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GENE TO GENUS: SYSTEMATICS AND POPULATION DYNAMICS
IN LAMIINI BEETLES (COLEOPTERA: CERAMBYCIDAE)

WITH FOCUS ON MONOCHAMUS DEJEAN

Abstract

Herbivorous insects make up more than a third of the multicellular species on Earth. The
discovery, description, and organization of this diversity is necessary to enable study of the
mechanisms involved in the dynamic speciation process of phytophages. In this dissertation,
each of these levels is addressed using molecular systematics of the tribe Lamiini and genus
Monochamus, and population genomics with a focus on differentiation in the sky island
inhabiting pine sawyer, Monochamus clamator. With this data, we have evaluated several
variables that could promote herbivore speciation including geography, host-plant diversity, and
climate.

The genus Monochamus Dejean has long been considered to be a combination of species
that do not belong in the same genus, but morphological characters have failed to delineate
natural groups. We are the first to use multi-gene molecular data and coalescent modeling to
estimate the phylogeny of this economically-important genus. Monochamus rev. nov. is a
monophyletic group of Holarctic conifer-feeding species based on this data. The angiosperm
feeding species currently placed in Monochamus are revealed to belong to other genera. We find
that Monochamus is a derived conifer feeding genus that likely originated in southern Asia in the

late Miocene and dispersed over the second Bering Bridge to North America and subsequently
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diversified. Modern multispecies coalescent species delimitation techniques exposed varied
evolutionary histories for current species, that some subspecies are unsupported and others
should be elevated to species status, and helped to discover a new species of Monochamus. The
approach of phasing nuclear sequences to alleles for phylogeny and delimitation revealed that
phylogeny node heights are impacted at multiple taxonomic levels by ambiguity codes in
sequences. This can lead to incorrect divergence times and delimit incorrect numbers of species.

The tribe that Monochamus belongs to, the Lamiini, is diverse and shares morphological
characteristics with other tribes in the Lamiinae subfamily. We use molecular data to build a
“backbone” phylogeny of the Lamiini and related tribes to test for evolutionary independence
and determine if any morphological characters support the result. The data supports the tribes
Batocerini, Gnomini, Monochamini, and Acridocephalini being synonyms of the Lamiini sensu
novo. There are no synapomorphic morphological characters found to support the new tribe, but
a group of characters will place most specimens and therefore allow more efficient
identifications in this economically impactful and widespread group.

At the population level, we address adaptive processes in Monochamus clamator in the
climate-change produced Great Basin sky islands of western North America. With the use of
RNA-Seq to build a genomic and gene expression dataset for multiple habitat islands with
differing host plant composition, the relationship between genetic differentiation and habitat
factors was explored in a geographically explicit framework. Genomic data revealed low genetic
differentiation at the island level and a high importance of immigration between islands across
the Basin. Multi-matrix regression on factors of geography, host-plant diversity, and

environment showed that only the environment has a significant relationship with genetic
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distance in the beetles. Gene expression measures reveal hundreds of differentially expressed
genes between island beetle groups that may be the first sign of adaptation to their habitat.
As a whole, this work contributes novel findings concerning the description,

organization, and origins of diversity in herbivorous insects, a hyperdiverse group of organisms.
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CHAPTER 1

Convergence and major host plant shifts revealed in multilocus phylogeny

of economically-important Monochamus longhorned beetles



Note: supplemental figures can be found in appendix A

Introduction

With plant-feeding insects exceeding 400,000 described species and estimates of double
that number on Earth (Mitter et al. 1991) this is the most species-rich class of interactions
known. Among beetles alone, there are over 135,000 described herbivores (Farrell 1998).
Understanding the plant-insect interface is therefore important if we are to understand the role of
ecological interactions in generating diversity. Determining how host relationships emerge
across the evolutionary tree of a clade can provide insight into the macroevolutionary processes
that have shaped the diversity. Here we present the first geographically and taxonomically broad
phylogeny of sawyer beetles and discuss what factors may have impacted their diversification.

The genus Monochamus Dejean 1821, as currently defined, is a worldwide group of
wood-feeding beetles, often called sawyers, inhabiting temperate and tropical forests. A total of
124 (www.biolib.cz) or 142 (http://titan.gbif.fr) species are placed in the genus, divided into
several subgenera. As a long-standing genus, taxonomic history is somewhat disorganized with
short descriptions leading to species inclusions that seem out of place. The subgenus
Monochamus includes 18 conifer feeding species (the only conifer feeders in Monochamus) as
well as many angiosperm feeders. Some of the most economically important species feed on
conifers in the northern hemisphere. The larvae of sawyers feed extensively in the heartwood of
recently dead trees, fulfilling an ecological role as decomposers, but also effectively decreasing
the wood grade (quality) to pulp. Adults of the genus feed on the bark of young shoots in the
conifer canopy, an apparent requirement for maturation of their cuticular hydrocarbons and

gonads (Cherepanov 1990, Brodie et al. 2012). This life history trait facilitates the transmission



of the nematode Bursaphelenchus xylophilus Nickle, the causal agent of Pine Wilt Disease in
Eurasian pines (Vicente et al. 2012), to living conifers. This adds to annual losses of millions of
dollars in timber value attributed to Monochamus beetles (Allison et al. 2001). Elucidating the
phylogenetic relationships of the conifer feeding Monochamus species is critical for accurate
identification of invaders and exploration of the evolution of plant-insect-parasite relationships.

The systematics of several Eurasian Monochamus species has been recently explored
using mitochondrial markers. For example, Cesari et al. (2005) used a portion of 12S and
complete COI sequences to build a phylogenetic hypothesis for most European species. Toki and
Kubota (2010) produced a 16S and COI phylogeny for species of the tribe Lamiini
(=Monochamini) in Japan, including the conifer feeding and angiosperm feeding members of
Monochamus sensu lato. The North American species have not been investigated with molecular
techniques. In summary, researchers have used three mitochondrial genes, with little overlap in
taxa or DNA sequences among the datasets. Because mitochondrial DNA evolves in a linked
manner across all genes of the mitochondrion (Avise 1991, Moore 1995), there are phylogenetic
data available for only a single locus for Monochamus beetles. We now know that single marker
analyses can be misleading due to incomplete lineage sorting (Degnan and Rosenberg 2009) and
introgression (Linnen and Farrell 2007). Analyses can be prone to terminate at local optima with
the most general history of a genome only revealed through a diversity of gene trees (Edwards
2009). For these reasons, we include multiple nuclear and mitochondrial gene sequences to test
existing phylogenetic hypotheses of the Eurasian species. Moreover, our study of all conifer
feeding Monochamus species worldwide, using both mitochondrial and nuclear markers, will be
the first analysis of North American taxa and the first attempt at a unified treatment of this

important genus of timber-attacking beetles.



The sometimes cryptic nature of speciation, when species retain similar morphology or
converge on a similar form due to similar selection pressures, can impede the taxonomic task of
delimiting species. With recent or rapid diversification, the lack of evolutionary time for new
morphological changes to become fixed can exacerbate this problem. Monochamus delimitation
(Dillon and Dillon 1941, Hellrigl 1971, Linsley and Chemsak 1984, Wallin et al. 2013) has
focused on diagnostic morphological traits such as the shape of elytra and patterns of elytral
pubescence and microsculpture in geographically-delimited subsets of the genus. However,
Monochamus classification has long been conflicting, and the characters that best delimit
species-level taxa remain uncertain. By using many genetic characters, which give the
opportunity for observing fixed differences not present in morphology, this study will test
delimitations for current and proposed species and subspecies of conifer-feeding Monochamus.

We explore the phylogenetic relationships of a subset of Monochamus species including
all known conifer feeding species and inhabited biogeographic regions. A 6882bp, seven marker,
molecular dataset comprising mitochondrial DNA, ribosomal DNA, and nuclear DNA provides a
robust estimate. Bayesian and maximum likelihood phylogenetic estimates (both concatenated
and multispecies coalescent) are interrogated using species delimitation and topology tests. The
impact of phasing nuclear markers, and their phasing groupings, in the context of a species level,
multigene, phylogeny is explored. Results are used to discuss current classification and how

geography and host plants may have shaped the evolution of the sawyers.



Materials and Methods

Species Sampling

Our goal is to produce the most inclusive phylogeny of Monochamus Dejean species and
close relatives to date. Monochamus currently contains 22-28 subgenera according to the Titan
(http://titan.gbif.fr) and BioLib (www.biolib.cz) databases, respectively. The subgenera
Monochamus Dejean and Tibetobia Frivaldsky are present in the Palearctic (Lobl and Smetana
2010, Danilevsky 2018), and all other subgenera are endemic to Africa. Only the subgenus
Monochamus is present in the Nearctic region. Most of these subgenera were described and
categorized as genera by Lawrence and Elizabeth Dillon (Dillon and Dillon 1959a, 1959b,
1959c, 1959d, 1961). Subsequently, various published and unpublished lists of taxa have
adjusted ranks, sometimes converted genera to subgenera, and have made unpublished taxonomy
commonplace. This makes determining the current status of these taxa difficult as even the most
up to date databases conflict. In addition, Monochamus is a well-known name, and its broad
description allows it to continue as a destination for species that cannot be assigned elsewhere.
This paper cannot address many of these issues, but it is important to recognize that the names
presented here may change.

Fresh tissues were obtained for all of the conifer feeding species of Monochamus
(hereafter Monochamus sensu novo) and preserved in 95+% ethanol, at cryogenic temperatures
or dried (Table 1.1). These specimens came from multiple geographic regions, when available.
Several angiosperm feeding species from Africa and Asia were collected from Monochamus
sensu lato. The taxon set represents 20 species in the subgenus Monochamus as well as five other

Monochamus subgenera endemic to Africa. The African genera Oxylamia and Pseudhammus



were included due to morphological similarity and availability. In a broader survey of the tribe
Lamiini (Gorring, unpub.), some genera outside Monochamus were found to be closely allied;
therefore we included the genera Goes LeConte, Microgoes Casey, Hebestola Chevrolat and
Neoptychodes Dillon & Dillon from North America and Pharsalia (Cycos) subgemmata
(Thomson) from Thailand in the analysis. Tetraopes linsleyi Chemsak and Tetraopes
tetrophthalmus (Forster) are outgroups from tribe Tetraopini (see Table 1.1). As there is no
comprehensive resource to identify Monochamus and allies, we used an array of literature
including Linsley and Chemsak (Linsley and Chemsak 1984) for North America, Cherepanov
(Cherepanov 1990) or Wallin et al. (Wallin et al. 2013) for Eurasia and Duffy or Craighead’s
publications for larval identification (Craighead 1923, Duffy 1968). The nomenclatural status of
species followed the most modern publications or updated lists available (Bezark 2017; Titan
database). M. mutator LeConte was recently placed as a synonym of M. maculosus Haldeman
(Bousquet et al. 2017) so most analyses were run with the former name. The sampling was not
exhaustive, but included Monochamus sensu lato from all inhabited continents and assumed

groupings, including all of the species from the conifer-feeding focal group.



DNA Code |Short code Species Host clade |Origin CO0I-1718-3014 | COl-barcode |[WNG EF1 AK CAD 285 TOPO
PSG000100 |>PSG100_carolinensis_FL Monochamus carolinensis (Olivier) Conifer FL, USA X X X X X X X X
PSG000557 |>PSG557_carolinensis_Canada Monochamus carolinensis (Olivier) Conifer New Brunswick, Canada _ |x X X

PSG000782 |>PSG782_carolinensis_MI Monochamus carolinensis (Olivier) Conifer MI, USA X X X X X
PSG000107 |>PSG107_carolinensis_LA Monochamus carolinensis (Olivier) Conifer LA, USA X X X X X X X
PSG000365 |>PSG365_cnevadensis_Craters Monochamus clamator latus Conifer. ID, USA X partial X X X X X
PSG000449 |>PSG449_clamator_Pinal Monochamus c. clamator Conifer AZ, USA X X X X X X
PSG000183 [>PSG183_clamator_Davis Monochamus c. clamator Conifer TX, USA X X X X X X X X
PSG000472 |>PSG472_cclamator_Colcord Monochamus c. clamator Conifer AZ, USA X X X X X X
PSG000612 [>PSG612_c_latus_MT Monochamus clamator latus Conifer MT, USA X X X X X
PSG000386 |>PSG386_clatus_OR Monochamus clamator latus Conifer OR, USA X X X X X X X
PSG000402 |>PSG402_clamator_Mendo Monochamus clamator latus Conifer CA, USA X X X X X X X X
PSG000722 |>PSG722_clatus_ WA Monochamus clamator latus Conifer WA, USA X X X X X X X
PSG000224 [>PSG224_clinsleyi_Panamint Monochamus c. clamator Conifer CA, USA X X X X X X X X
PSG000253 [>PSG253_¢ is_Toiyabe _|Monochamus c. clamator Conifer, NV, USA X X X X X X X
PSG000261 |>PSG261_cnevadensis_Desatoya | Monochamus c. clamator Conifer NV, USA X X X X X X x
PSG000277 |>PSG277 ¢ is_Monitor Monochamus c. clamator Conifer NV, USA X X X X X X X
PSG000288 |>PSG288_cnevadensis_Wpine Monochamus c. clamator Conifer NV, USA X X X X X X
PSG000323 [>PSG323 ¢ is_Schell Monochamus c. clamator Conifer NV, USA X X X X X X
PSG000327 |>PSG327_cnevadensis_Snakebristlg Monochamus c. clamator Conifer NV, USA X X X X X X X X
PSG000211 |>PSG211_cnevadensis_Spring Monochamus c. clamator Conifer NV, USA X X X X X X X
PSG000089 |>PSG89_crubigineus_AZ Monochamus c. clamator Conifer AZ, USA X X X X X X X X
PSG000487 |>PSG487_crubigineus_Mex Monochamus c. clamator Conifer Oaxaca, Mexico X X X X X X X
PSG000696 |>PSG696_clam_MX Monochamus c. clamator Conifer Mexico X X X X X X
PSG000701 [>PSG701_clam_MX Monochamus c. clamator Conifer Mexico X X X X

PSG000541 |>PSG541_marmorator_MI Monochamus marmorator Kirby Conifer MI, USA X X X X X X X
PSG000552 |>PSG552_marmorator_Canada Monochamus marmorator Kirby Conifer New Brunswick, Canada X X X X X X
PSG000073 |>PSG73_mutator_MI Monochamus maculosus LeConte Conifer MI, USA X X X X X X X X
PSG000563 |>PSG563_mutator_Canada Monochamus maculosus LeConte Conifer New Brunswick, Canada X X X X X

