainly on descriptions of the
lobes and sclerotized structures that make it up, especially in related species or individual species
(Bollino and Ruzzante 2015; Bollino and Sabatinelli 2017; Meregalli et al. 2020). A recent study
proposed a standardization of the nomenclature of several sclerosed elements of the insect endophallus
(Génier 2019). However, there is no homogenization of the terms used to name and describe the
aedeagal lobes mainly because, their number, position, and shape display great intra and interspecific
variation among taxa (Bollino and Ruzzante 2015; Bollino and Sandel 2017; Meregalli et al. 2020).
The assignment of names and descriptions of lobes have been based mainly on their position
concerning the aedeagus, for example, the basal lobe, the median lobe, the lateral lobes, and the apical
lobe, etc. (Yamasako and Ohbayashi 2011; Daccordi et al. 2020; Meregalli et al. 2020). In this study,
the description of the lobes and structures that conform to the endophallus was made according to the
nomenclature described by Cerezke (1964), whose criteria for naming the lobes were also positional.
The endophallus elements previously described for Dendroctonus ponderosa were the median lobe, the
lateral lobes, the "Y" structure, and the spines. In our descriptions, these terms could be adopted in the
three genera analyzed, and a general pattern of two lateral lobes arrangement was recognized in
Dendroctonus, Ips, and Phloeosinus. Although the scope of the nomenclature proposed in this study
could not be extrapolated to the entire subfamily, by the representation of a few taxa (Bollino and
Sandel 2017; Meregalli et al. 2020), our data supported by three genera from different tribes
(Hylurgini, Phloeosinini, and Ipini, sensu Hulcr et al. 2015) suggest that within Scolytinae, at least two
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lobes are maintained, and the number, position, and shape of them are variable among genera and
tribes. Thus, some terms such as "median lobe and lateral lobes™ could apply to the whole group.
Another important point is the presence of the circular structure, or "Y-structure” previously defined by
Cerezke in the genus Dendroctonus and now in the genus Phloeosinus. Although this structure is not
the same in both genera, it is very similar in shape and location, and is probably a feature that is
maintained within the subfamily Scolitynae.

Taxonomy

The endophallus is a key structure in the taxonomy and evolution of Coleoptera (Zhou et al.2020;
Bienkowski 2021), and has been widely incorporated into species descriptions, phylogenetic
reconstructions and evolutionary biology studies, because attributes present on the endophallus surface,
such as sclerites, provide a rich source of taxonomic characteristics (Zunino and Halffter 1988; Coca-
Abia 2007; Medina et al. 2013; Roggero et al. 2015; Uliana and Sabatinelli 2010).

Our results support the endophallus morphology as a useful tool for taxonomy in Scolytinae because
each genus displays a particular pattern of shape of the endophallus and the arrangement, number, size,
and shape of its lobes are specific among genera and species. The inflation patterns display two
different types of attachment between the aedeagus and the internal sac, in Phloeosinus the base is
attached to ventral folds around the ostium, while in Dendroctonus and Ips the attachment of the sac
membrane is by distal lobes, three and four respectively. In addition, the genera also differed in terms
of sac retraction, as in Ips members the sac is retracted by the resistance applied by the ventral and
dorsal lobes of the aedeagus, whereas in Dendroctonus and Phloeosinus, there is no apparent
mechanism of retraction, suggesting that it is due solely to the lack of seminal fluid pressure and
muscular action (Cerezke 1964).

In Dendroctonus, the taxa with a major representation in this study, the morphological patterns of
endophallus, also suggests its value to phylogenetic inferences. The similarities of endophallus among
species agree with the groups or complexes, previously supported with morphological, cariological,
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biological, and molecular characteristics (Sullivan et al. 2021; Armendariz-Toledano et al. 2014, 2015;
Victor and Zufiiga 2015; Godefroid et al. 2019; Garcia-Roman et al. 2019, 2022; Ramirez-Reyes et al.
2023).

The species D. vitei, D. mesoamericanus, D. frontalis, D. approximatus, and D. adjunctus are grouped
within the Dendroctonus frontalis complex (Lanier 1987; Victor and Zufiga 2015; Ramirez-Reyes et
al. 2023). In this study, this group was characterized by a rounded median lobe and two small lateral
lobes arising in the dorsal apical region of the median lobe. In the members of Dendroctonus frontalis
complex sensu stricto (Lanier 1987) or clades IV and V (Ramirez-Reyes et al. 2023), D. frontalis, D.
mesoamericanus, and D. vitei, three lobes similar in position are present. Meanwhile, the other
members of this complex, corresponding to clade Il (Ramirez-Reyes et al. 2023), D. adjunctus, D.
approximatus and D. barberi share five lobes similar in position. However, comparing the
morphological patterns within these clades, discordances are observed in closely related species, as the
case of the endophallus of D. vitei is more similar to that of D. mesoamericanus than to D. frontalis,
even though the latter ones are sister species.