PSG000085 |>PSG85_notatus_MA Monochamus notatus (Drury) Conifer, MA, USA X X X X X X X X
PSG000575 |>PSG575_notatus_Saskatch Monochamus notatus (Drury) Conifer Saskatchawan, Canada X X X X X
PSGO00611 |>PSG611_notatus_NewBruns Monochamus notatus (Drury) Conifer, New Brunswick, Canada | X X
PSG000110 [>PSG110_notatus_MI Monochamus notatus (Drury) Conifer MI, USA X X X X X X X X
PSG000396 |>PSG396_oobtusus_OR Monochamus obtusus Casey Conifer OR, USA X X X X X X X
PSG000405 |>PSG405_ofulvomac Monochamus obtusus Casey Conifer CA, USA X X X X X
PSG000723 |>PSG723 oobtusus WA Monochamus obtusus Casey Conifer WA, USA X X X X X
PSG000724 [>PSG724_oobtusus_MT. Monochamus obtusus Casey Conifer MT, USA X X X X X
PSG000079 [>PSG79_sscutellatus_MI Monochamus scutellatus (Say) Conifer MI, USA X X X X X X X x
PSG000313 [>PSG313_: deper (Say) Conifer NV, USA X X X X X X X X
PSG000376 |>PSG376_ Wi scutellatus (Say) Conifer OR, USA X X X X X X x X
PSG000426 |>PSG426_Scutellatus_Graham Monochamus scutellatus (Say) Conifer AZ, USA X X X X X X X X
PSG000569 |>PSG569_ T i scutellatus (Say) Conifer Nova Scotia, Canada X X X X X x
PSG000783 |>PSG783_scutellatus_MT Monochamus scutellatus (Say) Conifer, MT, USA X X X X X
PSG000104 Monochamus titillator (Fabricius) Conifer FL, USA X X X X X X X X
PSGLO003 Monochamus titillator (Fabricius) Conifer KY, USA X x X X x x X X
PSG000106 Monochamus titillator (Fabricius) Conifer LA, USA X X X X X X
PSG000784 |>PSG784 titillator_MI Monochamus titillator (Fabricius) Conifer MI, USA X X X X X
PSG000039 |>PSG39_Hebestola Hebestola pullata (Haldeman) Angiosperm |MA, USA X X X X x X X
PSG000084 |>PSG84_Microgoes Microgoes oculatus (LeConte) Angiosperm |MI, USA X X X X X X
PSG000131 |>PSG131_Neoptychodes Neoptychodes trilineatus (Linnaeus) Angiosperm |AZ, USA X X X X X X X
PSG000620 |>PSG620_Goes_pulv Goes pi ( Angiosperm [KY, USA X X X X X X X
PSG000714 |>PSG714_Goes_tig Goes tigrina (DeGeer) Angiosperm |AR, USA X X X X X X
PSG000753 [>PSG753_Goes_pulcher Goes pulchra (Haldeman) Angiosperm |MI, USA X

PSG000756 |>PSG756_Goes_debilis Goes debilis LeConte Angiosperm |MI, USA X X

B065 >B065_adamitus_afr M. (Quasiochamus) adamitus Thomson iosperm |Sofala Prov., X X X X X X X
PSG000543 [>PSG543_Anthores_Africa M. (Anthores) leuconotus Pascoe Angiosperm |Zimbabwe X X X X X X X
PSG000606 |>PSG606_homoeus_afr M. (Meliochamus) homoeus Jordan Angiosperm |Centre Reg., Cameroon | X X X X X X
PSG000607 |>PSG607_xfulvum_afr M. (Laertochamus) x-fulvum Bates Angiosperm [Centre Reg., Cameroon | X X X X X X
PSG000608 | >PSG608_Pseudhammus_afr (Pseudhammus) myrmidonum Kolbe |Angiosperm [Centre Reg., Cameroon _|x X X X X X X
PSG000609 |>PSG609_Oxylamia_afr Oxylamia (Oxylamia) fulvaster (Jordan) Angiosperm [Centre Reg., Cameroon __|x X X X X X
PSG000718 |>PSG718_M_M_olivaceus Monochamus (M.) olivaceus Breuning Angiosperm | D.R. Congo X X

PSG000523 |>PSG523 spectabilis_Afr M. (Opepharus) spectabilis (Perroud) Angiosperm |Sofala Prov., Mozambique |x X X X X X X X
PSG000591 [>PSG591 _alternatus_SK Monochamus alternatus endai Makihara Conifer South Korea X X X X X X X
PSG000630 |>PSG630_alternatus Monochamus alternatus endai Makihara Conifer Japan from PSG821 |[x X X X X X
PSG000821 Monochamus alternatus endai Makihara Conifer Japan x

PSG000682 |>PSG682_alternatus_CH Monochamus a. alternatus Hope Conifer China X X X X X X x
PSG000649 |>PSG649_gallo_FR Monochamus galloprovincialis (Olivier) Conifer, France X X X X X X X
PSG000666 |>PSG666_gallo_RU Monochamus galloprovincialis (Olivier) Conifer’ Russia X X X X X X X
PSG000671 |>PSG671_gallo_IT Monochamus galloprovincialis (Olivier) Conifer, italy X X X X X X
PSG000694 |>PSG694_gallo_TK Monochamus galloprovincialis (Olivier) Conifer’ Turkey X X X X X X X X
PSG000700 |>PSG700_gallo_UK Monochamus galloprovincialis (Olivier) Conifer, Ukraine X X X X X X X X
PSG000622 |>PSG622_grandis Monochamus grandis Waterhouse Conifer’ Japan X X X X X X X X
PSG000588 |>PSG588_guttulatus_SK Monochamus guttulatus Gressitt Angiosperm |South Korea X X X X X X X
PSG000624 |>PSG624_nitens Monochamus nitens (Bates) Conifer Japan X X X X X X X X
PSG000626 |>PSG626_nitens Monochamus nitens (Bates) Conifer, Japan X X X X X
PSG000496 |>PSG496_saltuarius_Czech Monochamus saltuarius (Gebler) Conifer Czech X X X X X X X X
PSG000586 |>PSG586_saltuarius_SK Monochamus saltuarius (Gebler) Conifer South Korea X X X X X X X
PSG000631 [>PSG631_sp Monochamus sp. Conifer Japan X X X X X X X
PSG000583 |>PSG583_urussovi_Poland M. sartor urussovii_(Fisher von Waldheim) Conifer Poland X X X X X
PSG000651 |>PSG651 sartor_RU M. sartor urussovii_(Fisher von Waldheim) Conifer Russia X X X X X X X X
PSG000684 |>PSG684_sartor_Hung Monochamus s. sartor (Fabricius) Conifer, Hungary X X X X X X X X
PSG000687 |>PSG687_sartor_RU M. sartor urussovii_(Fisher von Waldheim) Conifer Russia X X X X X X X X
PSG000690 |>PSG690_sartor_TK Monochamus s. sartor (Fabricius) Conifer, Turkey X X X X X X X
PSG000691 |>PSG691_sartor_IT Monochamus s. sartor (Fabricius) Conifer Italy X X X X X X X X
PSG000592 |>PSG592_subfaciatus_SK Monochamus subfasciatus (Bates) Angiosperm |South Korea X X X X X X X X
PSG000494 [>PSG494_sutor_Czech Monochamus sutor (Linnaeus) Conifer. Czech X X X X X X X X
PSG000656 |>PSG656_sutor_IT Monochamus sutor (Linnaeus) Conifer, Italy X X X X X X X
PSG000790 [>PSG790_impluviatus_MON Monochamus i. impluviatus (Motschulsky) Conifer Mongolia X X X

PSG000599 |>PSG599_Pharsalia_TH Pharsalia (Cycos) (Thomson) Angiosperm |Phrae Prov., Thailand X X X X X X X X
PSG000504 |>PSG504_Tlinsleyi AZ Tetraopes linsleyi Chemsak Angiosperm |AZ, USA X X X X X X
DDMO0397 _ |>Tetraopes_tetrophthalmus Tetraopes (Forster) Angiosperm |MD, USA AF267478 AF267478 |KP813603 [KP677866 |KP812442 |KP813042 |KP419667
Gene 0.97 0.79 0.99 0.67 0.86 0.90 0.69| 0.87

Table 1.1. Sampled taxa and feeding habits. Short codes correspond to tree tips, when shaded they were removed in
the StarBEAST? analysis. In gene matrix: an 'x' means a successful sequencing, GenBank numbers indicate
sequences that were downloaded. The bottom row indicates the completeness of the individual gene matrix.



DNA extraction, amplification, and sequencing

We used the DNeasy column extraction kit (Qiagen) to extract DNA from ethanol
preserved, dried and frozen samples. Whole leg or thorax muscle was taken from adult beetles ,
vacuum centrifuged to remove ethanol, and ground with a pestle before an overnight lysis
incubation in a shaker at 56C. DNA was eluted into 200 or 300ul of Qiagen buffer AE. The
columns of dried samples were eluted once with 200ul and then again with 150ul pulled from the
first elution to optimize yield and DNA concentration. DNA extracts acquired through an
agreement with the United States Animal and Plant Health Inspection Service (APHIS) were
extracted using the methods in Wu et al. (Wu et al. 2017)

High agreement at all nodes of the phylogeny and consensus among gene trees were the
main goals of the project. Seven partial genes of varied evolutionary rate were sequenced for this
analysis: ~1468bp cytochrome oxidase subunit I mitochondrial DNA (COI), ~1327bp 28S
ribosomal DNA (288S), ~438bp wingless (wg), ~1153bp Elongation Factor 1 alpha (EFla),
~742bp arginine kinase (ArgK), ~742bp topoisomerase I (Topo) and ~943bp rudimentary
(CAD), totaling ~6882bp of aligned sequence data. Gene matrix completion percentages can be
seen in Table 1.1. Due to differences in mutation rates, these genes contribute to phylogenetic
support at nodes from species to genus level and above (Wild and Maddison 2008). PCR
amplification of these genes was carried out using the primers in Table 1.2 according to
established beetle protocols and optimized if needed (Maddison 2012, Mckenna et al. 2015).
PCR success was confirmed using gel electrophoresis. PCR products were cleaned using EXO-
SAP cleaning (COI, wg, CAD) or gel extraction (28S, EFla, ArgK, Topo) using the Qiagen
QIAquick column extraction kit. The sequencing reaction was performed using Applied

Biosystems BigDye terminator v. 3.1 and followed by ethanol precipitation. One specimen’s



1718-3014 COI sequence (PSG630) was lengthened using the COI barcode from a different
specimen from the same collecting event (PSG821). Some COI barcodes were sequenced at the
USDA OTIS lab (Buzzard’s Bay, MA) as a part of their woodborer intercept project and were

combined with new sequencing of the 1718-3014 segment (see Table 1.1).

Gene Primer Direction Sequence Reference

285 ZX1 F ACCCGCTGAATTTAAGCATAT Van der Auwera et al. 1994
rd5b R CCACAGCGCCAGTTCTGCTTAC Whiting 2002

COl  LCO1490 F GGTCAACAAATCATAAAGATATTGG Hebert et al. 2003
C1-J-1718 F GGAGGATTTGGAAATTGATTAGTTCC Simon et al. 1994
HCO2198 R TAAACTTCAGGGTGACCAAAAATCA Hebert et al. 2003
C1-J-2183 F CAACATTTATTTTGATTTTTTGG Simon et al. 1994
TL2-N-3014 R TCCAATGCACTAATCTGCCATATTA Simon et al. 1994

CAD CD338F F ATGAARTAYGGYAATCGTGGHCAYAA Moulton & Wiegmann 2004
CD668R R ACGACTTCATAYTCNACYTCYTTCCA Wild & Maddison 2008
CD688R R TGTATACCTAGAGGATCDACRTTYTCCATRTTRCA Wild & Maddison 2008

WG  wg550F F ATGCGTCAGGARTGYAARTGYCAYGGYATGTC Wild & Maddison 2008
wg578F F TGCACNGTGAARACYTGCTGGATG Ward & Downie 2005
wgAbrZ R CACTTNACYTCRCARCACCARTG Wild & Maddison 2008
wgAbr R ACYTCGCAGCACCARTGGAA Ward & Downie 2005

AK ForB2 F GAYTCCGGWATYGGWATCTAYGCTCC Danforth, Lin, Fang 2005
RevB1 R TCNGTRAGRCCCATWCGTCTC Danforth, Lin, Fang 2005
ForB4 F GAYCCCATCATCGARGACTACC Jordal 2007

TOPO TP643F F GACGATTGGAARTCNAARGARATG Wild & Maddison 2008
TP932R R GGWCCDGCATCDATDGCCCA Wild & Maddison 2008
TP675F F GAGGACCAAGCNGAYACNGTDGGTTGTTG Wild & Maddison 2008

EFla Forldeg F GYATCGACAARCGTACSATYG Danforth & Ji 1998
CholOmodl R ACRGCVACKGTYTGHCKCATGTC Danforth & Ji 1998
Chol0r1 R AGCATCDCCAGAYTTGATRGC Mckenna & Farrell 2009

Table 1.2. PCR and Sanger sequencing primers for this study

Sequencing was carried out in the Harvard University Bauer Core on the Applied
Biosystems 3730x1 Genetic Analyzer machine. Resulting chromatograms were loaded into
Sequencher software v. 5.1 (Gene Codes Corp.) to manually edit, pair and export the resulting

consensus gene sequences. For the MrBayes dataset, heterozygous sites in nuclear genes are



coded with IUPAC ambiguity codes; in coalescent datasets, heterozygotes are phased in several

ways (see following).

Sequence phasing

The allele is the smallest unit being acted upon by evolution, and the multispecies
coalescent model is built on single allele analysis (Degnan and Rosenberg 2009, Andermann et
al. 2018). Therefore, when exploring the coalescence of alleles in phylogeny, it should be
important to separate the alleles of multiallelic species. Two phased datasets were constructed to
test the effects of different levels of phasing and to compare with an unphased dataset. The most
conservative way to do this is to phase within interbreeding species, not across species that do
not share alleles. It is also optimal to use a representative population sample of the species
concerned. Therefore, for dataset SpeciesPhased, we phased any nuclear gene, after Gblocks if
used, for species with three or more individuals. To do this, we separated each species into multi-
individual .fasta files for each gene. This file was input in the SegPHASE webtool (Flot 2010) for
conversion to a PHASE input file and a constant sites file. The input file was run at the UNIX
command line in PHASE v2.1.1. (Stephens et al. 2001). The .out output file from PHASE is used
in conjunction with the constant sites file, created earlier, in step two of the web tool to create a
final phased allele fasta file. This locus file is now ready for BEAST?2 input in Starbeast2 or
STACEY for species tree estimation under the multispecies coalescent. For dataset
GenusPhased, an approach of phasing all Monochamus sensu novo individuals in the MP taxa
set was done for comparison. The data preparation followed the same methodology as
SpeciesPhased, except all species were input and phased simultaneously. The third dataset,

UnPhased, was unphased and heterozygous alleles were collapsed using [UPAC ambiguity

10



codes. Each analysis was run on only the five single-copy nuclear genes due to the focus on
differences arising from phasing strategy.

To test the impact of these three phasing strategies each dataset was input to the BEAST2
v.2.4.8 (Bouckaert et al. 2014) package STACEY v. 1.2.4 (Jones 2017). STACEY is ideal for
this test because each allele can be assigned as its own taxon to allow freedom of tip movement.
This avoids the violation of the multispecies coalescent model that often comes from samples
being assigned to taxa not representing their true coalescent group in * BEAST (Andermann et al.
2018). STACEY was run as outlined in Andermann et al. 2018 except running 500 million
generations, sampling trees and logging every 20,000, and setting collapse height to 1.0E-5. The
resulting species trees were compared in topology, node height, and mean number of delimited
species. Runs that involved single nuclear gene input (BEAST2, BPP) used the SpeciesPhased
phasing strategy based on published phasing simulation results (Andermann et al. 2018) and this

paper’s phase testing results.

2.4 Data alignment and partitioning

There were several processing and quality checks performed on the gene data. Within
Sequencher, chromatograms were assembled into contigs, and the primer regions were trimmed.
Bases of low quality or that conflicted between forward and reverse reads were manually edited.
After export from Sequencher, each gene was aligned using MAFFT v. 7 (Katoh and Standley
2013). Gene matrices were then constructed by importing the aligned sequence .fasta files into
the Mesquite software package v. 3.2 (Maddison and Maddison 2017). Within the Mesquite
editor, sequences were realigned by eye if needed, trimmed, and translated to amino acids to

check for problematic stop codons. Any stop codons were checked against the raw
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chromatogram to confirm the nucleotides. Gblocks (Castresana 2000, Talavera et al. 2007) with
less stringent options was used for genes 28S, AK and EF to increase the signal to noise ratio of
the data and allow for easier viewing of alignments. The outgroups in the alignments introduced
most of the problematic portions. The resulting gene matrices were combined into one multi-
matrix .nexus file in Mesquite that gives various export options for downstream analysis. For
single marker input, each gene was analyzed with Jmodeltest v. 2.1.4 (Posada 2008) to determine
the best fitting model of sequence evolution.

For MrBayes and RAxML, the concatenated dataset of 6882 sites was analyzed in
Partitionfinder v2.1.1 (Lanfear et al. 2016) using unlinked branch lengths, the greedy search
algorithm, and AICc as the selection metric. With a potential statistical problem stemming from
gamma + [ models (Yang 2014), the potential model set in Partitionfinder was reduced to those
not combining these two parameters (Kim et al. 2018). Genes with an intron were separated into
two coding pieces and the intron for input. The preferred scheme partitioned the data into four
subsets: 1) COI 2ndpos, 28S, EFla_2ndpos, AKb_l1stpos, EFla_1stpos, CAD 2ndpos,

CAD _Istpos, TOPO 1stpos, wg_1stpos, AKb 2ndpos, TOPO 2ndpos, wg_2ndpos 2)

TOPO 3rdpos, wg_3rdpos, EFla_3rdpos, AKa 3rdpos, AKb 3rdpos 3) COI 3rdpos 4)

CAD 3rdpos, COI 1stpos, AK intron, EF intron, AKa 2ndpos, AKa 1stpos. The best models
were: 1) TVM+I 2) K81UF+G 3) GTR+G 4) GTR+I. In MrBayes, since not all models are
supported, the first two models are best represented by the parameterization for GTR+I and
GTR+G, respectively. A 4087bp nuclear gene only dataset was also partitioned. This resulted in
two partitions: 1) AK coding 2ndpos, AK coding_Istpos, EFla 2ndpos, TOPO_ 3rdpos,

AK intron, CAD_2ndpos, EFla 1stpos, AK coding 3rdpos, TOPO 2ndpos, EFla b 3rdpos,

TOPO _1stpos, CAD 1stpos, EFla b 2ndpos, wg_2ndpos, wg_3rdpos, wg_Istpos 2)
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CAD 3rdpos, EF _intron, EFla 3rdpos, EFla b _1stpos. The best-fitting models were TIM+G

and TRN+I, respectively. These are coded as GTR+G and GTR+I in MrBayes.

Phylogenetic analyses

This phylogeny will include recent and more ancient divergence, and tree building
methods may respond differently to this problem. In order to compare phylogeny estimates, and
to be thorough, trees were built using Bayesian methods in both a coalescent and forward time
phylogenetic analyses as well as Maximum Likelihood. Data were analyzed using a concatenated
supermatrix approach and a Bayesian multispecies coalescent (MSC) multigene species tree
approach.

The concatenated MP dataset was analyzed using MrBayes v3.2.6 (Ronquist et al. 2012)
using three independent instances of two runs with four MCMC chains each (one cold). The
dataset uses the same preparation as the UnPhased data. The sequence was partitioned according
to the best model determined by Partitionfinder. Each was run for 20 million generations, for a
total of 120 million, with sampling every 10000 generations. Stationarity and convergence were
evaluated by deviation of split frequencies < .01, potential scale reduction factor values ~ 1.00,
and effective sample size (ESS) >200 as measured in Tracer v. 1.6
(http://beast.community/tracer). The tree files were combined using memep in MrBayes with a
burnin of 25% to produce a consensus tree. All trees were viewed and manipulated in FigTree v.
1.4 (https://github.com/rambaut/figtree). The same method was used to estimate a concatenated
five marker nuclear protein-coding tree with a run of 100 million total generations sampling

every 1000.
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Maximum likelihood analyses ran in RAxML v. 8.2.11 (Stamatakis 2014) on the Harvard
Odyssey computing cluster. The supermatrix dataset ran using the optimal partitioning scheme
from PartitionFinder and the GTRGAMMA nucleotide model. The threaded version of RAxML
was used to run rapid bootstraps and 1000 independent starting trees.

Independent matrices of each of the seven genes were loaded into the BEAST2 v2.4.8
StarBEAST2 v. 0.14.0 (Ogilvie et al. 2017) template in BEAUti for species tree estimation under
the MSC. See Table 1.1 for an outline of the reduced taxon set. Each gene was treated as an
independent partition and site, and clock models were assigned to each. A total of four
independent chains of 200 million samples were run, recording every 5000. After verifying
convergence in Tracer, LogCombiner v. 2.4.8 was used to combine the runs, and a maximum
clade credibility tree was produced using Treeannotator v. 2.4.8 with the posterior probability
limit=.5 and median node heights.

To determine the contribution of individual markers to the phylogenetic estimate seven
additional six gene StarBEAST?2 runs were done, each with one of the genes removed.
Preservation of topology across these trees indicates that support for nodes is coming from
multiple markers. Changes in topology indicate that excessive signal may be coming from a

single marker.

Topology testing

When support values are low on a phylogenetic tree, placement of clades can be
misleading and should be confirmed statistically before drawing conclusions. To this end we
used the Swofford—Olsen—Waddell-Hillis (sowh) test implemented in SOWHAT v. 0.36 (Church

et al. 2015). This test compares the log likelihood difference of two topologies to a null
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distribution of likelihood differences produced through simulation of data under the same
evolutionary parameters. To prepare competing topologies we manually created constraint trees
where one node is constrained to test clade placement. The taxa included for these tests are the
conifer feeding Monochamus individuals, Goes, Hebestola, and Pharsalia as an outgroup. Each
SOWHAT analysis was run 100 repetitions, with the GTRGAMMA model and optimal
partitioning scheme in RAxML, on 12-20 Intel cores on Harvard University’s Odyssey cluster.
For this study, topology tests were performed with a constraint on the grouping for
Monochamus clamator latus in a nuclear gene RAxML tree and a constraint of the Goes +
Hebestola clade as sister to North American Monochamus using all seven genes. The M. c. latus
test was restricted to nuclear data to eliminate the impact of COI since the subspecies is
monophyletic in the 7-gene RAxML tree (Fig. Al). The unconstrained nuclear RAxML phylogeny
in SOWHAT shows M. c. latus specimens are mixing with other subspecies of M. clamator. The
input constraint tree for SOWHAT constrains M. c. latus to be monophyletic. The second run
constrained Goes and Hebestola in a clade with the North American Monochamus species. This
topology showed up in several missing gene tests (Table 1.3) and was highly supported in an
analysis of the tribe Lamiini (Gorring, unpub.). A constraint of Monochamus conifer feeders as
monophyletic was also planned, but the RAxML analysis found this clade monophyletic with no

constraint.

Species delimitation
When delimiting species, a necessary aside is the investigator’s definition of what
constitutes a species. The unified species concept agrees in targeting independent divergence of

metapopulation lineages (De Queiroz 2007), but differences remain in what criterion of
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divergence is critical for the separation of species. A species is a lineage that has a strong pre- or
post-zygotic barrier to reproduction with another lineage. While the biological species concept
(Mayr 1942) forms an ideal endpoint for sexual organisms, it may be too conservative during the
period when semi-independent populations are undergoing lineage-sorting and fixing characters.
Mallet (1995) proposed that the biological species concept does not allow for the gradual
restriction in gene flow necessary to separate a well-mixed population. This is a valid argument
and points out a limitation in its practical functionality if taken to the extreme of zero flow
allowed in sympatry (Futuyma and Mayer 1980). We use influence from the BSC, and its
criticism (Coyne and Orr 2004), pragmatically for delimitation by not requiring that any single
characteristic be shared among all individuals of a set of populations in order to diagnose them as
constituting a species but rather that an integrative case be made for genetic independence.
Evidence can come from sequences, morphology, ecology or other genetically influenced traits.
This means showing over a number of independent markers that gene flow is low between the
proposed species. Higher levels of flow, or low divergence, may warrant the designation of
subspecific status with corroborating evidence. The subspecies taxonomic unit should always
predict the distribution of characters other than those used to delimit it (Cohn 1965), and not just
describe some found variation. That is where the unit’s usefulness will be derived. Special
arguments can be made for traits of particular importance such as cuticular hydrocarbon
incompatibilities or polyploidy that can even impose isolation on sympatric populations. It is
important to remember that proposed species are informed hypotheses that are, like the
speciation process, not static.

Species boundaries can be difficult to delimit in rapidly evolving, geographically

widespread complexes of morphologically very similar taxa, as is demonstrated in long synonym
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lists for many herbivore species. Through the taxonomic history of the genus Monochamus,
many species have been proposed and many synonymies have been made. Several populations
are also described as putative subspecies. With a sampling of all conifer feeding species and
many populations, a goal is to delimit these species in particular as a basis for subsequent
revisionary and ecological work. Coalescent models are ideal for tree building and delimitation
because they incorporate the phylogenetic uncertainty of gene trees, address incomplete lineage
sorting, and cope with gene tree-species tree discordance (Degnan and Rosenberg 2009). The
multi-gene coalescent species delimitation approaches Bayesian Phylogenetics and
Phylogeography (BPP)(Yang 2015) and BEAST?2 package STACEY were employed to evaluate
the conifer feeding Monochamus species.

A codified approach to delimit taxa is to compare the probability of trees with closely
related taxa treated as split versus lumped. BPP makes this method efficient by using an iterative
jMCMC process that collapses nodes on the species tree and evaluates the differences in
posterior probability between a split or lumped group of taxa (Yang and Rannala 2010). The A01
method uses a user set species tree to run this process on and A11 both determines a best MSC
species tree and delimits species according to the taxa given. Phased alleles are assigned by the
user to an individual taxon but remain attached to the individual and are accounted for in the
model. BPP was run for the Eurasian species and North American species to reduce run time.
The taxa chosen were those from the data matrices for StarBEAST2, including phased nuclear
genes. Separate runs were done for the combined five nuclear genes and COI+28S. This is
necessary because phasing is a variable that is assigned to the entire dataset of a BPP run; it also

allows a comparison of these datasets.
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STACEY is a second delimitation method that is a part of BEAST2. It allows the run of a
StarBEAST?2 analysis on alleles and improves efficiency by integrating out population size
parameters. The STACEY run setup is described in the phasing methods section. After a run was
complete, custom python scripts (T. Andermann unpub.) were used to rescale the STACEY
species trees to the average clock rate for each MCMC step. The rescaled distribution of node
heights at individual nodes of various taxonomic levels were output for comparison. The
SpeciesDelimitationAnalyser package in BEAST2 (Jones et al. 2015) was run to summarize
posterior frequencies of clusterings and R scripts provided by the same paper were adapted to
graphically display the delimitation results of the rescaled tree file in a pairwise similarity matrix

heatmap (simmatrix) indicating probability of belonging to the same cluster.

Results

Phylogeny of conifer-feeding Monochamus and relatives

The Bayesian phylogenies produced using gene concatenation (MrBayes, Fig. 1.1) and
the multispecies coalescent species tree method (StarBeast2, Fig. 1.2) agree in higher level nodes
but have some species relationship discrepancies. Both trees show the genus Pharsalia
(subgenus Cycos) Pascoe as the sister genus to a combination of all conifer feeding Monochamus
(Monochamus sensu novo) and the clade including the angiosperm feeding genera Goes LeConte
and Hebestola Haldeman (1.0 BPP). The Goes clade, including North American genera
Goes+Hebstola, was found sister to Monochamus sensu novo in the concatenated tree (PP=1.0)
and StarBeast2 (PP >.9) analyses but is placed in a clade with North American Monochamus spp.
in all STACEY analyses (PP=1). Outside Pharsalia (Cycos) sits a clade including Asian

angiosperm feeding Monochamus sensu lato and the North American genus Microgoes Casey.
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Monochamus and related genera from Africa are even further from the conifer feeding
Monochamus clade. These groupings are consistent in both phylogenies and conflict with current
classification.

Within Monochamus sensu novo, some species relationships differed between the
concatenated and coalescent trees. There are two well-supported clades, one including all North
American species and one including all Eurasian conifer feeding species. M. carolinensis and M.
titillator are sister species in the Bayesian concatenated tree (Fig. 1.1) while M. carolinensis and
M. maculosus are sisters in the coalescent (Fig. 1.2). In the North American species, M. notatus,
M. marmorator, M. scutellatus, and M. obtusus are closely related but differ in topology between
the two trees. Eurasian species M. galloprovincialis, M. sutor, M. grandis, M. nitens, and M.
sartor show different sister relationships and higher level branching patterns between

concatenated and coalescent analyses.
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Figure 1.1 (not to scale) Bayesian supermatrix cladogram estimated using MrBayes. Asterix’s indicate angiosperm
feeding species currently in Monochamus. Blue branches- Nearctic, red branches-Eurasian, green-African. Branch
labels are posterior probabilities

20



Juosa1d 910J9q SIBOA UOI[[IW UI 9[BOS JYSIOY U0 S[BAIOIUI 9OUIPIFUOD 9, Gh
Suneorpur s1eq M SHYFIAY SPOU I8 S[OQR] IPOU {dd I8 S[9qQR[ Youelq ‘SIONIEUW UAJS [[B UO PIseq 931 s310ads paseydsaroads z1SvAgIeIS pared “7°T 9In3ig
[ - €- - G- 9- L- 8- 6- 0t~ bb- 2L-
I I I I I I I I I I I I AN

snjwepe

snjeloeqns

snje|nynb _ SL Ol /0

$9060I01 e | -

8LLL

el[esieyd

snsniqo |_
16°Q

snjejou

snye||a1nos = H

JojelowIBW 0 2T 660

lojewe|o

L2
snje|"we|o Fooye L

l0}e 1

snsojnoeuw eLh 560
T 28 L i
sisuauljoseo 889 -
i.T
b
eVl 66"

jAossnin

loyes

0 €ES |,
suaiu £0

sipuesb 2k 86°0

joins 1K)

sijelouinoldojeb SV 660 €8'€ (2570

dvr Aou—ds
sniuenyes 202 i
- L 8€'V 1
snjeian|dwi se't [ so
|fepugsnjeulale
=
snjeusoje -

B|01SBQOH _

S9|S 3

6v'c | 3

$805)

21



The StarBEAST?2 runs of phylogenies with missing genes gave largely congruent
topology (Figs. A2-A8). Support values for some groupings of most general interest are included
in Table 1.3. The phylogenies are divided into those that support the Goes Clade as sister to all
Monochamus sensu nov. or as sister to North American Monochamus species. There was a large
effect of removing COI, with many relationship changes (Fig. A8). For other missing gene
analyses, within Monochamus sensu nov. they tend to agree with the StarBEAST?2 full data
analysis (Fig. 1.2). Without wg, there is a shift to having M. saltuarius + sp. nov. sister species.

Without 28S M. alternatus moves from being sister to all Eurasian species.

Clade Concat. MrBayes StarBEAST2 RAxML col no28S noAK noEF noCOl noCAD nowg no TOPO
Mono NA+EUR 0.57 0.7 50 x X X X X 0.75 0.95 0.82
Goes + Mono 1 1 100 1 1 1 1 1 1 1 1
Goes + NAMono X X X 0.94 0.47 0.45 0.53 0.67 x X X

Microgoes + Angio Mono 1 0.7 100 1 0.73 0.74 0.73 1 0.55 0.7 x

Table 1.3. Branch support values (in posterior probability except for bootstrap values in RAxML analysis) for higher
level groupings over multiple analyses, ‘x’ indicates the branch was not present in a given analysis.