Members of the D. valens group also share endophallus similarities, D. rhizophagus and D. valens
display three lobes, resembling a "T" and ““Y”’shape in dorsal view, a poorly developed median lobe,
and two well-defined distal lateral lobes. Differences in lobe shape were observed among specimens of
D. valens from Honduras and Mexico. The endophallus of D. valens from Honduras is formed by three
lobes resembling a short "T" shape in ventral view, with the apical lateral lobe divided into two
rounded small lobes equal in size and shape, meanwhile, D. valens from Central Mexico, are more
similar to D. rhizophagus, displaying an endophallus formed by three lobes resembling a "y" shape in
ventral view, and two prominent distal lateral lobes with the apices ending in a point.

These morphological differences are consistent with the hypothesis that the Central American

populations of D. valens correspond to a different species (Cai et al. 2008; Armendariz-Toledano and
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Zufiiga 2017)), which was previously recognized as D. beckeri by Tatcher (1954) and later
synonymized with D. valens (Wood 1963).

Dendroctonus pseudotsugae and D, parallelocollis present well-defined morphological patterns,
distinct from those of D. frontalis and D. valens groups. The second species displays some shared
attributes with the D frontalis complex, two small lateral rounded lobes attached to the distal end of the
median lobe, agree with the most recently phylogeny, whose topology supports to D. parallelocollis as
sister species of the D. frontalis complex (Ramirez-Reyes et al. 2023).

A possible lock-and-key role between the endophallus and bursa copulatrix has been proposed in
related species with variable endophallus morphology (Sasabe et al. 2010). However, this theory is
debated in genera whose endophallus is highly uniform (Janovska et al. 2013. In our study we observed
variation in the shape of the endophallus within the genus Dendroctonus, indicating that the lock-and-
key condition is possibly being met, however, it remains to be complemented with a study of the shape
and attributes that make up the bursa copulatrix to corroborate whether they complement each other.

In the genus Phloeosinus, the morphological differences among species are less evident and are
focused on the shape of the endophallus lobes, however, the species amount included avoid, taxonomic
and phylogenetic interpretations. Finally, the two Ips spp. display a less complex endophallus
morphological pattern, with only two lateral lobes, which are different between the two species
analyzed. Further analysis is required in other species of Ips to identify the presence of any pattern and
to identify some other type of substance used for inflation with a higher density that avoids the
retraction of the endophallus and maintains its shape for a longer time to facilitate its anatomical study.

Although this work recognizes the attributes of the endophallus and the importance of its study within
the subfamily Scolytinae, it is still necessary to further investigate the possible evolutionary patterns of
this structure for its application in the construction of phylogenetic inferences.
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Tables

Table 1. Locations, geographical coordinates, and host of examined specimens.