The coalescent species tree was dated using a strict clock enlisting the mitochondrial rate
of evolution in Tetraopes cerambycid beetles (1.5%/my). The split between Monochamus conifer
feeders in North America and Eurasia was 5.34 million years ago. The divergence of the

Monochamus sensu novo clade from the Goes/Hebestola clade is estimated at 5.65 mya.
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Species delimitation

The phylogenies and the delimitation methods support the existence of the modern
species of Monochamus sensu nov. but highlight issues with current subspecies assignments and
species circumscriptions (Linsley and Chemsak 1984, Wallin et al. 2013, Plewa et al. 2018).
North American species M. carolinensis and M. titillator were found to be well separated using
mitochondrial data (Fig. 1.3) and either sister taxa in the concatenated analysis (PP=1) (Fig. 1.1)
or separated by M. maculosus in coalescent analyses (Fig. 1.2). In the multigene trees, each of
these three species is monophyletic and well supported (PP=1). Possible paraphyly of M.
carolinensis and M. maculosus is evident only in the mitochondrial tree (Fig. 1.3). M. scutellatus
and M. obtusus are together monophyletic but mixed in the Bayesian nuclear analysis (Fig. 1.4,
pp=.54) and the Bayesian supermatrix tree (Fig. 1.1, pp=1). In Eurasia, M. saltuarius and M.
impluviatus are some of the most recently diverged at ~1.37 million years (Fig. 1.2). The
Bayesian concatenated tree (PP=.71) and Bayesian nuclear tree (Fig. 1.4, pp=1), as well as the
species tree (Fig. 1.2, pp=.5) favor M. impluviatus as the sister species to M. saltuarius.
STACEY delimitation shows M. impluviatus at a more derived position (Fig. 1.8) rendering M.
saltuarius paraphyletic. A new species from Japan sits sister to M. saltuarius + M. impluviatus in
the concatenated (pp=1), StarBEAST2 (pp=1), BPP (node integrity 1.0 for nuclear & MitoRibo)
and STACEY analyses (Figs. 1.1,1.2,1.6,1.7-1.9).

In North America, there are currently subspecies for M. clamator, M. scutellatus, and M.
obtusus. We sampled all of these subspecies. M. clamator shows mixing of the subspecies M. c.
clamator, M. c. rubigineus, M. c. nevadensis and M. c. linsleyi. M. c. rubigineus from Oaxaca,
Mexico does show evidence of possible separation, while other samples from this subspecies

from further north are interspersed with the other subspecies. The only subspecific entity found
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reciprocally monophyletic is M. c. latus (Concat PP=1, COI PP=1, BPP MitoRibo node
integrity=1, BPP nuclear=.24). The dated tree (Fig. 1.2) places this split at ~690,000 years ago.
M. obtusus obtusus and M. o. fulvomaculatus are found paraphyletic in all specimen level
combined analyses (Figs 1.1, A1) and the mitochondrial tree (Fig. 1.3). The sister of M. o.
fulvomaculatus in all trees is the geographically closest specimen of M. o. obtusus from Oregon.
Putative M. scutellatus oregonensis from the west coast separated from M. scutellatus samples to
the east (and M. obtusus) in the concatenated tree (Fig. 1.1; PP=1). Support for M. s. oregonensis
as sister to other M. scutellatus from the COI gene tree is pp=.88 (Fig. 1.3), but the single
specimen from Nova Scotia is sister to M. marmorator. Monochamus notatus was split into
eastern and western subspecies in the past (Hopping 1945). Saskatchewan, Canada and eastern
North American samples have separation support with pp=1 in the nuclear tree (Fig. 1.4) and
MLB=100 (Fig. Al). The Bayesian supermatrix tree has a partial polytomy in the M. notatus
grouping involving the Saskatchewan specimen (Fig. 1.1), and the COI gene tree has the
specimen falling outside a clade including M. notatus and most other NA species (Fig. 1.3). The
BPP MitoRibo analysis gave node integrity of .98 for the subspecific split (nuclear=.46)(Fig.
1.5). The STACEY SpeciesPhased topology of the M. notatus clade showed the alleles of the
Saskatchewan specimen confidently (pp=1) mixed with those of Massachusetts and sister to
alleles from Michigan (Fig. 1.8).

Eurasia contains many described Monochamus subspecies (Danilevsky 2018). The
sampling of the current study can evaluate those of M. sartor, M. saltuarius, and M. alternatus.
Samples of M. saltuarius from the Czech Republic and South Korea form a monophyletic group
sister to M. impluviatus supported by all analyses (concat. PP=.71, BPP nuclear node

integrity=.83, BPP MitoRibo=.99). Mitochondrial and nuclear genes support the separation of M.
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s. urussovii from Poland/Russia and M. s. sartor from Italy/Turkey/Hungary (Figs. 1.3, 1.4). The
concatenated tree (Fig. 1.1) separates them with PP=1, all phasing strategies in the STACEY
nuclear analysis find the subspecies alleles to be monophyletic at PP=1, both BPP trees have a
node integrity score of 1.0, and the dated species tree indicates their diverging ~440,000 years
ago. M. alternatus samples diverge along the boundaries of the current subspecies, with M. a.
alternatus from China sister to the group of M. a. endai from Japan and South Korea (concat.
pp=1, ML=100, COI pp=1)(Figs 1.1,1.3,1.4). The species phased STACEY result (Fig. 1.8)
shows both M. a. alternatus alleles monophyletic while in the genus phased analysis (Fig. 1.9) an

allele from Japan groups with those from China.
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Nuclear allele phasing

Diploid heterozygote phasing strategies, as tested using STACEY, can produce
conflicting results in topology, number of delimited species, and node height. We observed
several topological discrepancies, but the species and higher level patterns were relatively stable.
M. carolinensis and M. titillator are sister species in UnPhased and SpeciesPhased but M.
maculosus renders them paraphyletic in GenusPhased results (Figs. 1.7-1.9). M. scutellatus and
M. obtusus mix in all analyses with support values <.5 for most intraclade branches. The number
of species predicted was the measure that shifted most drastically between analyses (Table 1.4).
Each analysis had the same number of individuals, when divided into alleles species number
prediction went from 38.3 species to 44.2 (GenusPhased) or 44.6 (SpeciesPhased).

The node heights in the species tree, critical information for accurate dating and cluster
collapse in height-based delimitations, are shown to vary depending on phasing method and
classification level (Fig. 1.10). The most drastic difference is seen at the species height, with
unphased sequences the height is very close to zero while phased sequences average around
.0008, above the user set cluster height. Relative measures at the sister species level show a
similar trend of unphased sequences having a lower mean node height. At higher taxonomic
levels (genus or multi-genus clade), the pattern switches with unphased mean node height higher

than in phased sequences (Fig. 1.10c,d).

Delimitation analysis ""real" species | predicted species

BPP Nuclear A11, NA 9 27
BPP Nuclear A11, EUR 11 11
STACEY unPhased 25 38.25
STACEY SpeciesPhased 25 44.58
STACEY GenusPhased 25 44.2

Table 1.4. Species delimitation results, based on nuclear data, numbers include non-Monochamus species. STACEY
results are mean number of clusters from the posterior distribution
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Topology testing

Two constrained topologies different from the unconstrained RAXML tree were tested
using the SOWH test in SOWHAT. Using the five marker nuclear data, the native RAXML tree
showed Monochamus clamator latus as polyphyletic among M. clamator subspecies. With M. c.
latus constrained monophyletic, the likelihood difference favoring the unconstrained tree is not
significant: p=.07 95% CI: [.029,.139], likelihood difference 8.54. Constraining the Goes Clade
as sister to the North American Monochamus using the full data reveals no topological signal.
The unconstrained RAXML tree shows the Goes Clade as sister to Eurasian Monochamus + NA
Monochamus. Testing the constrained tree shows an insignificant likelihood difference between

the two topologies: p=92 CI [.85,.96], likelihood difference -2.21.

Discussion

This study presents the first comprehensive phylogeny of the conifer feeding
Monochamus species, including all North American and Eurasian species. It is also the first to
explicitly include a worldwide sampling of angiosperm feeding Monochamus sensu lato. The
only other phylogenetic study to include angiosperm feeding Monochamus has three non-conifer
feeding species which are also restricted to Japan (Toki and Kubota 2010). This is the first large
phylogeny to sample protein-coding loci outside of the mitochondrion, though a study of M.
galloprovincialis and M. sutor used 28S (Koutroumpa et al. 2013). Support was lower in
coalescent methods, including delimitation, as is usually seen when gene trees are recognized
individually in smaller scale analyses (Liu et al. 2015, Edwards 2016). Given weak support at
some nodes, and uncertainty of some clade placements, an increased number of genes and

characters is warranted to arrive at a completely robust tree. Improved taxon sampling is required
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to explore missing subgenera of Monochamus and rare taxa that have little or no representation
in the phylogeny, like those inhabiting southwestern China and Africa.

Increased gene sampling was found sufficient for resolving most nodes, especially at the
genus level. Figure 1.2 shows the best topology for the Palearctic species. This phylogeny agrees
with the previously published mitochondrial tree (Cesari et al. 2005) and the treatment of M.
galloprovincialis and M. sutor as sister species (Koutroumpa et al. 2013). There is some conflict,
however, with the mitochondrial subtree of the Monochamus species of Japan(Toki and Kubota
2010). This tree placed M. rosenmuelleri (=M. urussovii) sister to M. sutor, and M. nitens was
near the base of the clade. The topological arrangement of closely related species can sometimes
get confused in a mitochondrial gene tree, as is seen with NA subspecies M. c. latus moving far
from other M. clamator (Fig. 1.3). Discounting any mitochondrial introgression, this seems to
have happened in the Japanese phylogeny since M. nitens is morphologically very similar to M.
urussovii. Our tree is the first to integrate M. grandis and M. nitens with the rest of the Eurasian
species. M. nitens is sister to M. urussovii + M. sartor. M. grandis is sister to M.
galloprovincialis + M. sutor, and its morphology agrees with this placement. This was also the
first time M. impluviatus was included in a phylogeny, confirming a sister relationship with M.
saltuarius. The southern Asian M. alternatus is at the base of all trees to date and may indicate
an origin of the genus near the generic diversity of the tribe. Pharsalia (Cycos) as sister to
Monochamus promotes this origin with some features similar to M. alternatus and a modern
overlapping range where broadleaved and coniferous forest would have been present in the
Miocene (Henrot et al. 2016).

The topology of the North American species is represented in the subtree of Figure 1.1,

for sister species at least. The rapid divergences that seem to have occurred ~Imya (Fig. 1.2)
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have made it difficult to find an agreed ‘species group’ level phylogeny. The widespread M.
scutellatus and west coast M. obtusus appear to be sister species but may experience gene flow in
sympatry (see below). M. notatus and M. marmorator are clearly sister species and have
overlapping ranges but preferences for different host plants. M. carolinensis and M. titillator are
similar looking species confirmed to be sisters. Their collective sister species, M. maculosus, is
morphologically similar and may have hybridized with M. carolinensis in the recent past. This
group being near the base of the tree agrees with the hypothesis that a mottled orange-brown
vestiture may have been the ancestral condition. M. titillator and M. alternatus are still very

similar in appearance after millions of years.

Higher Classification recommendations

Monochamus sensu novo includes only conifer-feeding species. All of the known species
in the Monochamus conifer-feeding group fall geographically into North American and Eurasian
subclades. These are either split or are sister groups depending on the uncertain placement of the
Goes + Hebestola clade (Goes Clade). The placement of the Goes Clade is divided when single
genes are removed (Table 1.3, Figs. A2-8), indicating that the topological signal varies among
genes. Large population sizes and fast evolution can produce a situation where the most common
gene tree does not agree with the true species tree topology due to incomplete lineage sorting.
This is called an anomaly zone, which may occur near the basal splits of Goes and Monochamus
clades (Xu and Yang 2016). Since mitochondrial genes can coalesce more quickly (Moore 1995,
Hudson and Turelli 2003), the COI tree (Fig. 1.3) placing the Goes clade as sister to North
American Monochamus is more likely in this short internal branch situation. Since the placement

of the Goes clade can have impacts on biogeographic and diversification hypotheses, an
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expanded gene study focused on its placement is warranted. The Goes and two Monochamus
clades combined form a very stable clade (pp=1, all analyses) as sister to Pharsalia (Cycos)
subgemmata. Previous treatments have focused on either Nearctic or Palearctic species, but this
is the first evidence to show that they are separate monophyletic groups. Toki and Kubota (Toki
and Kubota 2010) found the conifer-feeding Monochamus of Japan as a monophyletic group
sister to angiosperm feeding species described under Monochamus. The genera (Goes,
Pharsalia) that bound the conifer feeders in the present study are not present in Japan, where the
Toki study restricted their taxon sampling. Pharsalia (Cycos) may be the true sister to
Monochamus sensu novo + the Goes clade, but a thorough molecular sampling of the tribe is
required since no morphological synapomorphy is evident. While there are many genera in the
tribe Lamiini, the short internal branches separating the Goes and Monochamus clades indicate
that they are either sister groups or the Goes clade renders Monochamus sensu novo paraphyletic.
As the type species for Monochamus is the conifer feeding M. sutor, the conifer feeding species
should retain the genus name.

Microgoes Casey is where small angiosperm feeding Monochamus belong. The genus
Microgoes is currently monotypic and occurs in Eastern North America. This small-bodied
species was found to be part of a clade of similar looking Asian Monochamus species that also
feed in broadleaf trees. Some of these Asian species are in the clade of Japanese species found
sister to Monochamus sensu novo (Toki and Kubota 2010). This clade of species is confidently
placed outside of the conifer feeding Monochamus and is separated by the Goes group and
Pharsalia (Cycos) (Fig. 1.1). Given its phylogenetic monophyly and the distinctive morphology
consisting of longer filiform antennae in both sexes, smaller body size, procoxal cavities closed

behind, and small lateral pronotal tubercles, this clade should be recognized as the genus
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Microgoes rev. nov. The species belonging to this genus are listed in Table 1.5 and make it a
Holarctic genus. They also all feed on broadleaf trees. The genus Xenohammus Schwarzer 1931
is very similar in morphology to Microgoes and with further research could prove to be
synonymous. More thorough sampling of this clade through Asia is needed to show its
evolutionary cohesiveness and define its morphological variability.

The African subgenera of Monochamus are distinct genera. Monochamus sensu lato
contains multiple subgenera in Africa, a vestige of the description of many new genera by Dillon
and Dillon in the late 1950s (Dillon and Dillon 1959a, 1959b, 1959c¢, 1959d, 1961). These
subgenera are in no way cohesive with Monochamus sensu nov. and group as an African clade
with deeper divergences separating them (Figs. 1.1,A9). Recognized genera like Oxylamia are
intermixed with Monochamus sensu lato subgenera with high support. Since most of these are
diagnosable, and are definitely outside Monochamus sensu nov., they should be re-elevated to (or
remain at) the genus level. A number of these taxa contain very few species, as is common in the
rest of the tribe which includes many monotypic genera. While several genera may have issues
of monophyly, they should be addressed on a case by case basis which would be hindered by
including them under a genus with unrelated taxa. A well-sampled revision of the Lamiini and
related tribes is warranted and will be a large undertaking. An attempt at a revision of tribal

classification using molecular data is underway (Gorring, unpub.).
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Table 1.5. Classification updates of Monochamus sensu lato

Monochamus Dejean Eurasia includes:
M. alternatus alternatus, M. a. endai, M. saltuarius, M. nitens, M. grandis,
M. sartor, M. urussovii, M. sutor, M. impluviatus, M. galloprovincialis

Monochamus Dejean North America includes:
M. carolinensis, M. clamator clamator, M. c. latus, M. maculosus, M.
marmorator, M. notatus, M. scutellatus, M. titillator

Monochamus Dejean incerte sedis

M. nigromaculatus Gressitt, M. talianus Pic

Microgoes Casey
Microgoes oculatus, Monochamus subfasciatus stat. nov., M. guttulatus stat.
nov., M. masaoi stat. nov., M. maruokai stat. nov., M. rectus stat. nov., M.
abruptus stat. nov., M. foraminosus stat. nov., M. sparsutus stat. nov.

As genera
All current Monochamus subgenera

Lamiini Latreille incerte sedis

all unplaced species from Monochamus subgenus

Species boundaries in Monochamus sensu novo

One of the primary goals of this study is to delimit the species in the genus Monochamus.
This means analyzing the species down to the allele level. Taxon sampling was attempted across
species’ ranges to give a representation of intraspecific variation. Delimitation followed a
thorough investigation of the data. Potential incipient species get recognized at the subspecific
level, with the definition that they are diagnosable entities differentiated from other populations
but likely still reproductively compatible. The delimitation has revealed nuances in the data
including mitochondrial introgression, incomplete lineage sorting, and mitonuclear discordance.
The tools used to delimit species were BPP (Yang and Rannala 2010) and the STACEY package
(Jones 2017), each of which employs the multispecies coalescent model. Using the MSC for
delimitation has raised concerns of it recognizing populations and not species, especially with

hundreds of loci (Sukumaran and Knowles 2017, Leaché et al. 2019). Isolation by distance can
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be pronounced in widespread species, like many in Monochamus, and presents a challenge for
the connectivity of taxon sampling. Using our nuclear delimitations as an example, when
sampling from a broader part of a species geographic range in North America, more species were
predicted in BPP and STACEY. In the BPP A11 analysis for Eurasia, data for what we felt were
ten valid species resulted in the highest posterior probability (pp) for ten species (though the
groupings were not all ideal). With broader sampling for a putative eight species in NA, there
was highest pp for 26 species. Based on our valid species, BPP predicted 195% (37spp./19) and
STACEY SpeciesPhased predicted 178% (44.43spp./25). In the end, despite inflated
delimitations, integrated datasets can be used to test these reasonable species hypotheses and
model parameters can be fine-tuned to trusted data. Intraspecies diversity could be a factor
impacting species inflation in this data. Eurasian species tend to be more cohesive, as shown by
dark blocks (strong pairwise affinity) in STACEY simmatrices (Figs. 1.7-1.9, A10) and more
nodes collapsed in BPP.

Eight species are recognized in North America. This diversity seems to have evolved
quickly with a crown age of about two million years (Fig. 1.2). The North America species have
received much taxonomic attention and the classification is fairly settled (Hopping 1921, Dillon
and Dillon 1941, Linsley and Chemsak 1984). The questioned validity of the morphologically
similar, and often sympatric, species M. titillator and M. carolinensis has been one of the most
prominent arguments. Due to the intraspecific variability in some of the diagnostic
morphological characters, like the armature of the elytral apices, and geographical similarity they
have been placed in synonymy in the past (LeConte 1852). Recent studies have shown differing
genitalic (Pershing and Linit 1985) and behavioral (Walsh and Linit 1985) characters. We find

that these two species are distinct using molecular data (Figs. 1.1,1.3,A1) and remain
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monophyletic at the allelic level in STACEY delimitation analyses (Fig. 1.8). Though they have
retained similar morphology, they diverged ~1.7 mya (Fig. 1.2). They are often found sister to
one another but are sometimes split by M. maculosus which shows evidence of mitochondrial
introgression with M. carolinensis where they meet near the US Canadian border. There is
evidence of this in the COI tree where samples of M. carolinensis and M. maculosus from
Canada and Michigan form a clade exclusive of Southern US samples (Fig. 1.3). Dating is also
more likely to represent when these species hybridized (~380kya) and not a true divergence time.
Other trees that include the COI evidence (Fig 1.2,A1) show a pulling of M. maculosus toward
M. carolinensis while nuclear gene-based trees show M. titillator and M. carolinensis as sisters
with pp > .9 (Fig. 1.4, 1.8). Introgression in conifer feeding insects that may share hosts is
common in Neodiprion sawflies (Linnen and Farrell 2007, 2008) and may not be rare. The
presence of mitochondrial and not nuclear exchange may align with a situation where one
species is in low abundance, like at the edge of its range, and females are more likely to
encounter aggressive males of the dominant species (Chan and Levin 2005). With multiple
Monochamus species feeding on the same species of ephemeral host resources, situations like
this could be present whenever one species is in low abundance. The argument could be made
that introgression of both nuclear and mitochondrial genes could also be happening in these
sympatric environments. This hybridization would result in the incorrect topology and deserves
further study at the population level.

Two species that are seemingly very morphologically distant nevertheless show a close
relationship on the molecular level, M. scutellatus and M. obtusus. These two species co-occur
over much of the western coastal conifer forest of North America. While BPP delimited them

confidently in nuclear and MitoRibo trees (Fig. 1.5) nuclear analyses showed the mixing of these
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species (Fig. 1.4, 1.8). One potential reason that nuclear genes did not sort, but mitochondrial
did, could stem from the short branches in this area of the phylogeny not giving a proportion of
genes enough time to coalesce (Degnan and Rosenberg 2009). One of the best ways to confirm
topologies that may experience lineage sorting is to look at many independent gene genealogies

In North America, M. clamator, M. scutellatus, and M. obtusus each currently has
recognized subspecies (Linsley and Chemsak 1984). M. scutellatus has two subspecies: M. s.
oregonensis from the west coast to a proposed hybrid zone on the border area of British
Columbia and Alberta, Canada and M. s. scutellatus to the east. These entities were inferred to
have been discrete species at one point, but an analysis of the proposed hybrid and parental
species found only ambiguous quantitative differences and not discrete characters for the species
(Raske 1973). Furthermore, experimental crosses produced fertile offspring, and therefore these
eastern and western populations were relegated to subspecies (Raske 1973). Our sampling
included a west coast individual, some from the intermountain west, and samples from the
middle and east USA. The subspecies did tend to separate in analyses, sometimes with M.
obtusus causing paraphyly (Fig. 1.3, 1.4). In the BPP analysis, more support was found in
nuclear (5 diagnostic sites in ArgK) than the MitoRibo dataset (Fig. 1.5), perhaps indicating that
while an ancestral separation was not long enough to build reproductive barriers some of the
genes and morphological traits were subject to drift. Mitochondrial DNA and morphology could
now be re-homogenizing since contact between east and west populations was re-established.
Because there seems to be free reproduction in contact and loss of geographic differentiation, we
recommend removing subspecies designations from M. scutellatus.

Monochamus obtusus is separated into the nominate and M. o. fulvomaculatus

subspecies, diagnosed by differences in color and abundance of pubescence. They are not
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monophyletic in our analyses, but M. o. fulvomaculatus does fall sister to an M. o. obtusus
sample from Oregon at a derived position in multiple analyses aligning with a peripatric
mechanism. If this has occurred, gene trees representing the topology of M. o. fulvomaculatus as
sister should be present and mtDNA should diverge early. No evidence exists indicating
divergence of M. o. fulvomaculatus and the color and amount of pubescence may be plastic and
environmentally determined so subspecies status should be removed. Monochamus clamator
from western NA has the largest number of named subspecies in North America: the nominate
subspecies clamator, plus rubigineus, latus, nevadensis and linsleyi. After the inclusion of
multiple examples from each proposed population, the only one found to group monophyletically
is M. c. latus, and only in analyses that include mitochondrial information. When SH topology
tests are used on the nuclear data, there is a lower likelihood for a tree with M. c. latus
constrained, but with p=.07, indicating the nuclear data is lacking signal. Since M. c. latus shows
strong mitochondrial isolation, but nuclear alleles do not, we support retaining subspecies status.
The remaining entities, which show differences that appear clinal and occur syntopically, should
have their subspecies status removed. The one sample of M. clamator from Oaxaca, Mexico does
have delimitation support in STACEY, but this may be due to its geographic distance from other
samples and requires further sampling through Mexico and Central America. M. notatus has also
been split in the past using limited sampling in British Columbia for the subspecies M. n.
morgani (Hopping 1945). Delimitation results are similar to M. clamator, with support from
mitochondrial but not nuclear analyses. Its range overlaps in large part with M. scutellatus, but
M. notatus seems to have a different evolutionary history. More sampling from the western

extent of its range is necessary before making any taxonomic decisions.
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Eight Monochamus species are presently known in Europe and Asia; we have determined
one more previously undescribed species. We find support for the current species delimitations,
and our analyses are unambiguous for most of them. The clade began diversifying about two
million years before the North American species group (4.3MYA), about one species split per
branch per million years (Mayr 1942). The saltuarius species group contains three similar
looking species, two are continental and one occurs on Japan (sp. nov.). We find support for
these in both delimitation methods with BPP having strong node integrity for the M.
saltuarius/M. impluviatus split in the MitoRibo tree but weaker integrity in the nuclear tree. The
speciesPhased STACEY analysis shows some mixing with weak node support, stemming from
low nuclear signal on account of partially degraded M. impluviatus tissue that did not amplify for
multiple nuclear markers. Despite this, male genitalia have been able to diverge with a novel
sclerite present in M. impluviatus (Wallin et al. 2013). The new species in Japan has high support
from all analyses, and all alleles have sorted with eight fixed differences in AK. All individual
StarBEAST?2 gene trees except COI agree with the new species as sister, a result unlikely if it
were the same as M. saltuarius and there was a peripatric origin of M. impluviatus. A COI gene
tree incorporating GenBank samples confirms the (M. sp. nov.,(M. saltuarius, M. impluviatus))
topology with high support (Gorring, unpub.). M. impluviatus is a Larix specialist, a very
unusual host association among mostly Pinaceae generalist species. This may have contributed to
its divergence from the more generalist-feeding M. saltuarius.

In Eurasia, subspecies have been proposed for six of eight Monochamus species
(Danilevsky 2018) most of which inhabit both subcontinents. The subspecies of M.
galloprovincialis (see Koutroumpa et al. 2013), M. impluviatus and M. sutor are not treated here

and deserve future evaluation. M. saltuarius was recently separated into the subspecies M. s.
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saltuarius in eastern Eurasia and M. s. occidentalis in western Eurasia (Slama 2017). We
gathered samples from the Czech Republic and South Korea which form a monophyletic group
sister to M. impluviatus, which is expected from similar morphology. The alleles of the two
proposed subspecies were not monophyletic and even mixed with those of M. impluviatus (Fig.
1.8). M. impluviatus can be confidently separated from M. saltuarius by male genitalia (Wallin et
al. 2013). While complete sorting of alleles is not a prerequisite for subspecies status, more
isolation would be expected between Czech and Korean samples. In a Bayesian COI gene tree
(Gorring, unpub.), there is no split between samples from Europe and the Russian Far East. It
may have been premature to name subspecies without a complete sampling of the geographic
range as the characters used for the subspecies description may be purely clinal. Recent work by
European researchers has focused on showing that M. sartor sartor and M. s. urussovii are valid
subspecies (Plewa et al. 2018). They used low COI divergence around 1%, a single EFla
haplotype, and nesting of M. s. sartor inside of M. s. urussovii in their COI tree as arguments for
subspecies status. The authors also note that there is limited gene flow, distinct morphology of
wing veins (Rossa et al. 2016), and each subspecies has distinct strains of Wolbachia bacteria.
Another researcher has found gene flow between populations of M. s. sartor and M. s. urussovii
(J. Goczal, pers. Comm.). We find mitochondrial and nuclear genetic support for the separation
of M. 5. urussovii from Poland and Russia and M. s. sartor from Italy, Turkey, and Hungary
(Figs 1.3, 1.4). EFla, wg, TOPO, and CAD results are similar to the Plewa et al. study, finding
the same haplotype for all samples. Arginine Kinase had three fixed differences in coding
regions, 28S showed two, and COI had nine. Though COI divergence is lower than the ~3%
found in the comparison of M. galloprovincialis and M. sutor, nuclear divergence was close to

the study’s one polymorphism and two deletions in 28S (Koutroumpa et al. 2013).
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A depression of COI divergence could be caused by a low level of mitochondrial
introgression as seen in M. carolinensis. With all trees supporting the separation, a distinct
morphology, and little evidence of gene flow after contact for 10,000+ generations since the last
glacial maximum, M. s. sartor and M. s. urussovii should be different species. According to the
dated StarBEAST analysis (Fig. 1.2), species divergence times less than one million years
(~1.5% COI) are not uncommon in this genus and could have been encouraged in part by glacial
refugia. Continued isolation of species does not necessitate a certain level of neutral divergence
and other characteristics to recognize two populations as species are stochastic in the chronology
of appearance (De Queiroz 2007). The M. s. urussovii situation is different from that in M.
scutellatus because the entities are remaining distinct in mtDNA and morphology despite
secondary contact. One future direction for this comparison would be to test their cuticular
hydrocarbons, which Monochamus beetles use to recognize conspecifics and maturity in females
(Brodie et al. 2012).

The final subspecies pair analyzed were M. alternatus alternatus and M. a. endai. With
only one sample from the nominate population, this was not a complete analysis, but results
show a genetic pattern consistent with their proposed ranges (Makihara 2004). Evidence to the
contrary was found using the COII gene, with samples from China mixing with those from Japan
(Kawai et al. 2006). There was no evaluation of the proposed morphological differences in that
study. A vicariant event is consistent with Pleistocene connections of Japan and Korea and the
past forest makeup of eastern China (Qiu et al. 2011). These subspecies may be valid, thorough
sampling of alleles and morphology across their ranges would allow for an in-depth evaluation of

population structure in this important southern Asian species.
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The results of phasing nuclear data

The phasing of nuclear genes into their alleles and not just using ambiguity codes has
been promoted in systematics (Kubatko et al. 2011, Andermann et al. 2018) and is very
important when analyzing gene variants. The true impact of phasing in phylogenetics has not
really been investigated and is rarely a step in phylogenetics pipelines. It is logical that phasing
alleles captures more of the variability in the data and can provide more statistical power, but
whether that is important for species level phylogenetics, or if subspecies delimitations can
benefit, requires more data. While one of the most obvious effects is on the number of species
predicted in a delimitation analysis (Table 1.4), the root of species estimation differences is the
node height that the model uses for collapsing and clustering similar terminals in STACEY.
Many delimitation methods seek a similar break in species/population patterns. Simulations have
shown deviation from true node heights, with [UPAC consensus sequences consistently
overestimating heights and phased sequences closest to the true height values (Andermann et al.
2018). High nodes can lead to unrealistic deeper divergence times and potentially less species
predicted overall. In the Monochamus empirical dataset, we found what seems to be a similar
pattern in higher taxonomic nodes (Fig. 1.10c,d), but there is no true value to compare to with
empirical data. For nodes at the species and sister species level the relative pattern presented by
phasing strategy switches, with unphased sequences at a lower mean node height than phased
sequences. The result from this change will be less species delimited with unphased data (see
Table 1.4) if the height falls under the set collapse height value. In the example of Monochamus
titillator (Fig. 1.10a), the unphased node distribution would completely fall under the assigned
collapse height, giving high posterior probability that all samples belong to the same species. The

phased data for M. titillator has a higher mean node height, meaning the clustering probability
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for a single species will be lower. If a dataset contains some species the researcher is confident in
and some that are being questioned, this method can be run to determine the node height of
phased ‘good’ species and that value can be used as collapse height for a complete STACEY run.
Node height is also important when estimating species divergence times on a phylogeny and
could potentially move nodes out of narrow date ranges that could be important for hypothesis
testing (eg. climate based refugial hypotheses).

There was not a drastic impact on topology in our phasing comparisons, and there was
generally low support for allele grouping below the species level. There is potential for alleles to
show a level of sorting within structured species that could support subspecies designations
before there is a species level divergence. In phased results for Monochamus (Fig. 1.8) there are
blocks within species that are more cohesive than others (higher pp). This can be investigated
further with more genes or allele frequency analysis. Based on the simulation results on node
height (Andermann et al. 2018) and the sorting of potential species in our analysis, we promote
phasing data by species if possible (SpeciesPhase). This will provide more accurate divergence
time estimates, improved statistical power, and the ability to test hypotheses of species using the
fundamental unit that most species tree models are built on, the allele. There just needs to be an
awareness of the potential to split species into multiple populations by the MSC model (Leaché

et al. 2019), this can be more severe when using allele sequences.

Missing gene analyses
There were very few topological differences between phylogenies missing one gene
(Table 1.3, A2-8), and they were a good match to the full data StarBEAST2 run (Fig. 1.2). The

topology of all analyses except no-COlI differed from the preferred topology in having M.
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carolinensis not sister to M. titillator, M. marmorator not sister to M. notatus, and M. scutellatus
not sister to M. obtusus. Removing COI had the most drastic effect: the topology moved toward
the preferred topology. Interestingly, the no-COI analysis gave the minority topology of Goes
Clade sister to NA Monochamus, matching the COI gene tree (Fig. 1.3). The missing gene
results show that COI may have a disproportionate impact on the topology, and strict analyses of

nuclear genes should be taken into account when interpreting the relationships of species.