Species Country | Locality Latitude Longitude Host Collection
D. adjunctus Mexico Nevado de Colima | 19.568835 -103.6165512 Pinus CNIN
hartwegii
D. approximatus | Mexico Oaxaca, Portillo, | 16.2389472 -95.4774778 Pinus sp. CNIN
Cajones (OPC)
D. barberi Mexico Nuevo Leodn, | 24.7791667 -99.955 P. engelmannii | CNIN
Galeana-Carretera
Linares-Galeana la
oy
D. frontalis Mexico Michoacan, Charo, | 19.6 -100.93 Pinus sp. CNIN
La mesa
D. Honduras | Francisco Morazan | 14.0161111 -86.8955556 Pinus ocarpa CNIN
mesoamericanus " nexico Michoacan, Villa | 19.0833333 -100.942222 Pinus pringlei | CNIN
Madero, Balcones
D. parallelocollis | Honduras | Potrerillos, 14.5869892 -86.1699111 Lindgrentrap | CNIN
Zihuatepeque
(HPZI)
D. pseudotsugae México Arteaga, Coahuila. | 25.4372222 -99.2916667 Pseudotsugae | CNIN
menziessi
D. valens Honduras | Comayagua, Villa | 14.5969444 -86.1405556 Lindgrentrap | CNIN
de San Antonio;
Chaglite Grande
Mexico Ajusco, Parque | 19.2525 -98.7566667 Pinus sp. CNIN
Ejidal San Nicolas
Totolapan.
D. vitei Mexico Nuevo Ledn, | 24.7166667 -98.1 P. teocote CNIN
Iturbide, Los Pinos
del Sur
D. rhizophagus Mexico México, Durango, | 23.763 -105.365 P. CNIN
El Salto, duranguensis
P. deleoni Mexico Oaxaca, San Juan | 17.65 -97.276861 P. flaccida CNIN
Bautista,
Coixtlahuaca
P. baumanni Mexico CDMX, Ciudad | -19.315 -99.181 H. lusitanica CNIN
Universitaria.
P. tacubayae Mexico Iturbide, Ejido la | 24.5422222 -98.175 H. lusitanica CNIN
Purisima
P. serratus Mexico Nuevo Ledn, | 24.49 -100.07 J. deppeana CNIN
Galeana
Mexico Nuevo Ledn, | 24.8596667 -100.360333 J. saltillensis CNIN
Aramberri
Mexico Nuevo Ledn, | 24.8223611 -100.084333 J. coahuilensis | CNIN
Aramberri
I. lecontei Mexico Durango, La | - - Pinus sp. CNIN
victoria, Chavarria
I. calligraphus Mexico Nuevo Leodn, | 24.7791667 -99.955 Pinus sp. CNIN
Galeana, Camino a
la'Y de abajo
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Figure captions

Figure 1. Endophallus inflation process: A, first the forceps are fixed around the base of the basal
orifice with the blunt-tipped syringe in the center B, then the endophallus is inflated C, all the process
is realized in a stereoscopic microscope with a slide and syringe.

Figure 2. Inflated endophallus patterns in Scolytinae. A Dendroctonus in lateral view, B Phloeosinus
in lateral view, and C Ips in dorsal view. Distal lobes (edvlb), lateral lobes (ellb), median lobe (emlb),
Y structure (Y), and proximal lobes (epdib).

Figure 3. Endophallus of D. adjunctus. (A, D) dorsal view, (B, E) lateral view, (C, F) ventral view.
Accessory apparatus (acap), anchor (anch), distal lobes (edvlb), median lobe (emlb), proximal lobes
(epdlb), seminal rod (smrd).

Figure 4. Aedeagus and endophallus of D. approximatus. (A, E) aedeagus in dorsal view; (B, F)
endophallus in dorsal view; (B, F) endophallus in lateral view; (D, H) endophallus in ventral view.
Accessory apparatus (acap), apodemes (apod), basal orifice (bor), distal lobes of endophallus (edvlb),
median lobe (emlb), ostium (ost); spicule (spcl), Y structure (y).

Figure 5. Aedeagus and endophallus of D. barberi. (A, D) aedeagus in dorsal view; (B, E) endophallus
in dorsal view; (C, F) endophallus in ventral view. Accessory apparatus (acap), apodemes (apod), basal
orifice (bor), distal lobes (edvlb), median lobe (emlb), ostium (ost) proximal lobes (epdlb), spicule
(spcl), “Y’structure (y).

Figure 6. Aedeagus and endophallus of D. frontalis. (A, E) aedeagus in dorsal view; (B, F)
endophallus in dorsal view; (B, F) endophallus in lateral view; (D, H) endophallus in ventral view.
Accessory apparatus (acap), apodemes (apod), basal orifice (bor), lateral lobes (ellb), median lobe
(emlb), the ostium (ost), spicule (spcl), “Y” structure (y).

Figure 7. Aedeagus and endophallus of D. mesoamericanus. (A, F) aedeagus in dorsal view; (B, F)

endophallus in dorsal view; (B, D) endophallus in ventral view; (C, E) endophallus in lateral view.
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Accessory apparatus (acap), apodemes (apod), basal orifice (bor), lateral lobes (ellb), median lobe
(emlb), the ostium (ost), seminal rod (smrd).

Figure 8. Endophallus of D. parallelocollis. (A, D) aedeagus in dorsal view; (B, E) endophallus in
lateral view; (C, F) endophallus in ventral view. Accessory apparatus (acap), apodemes (apod), basal
orifice (bor), lateral lobes (ellb), median lobe (emlb), the ostium (ost), seminal rod (smrd).