Dating and biogeography

Several biogeographic trends are worth discussion, though a model-based analysis was
not a part of this study. Dating of the tree using a strict clock following COI evolutionary rates
determined for Tetraopes longhorned beetles (Farrell 2001) places the crown group age of
Monochamus sensu nov. around 5.3 million years. The COI evolutionary rate used was similar to
that measured for other insects which span 1.5-2.3%/MY (Brower 1994, Quek et al. 2004, Sota
and Hayashi 2007). With species that are closely related, and that are lacking calibration
information, this method can give reasonable results. However, shallow divergence can also
show inflated rates of sequence divergence before 1.5my (Ho et al. 2005, Sota and Hayashi
2007). Therefore, with deep, potentially saturated divergences or many shallow nodes, other
dating methods should be explored. Clade age represents a Miocene/Pliocene dispersal to
become Holarctic over the second Beringian Bridge, which was covered in coniferous taiga from
14-3.5 million years before present (Sanmartin et al. 2001). The geographic origins of the clade
are a bit more tenuous and depend on the uncertain placement of the Goes clade. This is
problematic as the taiga only contains coniferous trees and all Goes and Hebestola species feed

in broadleaf trees. A Nearctic origin could be imagined where the ancestor of Goes and
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Monochamus clades splits in a hospitable portion of North America, and a conifer feeder
migrates across the land bridge with subsequent diversification on each continent. If the Goes
clade falls sister to North American (NA) Monochamus, this promotes a Palearctic origin of the
ancestor of Eurasian Monochamus and NA Goes and Monochamus clades, with a subsequent
split in NA mixed forest. Most of the generic diversity basal to these clades resides in southern
Asia. In agreement with our higher level discussion, we prefer the placement of the Goes clade
sister to NA Monochamus species which in turn would support an Asian origin of Monochamus.
Other beetle taxa, including Agonum ground beetles (Liebherr and Schmidt 2007) and
Plateumaris leaf beetles (Sota et al. 2008) dispersed, in part, across the second Beringian Bridge
with events in both directions.

Past land bridge connections between eastern Asia and Japan align with patterns of
ancient vicariance and recent dispersal in multiple Monochamus clades. A land bridge
connecting the Korean Peninsula to southern Japan was present for a significant total time during
the late Miocene, Pliocene, and even during Pleistocene glacial maxima (Kitamura et al. 2001,
Comes et al. 2014). Conifer forest connections to northeastern Asia through Sakhalin were
present as well in the late Miocene and Pleistocene maxima (Pietsch et al. 2012). M. grandis is
endemic to Japan and geographically proximate islands of the Russian Far East. Historical land
connections allow for histories of species shared between Japan and the mainland as well as
species closely related to mainland species. M. nitens diverged from mainland M. urussovii at
1.4mya with another more recent introduction as M. urussovii is also present in Japan. M. nitens
was likely insular until a Pleistocene connection was present with Asia. Now a small population
is present in South Korea. A similar situation likely occurred with M. alternatus which has a

more recent connection with the Korean population (subspecies M. a. endai for both regions) and
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is more genetically distant from China (M. a. alternatus). M. grandis diverged from mainland M.
galloprovincialis + M. sutor at 2.1mya with M. sutor re-dispersing recently. Plateumaris leaf
beetles that share similar modern ranges show similar trends: older (Pliocene) vicariant events
and recent (Pleistocene) colonization events from Sakhalin through Hokkaido (Sota and Hayashi
2007). The ancestor of flightless cerambycid genus Mesechthistatus Breuning also shows
evidence of late Pliocene colonization of Japan (Nakamine and Takeda 2008). Unfortunately,
there is no sampling of the northern Asia Monochamus species (M. urussovii & M. sutor) shared
between Japan and the mainland in this study. Exploration of the intricacies of species movement

through the Pleistocene using a geographically sampled tree of Asian taxa is a future direction.

Host plant relationships

Conifer feeding insects introduce something of a paradox, they feed on an abundant,
widespread resource but are depauperate in species diversity relative to angiosperm feeding allies
(Farrell 1998). Understanding their origins and diversification can potentially illuminate any
differences between conifers and angiosperms as substrates for the evolution of herbivorous
insects. The present study reveals conifer feeding Monochamus as a derived clade representing a
single switch to conifer feeding. Ancestral diversity in the tribe Lamiini is large (> 1500 spp.)
and is purely angiosperm feeding. Scolytine bark beetles are a relatively ancient conifer-feeding
group, they are ancestrally conifer feeding but originated from angiosperm-feeding ancestors
within the weevils. Scolytines had one shift to a successful angiosperm clade, and few shifts of
derived genera in these two host groups to the conifer or angiosperm feeding habit (Sequeira et
al. 2000). Almost no insect species feed on both angiosperms and on conifers. Genera that are

found on both host groups are usually feeding on decayed wood or fungus. Most often,
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associations with these different divisions of plants are very conservative in herbivorous insects,
with tribes or subfamilies typically associated with either conifers or flowering plants, but not
both. Because ranks such as genera are arbitrary, it would be helpful for comparing different
lineages of herbivores to standardize the rate of host shifts per speciation event or per unit of
time (Farrell and Mitter 1993).

This general observation opens the question as to whether there is a connection between
such conservatism and diversification. If there is a difference between conifers and angiosperms
that is relevant to insect population biology and speciation, perhaps through their different kinds
of defensive traits or population structures, then we would expect to see consistent differences in
the evolutionary trajectories of their associated insect groups (Farrell 1998). The hypothesis of
coevolution (Ehrlich and Raven 1964) and the host-plant population architecture hypothesis
(Barton and Charlesworth 1984) are two major ideas of how the diversity of angiosperm feeding
insect species has arisen. Ehrlich and Raven (1964) proposed that herbivore insects specialized
for feeding on chemically defended plants show increased diversity stemming from plant-insect
arms races and further research has provided evidence of this (Mitter et al. 1991, Futuyma and
Agrawal 2009, Agrawal et al. 2009). Alternatively, the greater population structure (or
‘patchiness’) of many flowering plants, enabled by insect pollination, may confer similar
structure in herbivores (but see Peterson and Denno 1998). Tree patchiness may reach an
extreme in tropical forests, where one species of tree can be as far as possible from its nearest
conspecifics to avoid specialist herbivores (Janzen 1970, 1973). In contrast, temperate forests
tend to be more homogeneous with fewer tree species, and a relatively high proportion of wind-

pollinated species (such as oaks, maples and birches) with contiguous distributions.
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In contrast to the processes hypothesized to promote diversification in angiosperm
feeders, conifer feeding species have abundant plant biomass and a relatively narrow range of
resin-based defenses (Farrell et al. 1991). Natural selection for specialization and ecological
speciation is generally thought more intense and pervasive in tropical forests than in temperate
forests (Schluter 2001), where more often climate-related vicariance may result in range
fragmentation leading to speciation. Host-specialist Neodiprion sawflies show that geographic
separation likely initiated speciation, followed by a host shift (Linnen and Farrell 2010). The
angiosperm-feeding Goes clade and conifer-feeding Monochamus clade in North America are
approximately the same age and have equivalent diversity, indicating that their use of these
different groups of temperate trees does not have an obvious influence on diversification rates.
There are still few studies indicating a role of host-plant population structure in ecological or
geographic speciation (Farrell and Mitter 1993, Denno et al. 1995, Schluter 2000). Overall, the
patterns in these Monochamus beetles support hypotheses of geographic vicariance between and
within continents. Extended periods of separation seem necessary, as they are surprisingly vagile
and recent glacial cycling with host isolation in North American sky islands has not produced

appreciable genetic structure (see chapter 3).

Conclusions

The first expansive phylogeny of the genus Monochamus shows that conifer feeding
species are the true Monochamus, small Asian angiosperm feeders belong to the genus
Microgoes, and African species are genetically distant. We recognize eighteen conifer feeding
species in the revised definition of Monochamus rev. nov. Many challenges were present in this

dataset including incomplete lineage sorting, mitonuclear discordance, and hybridization.
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Species tree and MSC species delimitation methods were able to delimit most species with some
expected inflation, and gave a good indication of the evolutionary processes at play when
methods broke down. Evaluations of the best sequence phasing strategy reveal that using
ambiguity codes can result in misleading divergence times and care must be taken to understand
how the samples are structured when using cut-off type delimitation methods. The Monochamus
species present in the new world were shown to have dispersed from Asia over the second
Bering Bridge during the late Miocene/early Pliocene and subsequently split into conifer feeding
and angiosperm feeding clades. Climate induced landscape changes have left their mark on
Monochamus species, especially those of Japan where there have been multiple waves of
immigration. Though geography, and thus allopatry, has been implicated in the speciation history
of many Monochamus species, host plant influences are still a viable isolating factor. Some of
the most recently diverged sister species seem tend to differ in host preference which may have
resulted from sympatric differentiation or recent isolation and adaptation to limited hosts

instigated by glacial cycling.
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CHAPTER 2

Multigene phylogeny of the Lamiini and related tribes (Coleoptera: Cerambycidae)

reveals polyphyly prompting a revised tribal classification
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Note: supplemental material can be found in appendix B

Introduction

The subfamily Lamiinae is the most diverse in the beetle family Cerambycidae with close
to 20,000 described species (database Titan, titan.gbif.fr) distributed worldwide. The
synonymous tribes Lamiini and Monochamini account for almost 10% of these species and are
together one of the most species-rich tribes in the Lamiinae containing the second most generic
diversity. These beetles are large, often greater than 2cm in length, and feed in the heartwood of
living, dying, and recently dead trees. This feeding habit, combined with the requirement by
adults for feeding on living bark (termed maturation feeding), makes these beetles economically
important vectors of parasites. Moreover, clarifying the evolutionary cohesiveness of tribe-level
taxa is essential for study of the possible factors leading to their high diversity. Finally, tribes
that can be unambiguously diagnosed are essential for their utility in identification and
classification.

The tribes of focus in the present study are the Lamiini, Monochamini, Gnomini, and
Batocerini. All were established in the 1800s based on only a small proportion of the genera that
are currently placed in these tribes. Today, the members of these tribes are collectively
distributed worldwide and are especially diverse in tropical Asia. The individual cohesiveness of
these tribes has been a topic of taxonomic research for over a century.

The Lamiini was first described at the tribe level by Mulsant (Mulsant 1839) based on
genera Lamia, Morimus, and Monochamus. Gistel erected the Monochamini in 1848 (Gistel
1848). These initial divisions relied on very limited numbers of genera, and as available material

grew so did opinions on their divisions. Through multiple revisions in the 1860s the number of
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tribes under the Lamiinae varied from 6 to 35, the genera included under tribes shifted, and
subdivisions changed based on divergent opinions concerning the interpretations of
morphological characters that vary among and within tribes (Thomson 1860, 1864, Bates 1861).
Pascoe (Pascoe 1864) gives a thoughtful discussion of the problem of characterizing higher taxa
in the Lamiinae- that none of the tribes he delineates have any uniquely distinguishing features
(i.e. synapomorphies) or even diagnostic series of characters. He notes that due to the variability
present, genera may seem like members of a particular tribe by having some characters and
lacking others and anomalous members are present in each tribe. In the end, he felt that
Monochamini, Gnomini, and Batocerini should be synonymized under Lamiini while flightless
genera such as Phrissoma should be placed in the Dorcadionini based on one of his primary
characters-the lack of humeral angles (i.e., being without wings or apterous)(Pascoe 1866). At
the end of the decade, Lacordaire (Lacordaire 1869) retained the separation of flightless genera
into their own tribe and upheld many of the divisions (but not synonymies) made through the
decade but, like Pascoe, included characters of more convincing nature such as the cicatrix of the
antennal scape. The turnover in classification and associated uncertainty are understandable as
limited genera were available to some authors and more informative characters were only
discovered after increased study. In the end, divisions were still based on opinion as no
consistent characters could be found. The Coleopterum Catalogus (Aurivillius 1922) recognized
all of the tribes erected in the 1860s and introduced the Potemnemini. Acridocephalini was the
only current tribe not yet separated by this date. Geographically restricted works added to the
mass of genera before a worldwide revision of the Lamiinae was attempted (Breuning 1943). In
this revision, Breuning combined the Agniini (including Acridocephalini), Lamiini, and

Monochamini. The Phrissomini, Batocerini, Gnomini, and Ancylonotini remained as tribes. Even
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after this point, possibly due to Breuning’s poor reasoning and outright mistakes, synonymized
tribes like Monochamini were still in use (see Dillon and Dillon 1959). A call was later issued
for a worldwide treatment to address the well-known problems of Lamiinae tribal classification
(Linsley and Chemsak 1984). This call has not been answered, and New World publications still
use Monochamini for resident taxa. In the Old World, some work has been attempted to decrease
the inflation of tribes with varied success. Sama (Sama 2008) synonymized the Dorcadionini and
Phrissomini under Lamiini, trying to correct convergent character based classification. In recent
works, the tribes Lamiini, Monochamini, Gnomini, Batocerini, and Dorcadionini are considered
valid (Bouchard et al. 2011). Considering that taxonomic history has produced multiple tribes in
the Cerambycidae that are likely not reciprocally monophyletic groups, we attempt to address
some of these ambiguities by reviewing morphology in the light of new genetic data. Without
any evolutionary or morphological support, there is really no purpose for erecting a tribal
classification.

A tumultuous classification history and obvious discontent in the taxonomic community
has instigated the need for an independent dataset to evaluate the reality of these tribes. A single
phylogeny of the Monochamini has only sampled taxa from Japan with mitochondrial data (Toki
and Kubota 2010). This study did sample the generic diversity present in Japan but focused on
host plant use rather than classification, per se. With a new genetic character set consisting of
genes that provide phylogenetic signal at genus and tribe levels, we can evaluate the monophyly
of tribes and their relationships using phylogenetic estimates and statistical topology tests. This
backbone will then be used to characterize diagnosable entities and make a classification

representative of evolutionary history. The taxon and genetic sampling of the current study
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provides a start to the necessary reorganization of the subfamily Lamiinae by tackling a large,

recognizable, and economically important subset of tribes.

Methods

Taxon Sampling

The main goal of this project is to create a backbone phylogeny for the large tribes
Monochamini and Lamiini as well as tribes that have a similar morphology: the Batocerini,
Gnomini, Acridocephalini, Ancylonotini, and Mesosini. With the Monochamini alone containing
over 250 genera (database Titan, http://titan.gbif.fr/index.html), many of which are monotypic,
there was neither the opportunity nor resources available to sample exhaustively all genera.
Availability of fresh tissues determined the sampling of genera across the tribes involved. An
attempt was made to sample multiple genera from multigeneric tribes. Other potentially related
tribes unsampled in this genetic study are the Dorcadionini, Oculariini, Xenoleini, and the former
Phrissomini. A total of 53 genera and subgenera (Table 2.1) from the target tribes give a practical
representation of each tribe across their geographic breadth. Outgroups came from the
morphologically distant tribe Tetraopini. Sampling occurred across all continents except
Antarctica. Fresh samples were collected into 95+% ethanol or frozen at cryogenic temperatures.
Recently collected dried specimens were acquired from individuals across the globe. Sampling
included the type genera of tribes Lamiini, Monochamini, Ancylonotini, Gnomini,
Acridocephalini, and Batocerini. Scattered identification resources are needed to identify beetles
from these tribes, including geographic treatments and original descriptions. Some especially

helpful tools are the photographic catalog of the Cerambycidae of the world
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(apps2.cdfa.ca.gov/publicApps/plant/bycidDB), the worldwide Cerambycoidea site
(Cerambycoidea.com), The Lamiinae of Laos faunistic treatment (Rondon and Breuning 1970),

and the Monochamini in the Western Hemisphere monograph (Dillon and Dillon 1941).
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Sequence data

This study applied Sanger-based sequencing techniques and followed the PCR,
sequencing and processing methodology of Chapter 1. The markers explored were mitochondrial
COI (~1468bp), Nuclear CAD (~943bp) and Nuclear wg (~441bp). A total aligned matrix of
~2852 DNA characters was used for concatenated analyses. The wg fragment has two amino acid
indels. The genus Blepephaeus has an exclusive single AA insertion, and there is an AA deletion
present in all taxa except the Tetraopini, Mesosini, and Ancylonotini. CAD and COI show no

indels.

Phylogenetic analyses

Concatenated phylogenetic analyses were conducted using both Bayesian and Maximum
Likelihood approaches. To find optimal data partitions the concatenated dataset was analyzed in
PartitionFinder v2.1.1 (Lanfear et al. 2016) using unlinked branch lengths, the greedy search
algorithm, and AICc as the selection metric. The ideal partitioning scheme has three partitions:
1) GTR+GI for all first and second positions 2) TRN+I+G for CAD and wg third positions 3)
GTR+G for COI third positions. When restricting to the models available in MrBayes for single
gene runs, first and second partitions get model GTR+G+I and partition three GTR+G. For the
concatenated run, each partition was run under GTR+G, since a gamma model can account for
invariant sites (Yang 2014). RAxML was run using GTRGAMMA for the same three partitions
given the software’s restriction to one model.

The Bayesian analysis was run using MrBayes v. 3.2 (Ronquist et al. 2012). Single gene
runs were encapsulated as two runs of four chains (one cold) for 20-50 million generations with

sampling every 1000 generations. Stationarity and convergence were confirmed by deviation of
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split frequencies < .01, potential scale reduction factor values ~ 1.00, and effective sample size
(ESS) >200 as measured in Tracer v. 1.6 (http://beast.community/tracer). The consensus tree was
summarized using sumt command in MrBayes with a burnin of 25%. The concatenated run was
the same except spread over eight cores for a total of 400 million generations over eight 50
million generation runs on the Harvard ‘Odyssey’ computing cluster
(www.rc.fas.harvard.edu/odyssey). These runs were combined using the memcp command in
MrBayes. Posterior probabilities are used as support values.

A maximum likelihood tree was estimated using RAxML v. 8.2.11 (Stamatakis 2014) on
the Harvard computing cluster. The threaded version was used with eight cores and -N 1000 (-f
a, -X) to run a rapid bootstrap and search for the best-scoring ML tree of 1000 independent starts.
RAxML was run with the optimal PartitionFinder partitions under the GTRGAMMA nucleotide

model, and the bootstrap score is used to indicate confidence.

Topology testing

When support values are low on a phylogenetic tree, placement of clades can be
misleading and should be confirmed statistically before drawing any conclusions. To this end,
we used the Swofford—Olsen—Waddell-Hillis test implemented in SOWHAT (Church et al.
2015). This test compares the log-likelihood (InL) difference of two topologies to a null
distribution of log-likelihood differences produced through simulation of data under the same
model. To prepare competing topologies we manually created constraint trees where one node is
constrained to test clade placement. Each SOWHAT analysis was run 100 repetitions, with the
GTRGAMMA model and the optimal PartitionFinder partitioning scheme in RAXML, on 12-20

Intel cores on Harvard University’s Odyssey cluster. The output of each analysis is a p-value

73



based on 100 simulation repetitions calculated by dividing the number of simulated InL
differences greater than or equal to the empirical InL difference between the unconstrained and
constrained trees. A confidence interval falling within the significance level (p<.05) indicates
that the sample size is sufficient.

Six separate SOWHAT analyses were completed in order to explicitly investigate the
placement of tribes within and near the Lamiini. The native RAxML analysis places
Monochamini+Lamiini+Gnomini+Batocerini+Acridocephalini within the same clade. Non-
Lamiini taxa that grouped confidently with those assigned to Lamiini were made members of
that tribe for this analysis to reduce conflict, irrespective of online database assignments. The
constraints are as follows (Fig. 2.1): constrained samples of Monochamini sensu the Titan
database (except the samples moved to Lamiini); Gnomini constrained outside of a clade
including Monochamini, Lamiini, Batocerini, and Acridocephalini; Batocerini constrained
outside Monochamini+Lamiini+Gnomini+Acridocephalini; constrained
Monochamini+Acridocephalini; constrained Monochamini+Lamiini+Acridocephalini;
constrained Ancylotonini+Monochamini+Lamiini+Batocerini+Acridocephalini. There is no
justification given in the literature for elevating Acridocephalidi from subtribe to tribe level, and
it should have been synonymized with other subtribes under Monochamini. We also constrained
the conifer feeding Monochamus species to explore the placement of the clade including Goes +

Hebestola.
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Tetraopini Tetraopini
Mesosini Mesosini
Ancylonotini Ancylonatini
Gnomini Batocerini
Monochamini Monochamini
Lamiini Lamiini
a. Batocerini b. Gnomini
Acridocephalini Acridocephalini
Tetraopini Tetraopini
Mesosini Mesosini
Ancylonotini Ancylonotini
Gnomini Gnomini
Monochamini Lamiini
Lamiini Batocerini
Batocerini Monochamini
C. d.
Acridocephalini Acridocephalini
Tetraopini Tetraopini
Mesosini Mesosini
Ancylonotini Ancylonotini
Gnomini Gnomini
Batocerini Lamiini
Monochamini Batocerini
Lamiini Acridocephalini
e. Acridocephalini f. Monochamini

Figure 2.1. SOWHAT topology constraints (a)Ancylonotini in (b) Batocerini out (c) Gnomini out (d)
Monochamini+Acridocephalini in (€) Monochamini+Acridocephalini+Lamiini in (f) Monochamini monophyletic
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Morphology

The main goal of a classification is to “serve as an efficient information storage and
retrieval system” (Mayr 1969). Classifications of organisms store information about relatedness,
as estimated from the distributions of the characteristics of samples of species. A goal of modern
classification is to recognize monophyletic groups which then lend themselves to study of the
historical mechanisms that have led to the diversity of species. The information reflected in
classifications is useful also for identifying the groups to which organisms belong, from species
up through the taxonomic ranks. Even with the spread of molecular tools the most efficient way
to identify organisms is still through morphological study. Comparative morphology is also the
only way to connect fossil samples to living taxa and into phylogenetic studies of relatedness.
Several morphological characters have been used in the past to define the tribes of this study. We
will evaluate some of the most promising traits to determine if they have any utility in
correspondence with the molecular phylogeny. Table 2.2 lists these characters and their states.
We mapped these morphological characters on the Bayesian phylogeny to visualize character
utility in diagnosing monophyletic groups. To further investigate the variability of these
characters, the character states in 28 genera in the Monochamini and six genera of the Lamiini

were coded for summary purposes in addition to the genera represented by molecular data.

Character States

tarsomere 4+5 fused or unfused

prosternum length transverse/subquadrate or longer than wide
ridged open; ridged closed; simple granulate;

scape cicatrix absent

mesotibial furrow present or not present (only dense setae)
open to touch epimeron or closed from

mesocoxal cavities epimeron

lateral pronotal spines present or not present

Table 2.2. Characters reviewed for tribal signal and their states in studied tribes
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Figure 2.2. Unfused and fused tarsomere 4+5. a) unfused (Batocera); b) fused (Monochamus)

Figure 2.3. Variation in the cicatrix of the scape. a) Ancylonotus; b) Mesosa; c) Batocera; d) Abatocera; e)
Paraepepeotes (Monochamini)
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Figure 2.4. Tribal morphology: mesotibial furrow (Monochamus); b) elongate prosternum (Macrochenus); c)
epipleuron open to mesocoxal cavity, the arrow indicates coxal cavity opening (Batocera); d) lateral pronotal spine
(Batocera); e) lateral pronotal armature absent (Mesosa)
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Results

Phylogenetic estimation

The Bayesian supermatrix tree was well resolved overall with the majority of branches
supported at pp>.9 (Fig. 2.5). The individual gene trees (Figs. 2.7,B1,B2) show contribution of
signal at different tree levels indicating varied evolutionary rates and congruence without much
much conflict towards the backbone of the tree. The tribal backbone tree agreed across Bayesian
and ML analyses (Figs. 2.5,2.6). As traditionally defined, the tribes Batocerini, Gnomini, and
Ancylonotini were found to be monophyletic (pp=1, MLB=99-100). The tribes Lamiini and
Monochamini, as defined in the Titan database, were not found to be monophyletic. Members of
the Gnomini and Monochamini split the samples of the Lamiini, revealing the Lamiini to be
polyphyletic. Monophyly of the Mesosini could not be determined with the limited sampling,
and Acridocephalini only contains one genus. The Acalolepta clade formed the most basal group
in the Bayesian phylogeny (Fig. 2.5). It is worth noting that all of the South and Central

American genera included in the tree formed a monophyletic grouping (pp=1, MLB=100).
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The sampling within genera was not dense enough for most taxa to draw firm
conclusions, but some preliminary results indicate some possibly problematic relationships. The
six species sampled from the genus Acalolepta from the continents of Asia and Australia
combined as a monophyletic group without separation by continent. Two subgenera of
Pharsalia, Cycos and Antennopharsalia were found to be separated by the genus Microgoes. The
new world genus Ptychodes rendered Neoptychodes paraphyletic. Within the genus
Pseudhammus, the wg gene tree shows the subgenus Pseudhammus related to Lamia while the
subgenus Litigiosus was closer genetically to other African genera (Fig. 2.7). Finally, the genus
Monochamus is rendered paraphyletic by a clade including the genera Goes and Hebestola from

the Nearctic region.
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Topology testing

The unconstrained maximum likelihood tree determined using the SOWHAT software
matches the RAxML tree topology presented in Figure 2.6. The unconstrained tree was supported
with significance in each constraint analysis (Table 2.3). One constraint performed within a clade
was constraining the conifer feeding Monochamus monophyletic, excluding Goes + Hebestola.
This analysis also resulted in significant support for the unconstrained topology: p<.01, 95% CI

[0,.036], likelihood difference 102.61.

Analysis constraint figure |pvalue [95% CI] |test stat (empirical InL)
Constrain Ancylonotini inside a <.01[0,.036] 96.61
Constrain Batocerini outside b <.01[0,.036] 129.48
Constrain Gnomini outside c <.01[0,.036] 226.06
Monochamini monophyletic (with Acridocephalini) |d <.01 [0,.036] 162.71
Monochamini w/only Lamiini inside e <.01[0,.036] 280.74
Monochamini monophyletic f <.01 [0,.036] 274.97

Table 2.3. SOWHAT testing results, the test stat is the difference in InL between the unconstrained and constrained
ML trees

Morphology

None of the characters explored can be recognized as synapomorphies for Lamiini sensu
novo or any of the previously recognized tribes that fall within Lamiini. Characters such as fused
tarsomeres (Fig. 2.8), a mesotibial furrow, and an elongated pronotum are present in multiple
lineages and are variable within tribes (Table 2.4). Many of these characters are also
plesiomorphic and present in the outgroup tribes Mesosini and Ancylonotini. The rimmed
cicatrix on a cylindrical scape is present in most, but not all, of the taxa in Lamiini sensu nov.,
and can be greatly reduced or absent in species i.e. Trachystola (Lamiini) and Abatocera
(Batocerini). Lateral pronotal spines arising from the middle of the pronotum are also present in
almost all taxa in the Lamiini sensu nov., while some genera including Hebestola, Ptychodes,

and Macrochenus do not have them.
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Tribe fused tarsomere 4+5 |elongate prosternum |cicatrix mesotibial furrow |mesocoxal cavities |lateral pronotal spines
Lamiini yes no present, variable in form yes open yes

Monochamini variable variable present, variable in form variable open variable

Batocerini no no variable yes open yes

Gnomini yes variable present, ridged yes open variable
Acridocephalini  |yes no present, ridged yes open yes

Ancylonotini no no present, ridged and granulate variable open variable

Mesosini no no present, prominent expanded lateral ridge |variable open no

Table 2.4. Presence of discussed morphology in former and current tribes. Summary based on genera from the
molecular analysis and additional museum specimens.
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Figure 2.8. MrBayes supermatrix phylogeny, branches colored blue indicate unfused tarsomere 4+5
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Discussion

We present the first study to sample across the full geographic range of the Lamiini and
related tribes. The only other phylogenetic study of this group focused on the fauna of Japan,
with few representatives outside of the Monochamini and was rooted using the Batocerini as an
outgroup (Toki and Kubota 2010). In that tree, the Monochamini was not monophyletic, and no
other phylogenetic studies have explored the higher level relationships of these groups. With
limited polytomy formation, topological congruence, and high support along the Bayesian
backbone the markers we have used seem to combine to give an informative signal for this
higher level analysis. The topology does agree in the monophyly of certain clades previously
considered as tribes but in positions that would cause a drastic increase in the number of tribes if
they were to remain at this taxonomic rank. Nevertheless, despite strong support for the
backbone topology in this analysis, there is a limited sampling of genes and taxa. Increasing the
number of independent markers can provide more characters and also allow for advanced
averaging over gene trees in a multispecies coalescent framework (Xu and Yang 2016). The
inclusion of more taxa would allow a view of how the genera in these tribes group and allow for
the determination of possible higher level structure of this very large clade. Increased taxon
sampling has the potential to break long branches and lend an overall improved phylogenetic
inference (Hedtke et al. 2006) but can also confound relationships at the species tree level
because the addition of more taxa often means shorter internal branches (Degnan and Rosenberg
2009). Finally, though morphological traits traditionally thought to separate these tribes were

analyzed, none of these characters were found to be synapomorphies for any of the tribes or of
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Lamiini sensu novo. A full morphological investigation should be performed, including internal

and larval anatomy to determine if diagnostic characters can be discovered.

Tribal monophyly and generic evaluation

This is the first study to reveal the suspected polyphyly in the largest of these tribes, the
Monochamini. We find that the tribes Batocerini, Gnomini, Acridocephalini are monophyletic
within a broader tree of mixed Monochamini and Lamiini taxa (Figs 2.5,2.6). Since the tribe
Lamiini takes nomenclatural precedence, the other tribes should be synonymized under Lamiini
sensu nov. An earlier revision (Breuning 1943) accomplished some of these same changes,
synonymizing tribes Lamiini and Monochamini under Agniini, but was not widely followed
because Breuning failed to respect the nomenclatural priorities of the names affected. The
Monochamini and Lamiini have been treated as separate tribes after this publication (Dillon and
Dillon 1959, Linsley and Chemsak 1984). There are flightless lamiine tribes that share
characteristics with Lamiini sensu nov. but no tissues were available for this study. These are the
Phrissomini Thomson, 1860 and Dorcadionini Swainson, 1840. These tribes have been
synonymized under Lamiini (Sama 2008), yet Dorcadionini is still recognized as a taxon
(Bouchard et al. 2011). Due to the similarity in morphology with genera in the Lamiini and
characters specific to a flightless lifestyle being the reasoning for exclusion, the tribe Phrissomini
should remain synonymized under Lamiini sensu nov. pending further evidence. The
Dorcadionini was not included in the present study with either molecular or morphological
approaches, but it does show similar characters to the Lamiini (fused tarsi, pronotal spines, some
have a cicatrix) so it may belong within or close to the Lamiini. The Xenicotelini, Oculariini, and

Xenoleini are additional tribes that could fit in the Lamiini with their own synapomorphies but
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this could not be tested due to a lack of available tissues. Proposed tribal synonomies are
presented in the classification section of appendix B.