Figure 9. Aedeagus and endophallus of D. pseudotsugae barragani. (A, C) aedeagus in dorsal view;
(B, D) endophallus in dorsal view. Accessory apparatus (acap), apodemes (apod), basal orifice (bor),
lateral lobe (ellb), median lobe (emlb), ostium (ost), spicule (spcl), “Y’structure (y).

Figure 10. Endophallus of D. rhizophagus. (A, C) dorsal view; (B, D) lateral view.

displaying the median lobe (emlb) and the lateral lobes (lIb). Accessory apparatus (acap), apodemes
(apod), basal orifice (bor), lateral lobes lobes (ellb), median lobe (emlb), ostium (ost), spicule (spcl),
“Y” structure (y).

Figure 11. Aedeagus of D. valens from Mexico. (A, D) dorsal view; (B, E) lateral view; (C, F) ventral
view. Accessory apparatus (acap), apodemes (apod), basal orifice (bor), lateral lobes lobes (ellb),
median lobe (emlb), ostium (ost), spicule (spcl), <Y structure (y).

Figure 12. Endophallus of D. valens from Honduras. (A, D) dorsal view; (B, E) lateral view; (C, F)
ventral view. Accessory apparatus (acap), apodemes (apod), basal orifice (bor), lateral lobes (ellb),
median lobe (emlb), ostium (ost), spicule (spcl), <Y structure (y).

Figure 13. Aedeagus and endophallus of D. vitei. (A, D) dorsal view; (B, E) lateral view; (C, F) ventral
view. Accessory apparatus (acap), apodemes (apod), basal orifice (bor), lateral lobe (ellb), median lobe
(emlb), ostium (ost), spicule (spcl), “Y” structure (y).

Figure 14. The structures that conform to the genital organ of Phloeosinus. (A, B) Aedeagus in dorsal
view; (C) anchor lateral view; (D) seminal rod lateral view; (E) endophallus. Accessory apparatus
(acap), anchor (anch), apodemes (apod), basal orifice (bor), endophallus (enph), lateral folds (Ifd)
ostium (ost), seminal rod (smrd).
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Figure 15. Aedeagus and endophallus of Phloeosinus baumanni. (A, D) Aedeagus in dorsal view; (B,
E) endophallus in lateral view. Accessory apparatus (acap), lateral lobes (ellb), median lobe (emib),
seminal rod (smrd) the “Y” structure (y).

Figure 16. Aedeagus and endophallus of Phloeosinus deleoni. (A, D) Aedeagus in dorsal view, (B, E)
endophallus dorsal view; (C, F) endophallus in lateral view. Accessory apparatus (acap), apodemes
(apod), basal orifice (bor), endophallus (enph), lateral lobes (ellb), lateral plates (Ip), median lobe
(emlb), seminal rod (smrd), spicule (spcl), “Y” structure (y).

Figure 17. Aedeagus and endophallus of Phloeosinus tacubayae. (A) Aedeagus dorsal view; (B, D)
endophallus dorsal view; (C, E) endophallus lateral view. Accessory apparatus (acap), apodemes
(apod), basal orifice (bor), lateral lobes (ellb), endophallus (enph), lateral folds (Ifd), median lobe
(emlb), spicule (spcl), the “Y” structure (y).

Figure 18. Aedeagus and endophallus of Phloeosinus serratus. (A, C, E) Aedeagus dorsal view; (B, D,
F, G) endophallus lateral view; (H, 1) Y structure in dorsal and lateral view, respectively. Images
correspond to specimens from Hesperocyparis lusitanica (A, B), from Juniperus coahuilensis (C, D),
and from J. saltillensis. Accessory apparatus (acap), apodemes (apod), basal orifice (bor), endophallus
(enph), lateral folds (Ifd) spicule (spcl), Y structure (y).

Figure 19. Complete genital organ in dorsal view of Ips. (A) Aedeagus; (B) spicula; (C) tegmen; (E)
seminal trough. Dorsal lobe (dIb), endophallus (enph), ventral lobes (vib).

Figure 20. Aedeagus (A) and endophallus (B) of Ips calligraphus in dorsal view. Apodemes (apod),
dorsal lobe (dlb), lateral lobe (1lb), seminal trough (smt), ventral lobe (vib).

Figure 21. Aedeagus and endophallus of Ips lecontei. (A) Aedeagus dorsal view, (B, C) endophallus
dorsal view; (C, E) endophallus ventral view. Apodemes (apod), dorsal lobe (dlIb), lateral lobes (l1b),

seminal though (smt), spicule (scl), ventral lobe (vib), ventral lobes (vIb).
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