Topology testing can bolster the hypothesis that the tribes synonymized under Lamiini
sensu novo are properly placed and not a product of weaknesses of the data. Constraint trees
were created to test existing hypotheses of tribal placement (Fig. 2.1). The tribes Lamiini and
Monochamini have been proposed as synonymous in past publications (Breuning 1943, 1961)
and online lists. Simply constraining the members of these tribes as monophyletic results in a
significant likelihood difference supporting the unconstrained tree with other tribes included
(Table 2.3). Each of the other analyses, either constraining tribes outside or inside of Lamiini
sensu novo, gave similar results in support of the unconstrained RAxML topology (Fig. 2.6). All
sowh tests of alternative topologies were rejected with a p-value of <0.01. Low p-values indicate
that the ML tree estimate is extremely robust. The monophyly of the conifer feeding
Monochamus species was found uncertain in a study focused on the genus (Gorring, unpub.). We
tested the placement of the clade including Goes and Hebestola which that study found as sister
to conifer feeding Monochamus or rendering it paraphyletic. The topology testing showed
significant support for the Goes clade as sister to North American Monochamus species. This
supports a biogeographic origin of the ancestor of North American Monochamus and Goes
clades in Asia and subsequent diversification on both conifers and angiosperms, respectively, of
these genera in North America.

The discussion of several genera follows from their placement in the phylogeny. The
genus Acalolepta is one of the largest in the Lamiini with over 250 species. With samples from
Australia, Thailand, and Korea we find the genus monophyletic and not separated by geography.

There are three Acalolepta subgenera, but we could not evaluate their validity by using only
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samples from the subgenus Acalolepta. There is potential for Acalolepta to be a paraphyletic
genus, with the genus Mimorsidis rendering it paraphyletic in the Lamiini tree of Japan (Toki and
Kubota 2010). Mimorsidis yayeyamensis, the species used in that study, was also described as
Acalolepta ishigakiana by S. Breuning, the author that erected Mimorsidis (Breuning and Villiers
1973). It has a similar morphology so may belong to Acalolepta. This data also shows that the
characters used by lamiine taxonomists in the past to identify subgenera better represent the
genus level. Two subgenera of Pharsalia were included: Cycos and Antennopharsalia. These do
not form a monophyletic group and are separated by the genus Microgoes. Sampling including
the other subgenera could reveal if some form monophyletic groups as is shown between the
subgenera Pharsalia and Antennopharsalia in the wg gene tree. Either way, Cycos should be
elevated to genus. The subgenera sampled from the African genus Pseudhammus, Pseudhammus
and Litigiosus, show a similar paraphyletic pattern in the wg tree with Pseudhammus grouping
with the European genus Lamia and Litigiosus grouping with other African genera in the tree.
The most extreme example is in the subgenera of Monochamus. These are mostly present in
Africa, and the phylogenetic analyses have them polyphyletic in a clade with other African
genera. The subgenus Monochamus, which is geographically spread through Africa, Asia, and
North America, is divided into four groups in the phylogeny: Nearctic Monochamus, Palaearctic
conifer feeding Monochamus, part of the Microgoes clade, and an African branch (represented
by Monochamus (M.) olivaceus (PSG718). In the end, only the conifer feeding species represent
true Monochamus, and they seem to be paraphyletic. The issue would benefit from more gene
sampling since concatenated trees with more genes find conifer feeding Monochamus
monophyletic while this study’s concatenated three-gene analysis and topology tests find their

group to be paraphyletic. A species tree analysis over many markers should help to determine the
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universal signal of the genome and if incomplete lineage sorting is possibly associated with rapid
diversification following entry into North America (Liu et al. 2015). Another relationship to note
is that of the new world genus Ptychodes which renders Neoptychodes paraphyletic. These two
genera are similar morphologically and deserve further sampling to clarify relationships. When
thinking about expanded taxon sampling for future work, it would be advisable to sample all
subgenera and multiple samples from any morphologically diverse genus. A distinct clade could
also be explored in depth to re-evaluate the morphological characters that seem informative at

the genus level for guidance in taxon choice for an expanded study.

Morphology

Comparative morphology is the foundation of the science of taxonomy and classification.
While many of the characters used to define the tribes that we now consider synonyms of the
Lamiini were insufficient to delineate those taxa, some can be useful to describe many of the
genera within the tribe’s new boundaries. One character rarely used in the past is the fusion of
tarsomeres four and five. These beetles are essentially tetramerous. This character is found in
most of the tribes proposed to be within Lamiini sensu nov. and is also found in the Dorcadionini
and former Phrissomini. This fusion is not present in the observed genera of the former
Batocerini. It is found to be variable in the Monochamini, not present in some Monochamini
genera in the molecular phylogeny estimate (Fig. 2.8), and also not observed in Macrochenus,
Paraepepeotes, and Gerania of the additional Monochamini genera coded. Interestingly, all
South American Lamiini genera share the plesiomorphic unfused state with the Mesosini and
Ancylonotini. These patterns hold for the genera observed but we did not have available for this

study all of the genera or species within genera, and so fusion absence in certain tribes and
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apparent constancy in others could change. Regardless of the reversals, this is a very strong
character since beetle tarsal formula changes are often restricted to the family level. Two
characters that are also significant in the Lamiini sensu nov. are lateral pronotal tubercles and a
cicatrix on the scape. With several exceptions, the genera included have lateral pronotal
projections that are often acute. The Mesosini often have small anterolateral projections, and the
Ancylonotini are variable in their pronotal armature. The cicatrix, or scar, at the apex of the
scape is present in almost all species observed in the revised Lamiini. The level of development
does differ from a lightly granulate apex as in Rosenbergia to a heavily rimmed and closed
cicatrix. This is not the only tribe with a cicatrix; some tribes are variable while others like
Mesosini have a consistent shape. Overall, no morphological diagnostic characters are constant
for the Lamiini, as has been discussed as far back as the 1860s (Bates 1861, Pascoe 1864). With
the combination of these tribes, much of the ambiguity with specimen assignment to tribe will be
relieved with a combination of characters. These are fused tarsomeres 4+5, lateral mid-pronotal
projections, and a cicatrix on the scape. Fortunately, while there are anomalous genera that are
exceptions for each of these characters, most tend towards a distinctive elongate body shape and
this combination of characters. Currently outside of the Lamiini sensu nov., the tribe
Dorcadionini also has fused tarsomeres and pending future study, the Xenoleini, Oculariini, and
Xenicotelini may as well. This seems to be one of the most useful characters for placement of
genera within Lamiini and further morphological and molecular investigation can corroborate or
falsify this hypothesis. A full morphological phylogenetic analysis will also potentially reveal

other characters with strong phylogenetic signal.
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Clade origins

The topology based on these genera indicates some historical biogeographic patterns
although dating and model-based biogeography analyses were not performed (Fig. 2.9). The
clade that comprises genera from South and Central America is found near the base of the tree
and separate from North American genera. With its closest relatives in south Asia, this group
could have a climate based vicariant origin similar to the cerambycid genus Callipogon which
ostensibly dispersed over the first Bering Bridge and diverged from an Asian relative ~34 mya
(Kim et al. 2018). Up until that point in time, a boreotropical forest covered the Holarctic with a
connection through Beringia (Wolfe 1978). Also in support of presence in North America during
the Paleogene, a fossil assigned to the tribe Lamiini was described from Florissant beds (Scudder
1878). We found no direct Oriental or Palearctic relative to the Taeniotes clade. This clade does
carry the plesiomorphic character of an unfused fourth tarsomere which is rare in the tribe so a
putative Asian relative may also have this. The North American clades of Monochamus and
Goes + Hebestola have a late Miocene-early Pliocene origin according to COI evolutionary rates
(Gorring, unpub.). According to the current study, a widespread Holarctic species experienced a
vicariant event giving rise to the ancestor of both North American clades. Finally, most of the
genera sampled from Africa had a single origin. Its sister group includes mostly southeast Asian
genera. The divergence of these clades is not ancient, and they likely separated within the past 25
million years. The only African genus to fall outside of the African clade is the Pseudhammus

subgenus Pseudhammus which is closely related to Lamia and allies.
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Conclusions

We have found through a molecular analysis and morphological review that the tribes now
included in Lamiini sensu novo are not reciprocally monophyletic. Some of these former tribes
do show a higher level of variable morphology (such as unfused tarsomeres in the former
Batocerini clade) that can help to identify them as derived clades within the Lamiini. While the
tribes Acridocephalini, Batocerini, Gnomini, and Monochamini are shown to be synonyms of the
Lamiini with no support for their separation, the tribes Dorcadionini, Oculariini, Xenoleini, and
Xenicotelini which also show similar characters need further analysis to determine if they belong
within the tribe. The Phrissomini has been synonymized under the Lamiini (Sama 2008), but the
true placement of some of its genera will require further investigation.

Future studies can build upon this work with increased taxon, morphological, and genetic
sampling. The taxa sampled for this study represent a substantial enough proportion of total
diversity in the clade to get an idea of tribal placements, but determining groupings of genera
that may ease identification in this large group will require more genera to be sampled. Ideally, a
molecular method that can take advantage of museum specimens of rare and monotypic genera
would allow thorough generic and subgeneric sampling to solve abundant taxonomic issues. A
morphology-based, or combined molecular and morphological phylogeny of the Lamiini would
be another step towards characterizing similar tribes of the Lamiinae. This would enable an
evaluation of the morphological traits, their consistency with genetic character evidence, and

whether a tribal classification is supported or useful for this variable and diverse subfamily.
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CHAPTER 3

Not geography but climate influences population structure of sky island pine

beetles (Cerambycidae: Monochamus) in the Great Basin of North America
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Introduction

Millions of species have arisen through evolutionary time, and diverse factors have been
implicated in initiation of the speciation process. Herbivorous insects are the most species-rich
group of multicellular organisms on the planet with over 400,000 described species (Mitter et al.
1991), so understanding their modes of speciation will help to directly explain a large portion of
the Earth’s diversity and may shed light on how other groups develop evolutionary isolation. The
ecological impact of this high diversity cannot be overstated and their multitude of connections
to other species and the environment hold the web of life together. Studying the impact of
potential isolating factors in a natural environment is the best way to to understand how multiple
factors may contribute to the diversification process.

Geographic isolation is the prevailing hypothesis for the separation of populations
(Coyne and Orr 2004) but hypotheses that invoke sympatric processes have gained traction
(Nosil et al. 2002, Nosil 2012). Increased speciation rates in insects are also thought to correlate
strongly with changes in host-plant geographic range (Howden 1969). These changes directly
influence the insects feeding on the plant species adapting to new climate regimes. Rapid
isolation relating to host phenological adaptation is evident in Rhagoletis pomonella host race
formation in sympatry in less than a century (Bush 1969, Feder et al. 1990). Recent research has
indicated that the genetic diversity necessary for this host shift originated from introgression
from another R. pomonella population (Feder et al. 2003). Nevertheless, at minimum genetic
sorting and reinforcement took place in sympatry. As with sympatric sorting in host fruit
phenology, a vicariant event, which isolates subpopulations with different communities of host

plants for thousands of generations, could induce rapid speciation (Futuyma and Mayer 1980).
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Over a contracted timescale, these divergent selective forces could be manifest as increased
divergence between islands with different host composition when compared to those with the
same host(s). The geographic separation of sky islands may also contribute a divergent signal
either as isolation by distance (with near islands closer genetically) or as a completely isolating
mechanism where islands will show distinctive genetic admixtures.

A natural experiment has been constructed by climate change in mountainous regions of
western North America. Climate induced range changes through the Quaternary Period have
effected both plants and animals, with distinct phylogeographic units found in many groups of
organisms. Conifers are often separated into different species groups on different mountains
(Wells 1983). Birds have also diversified through the Pleistocene with divergence times
attributable to refugia (Avise and Walker 1998). Melanoplus grasshoppers in northern sky
islands reveal evidence of glacial refugia, multiple speciation cycles and potential sexual
selection (Knowles 2000, 2001). Habronattus spiders in the AZ sky islands show evidence of
geographic structure and sexual selection in males (Masta 2000, Masta and Maddison 2002).
Moneilema cactus longhorns show a pattern of recent range expansions in more xeric desert
conditions which expanded in recent time (Smith and Farrell 2005). Climate change has moved
these groups of varied vagility up and down mountains and in and out of contact with one
another. The net effect of these oscillations is isolation that can produce groups that differ in
genetics, morphology and behavior. Many of these groups are hypothesized to have experienced
a level of sexual selection leading to their rapid divergence. Other selective forces may have had
the same effect on separated populations of pine sawyer beetles.

Conifer feeding beetles on sky islands are an ideal system for the study of multiple

factors influencing herbivore divergence since potential factors of geographic, ecological, and
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environmental isolation can be explored. Monochamus clamator (LeConte) pine sawyer beetles
(Coleoptera: Cerambycidae) are longhorned beetles that feed on dying and live tissues of various
genera of the Pinaceae. This restricts them to conifer forests and presents an opportunity for
adaptation to the defenses of conifer communities on habitat islands. They can also fly, giving
them moderate dispersal ability and potential for a pattern of isolation by distance (Peterson and
Denno 1998). The unique geology of the Great Basin of western North America presents a
landscape of some 207 (Charlet 1996) ‘sky islands’, ~150 of which have species of the family
Pinaceae, that are separated by great swathes of desert or steppe habitat. Packrat midden
evidence shows a long history of subalpine conifers in the region and more recent (~at 6kya)
dispersal of pinyon pine woodland from southern Nevada and California refugia (Wells 1983,
Thompson 1990, Cole et al. 2013). This island-like separation of habitats and variation in host-
plant presence allows the study of multiple factors that may promote population differentiation.
Population genomic data was used to explore the structure of M. clamator across seven
Great Basin sky islands. SNPs extracted from aligned RNASeq reads were used to answer a
number of questions about the species. The first is whether or not island beetle populations show
expected differentiation in standard population statistics such as Jost’s D (Jost 2008) and allele
frequency measures. A second question is whether or not there is substantial migration between
the geographically distant islands. Limited gene flow knowledge exists for insects in the Great
Basin (Britten et al. 1995, Simpkin et al. 2000) and most measures were of low elevation species
with limited numbers of loci. We will measure migration parameters using a modern Bayesian
approach. Answering these questions will give an overview of how this moderately vagile

organism is moving and interacting with conspecifics at a geographic scale.
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In addition to determining how the sky island sawyers are genetically structured, we will
focus on biotic and abiotic factors resulting in that structure. These regression measures have
been colloquially termed isolation by adaptation, isolation by distance (or resistance in the case
of barriers) and isolation by environment. Since divergences between these islands were likely to
be taking place over the Pleistocene and into modern time, both next generation genome wide
sequencing using transcriptomics and gene expression interrogation were undertaken to capture
information on the shorter timescale. Using matrix regression methods, we test geographic
isolation and resistance to movement between habitat islands, potential host plant adaptation
testing for selected genes and differentially expressed genes, and environmental variables that
may be isolating populations. Measuring this selection of population statistics and correlations
produces a clear picture of how sawyer beetles are structured in the sky islands of the Great

Basin and the factors that may be responsible for this structure.

Methods

RNA-Seq beetle population sampling

In order to assess population structure and gene flow across the habitat islands of the
Great Basin, samples of Monochamus clamator LeConte pine sawyer beetles were collected
from multiple high elevation localities across Nevada (Table 3.1, Fig. 3.1). A minimum of five
individuals of each sex were collected from each location using panel traps baited with genus
specific aggregation pheromones and host-plant volatiles, UV light setups, and hand collecting.
The majority of specimens were collected live into these traps and maintained with fresh
hostplant material before being processed. Samples for transcriptome sequencing were

photographed and flash-frozen in liquid nitrogen in the field then stored frozen at -80C upon
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return to the laboratory. Six individuals were chosen from seven habitat islands to represent its

population.
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Figure 3.1. Collecting localities in the Great Basin, USA. Pertinent mountain ranges are outline in red. Map image
from Google Earth.
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RNA-Seq transcriptome sequences

The mRNA was extracted from Monochamus clamator antennae to build individual
tissue specific transcriptomes. Antennae were removed for mRNA extraction from frozen
specimens one individual at a time. Both antennae were ground in liquid nitrogen and mRNA
was directly extracted using the Dynabeads mRNA direct kit (Thermo Fisher kit 61011) or total
RNA was extracted using the Nucleospin RNA plus extraction kit (Clontech 740984.50). With
total RNA, the Dynabeads were subsequently used to purify mRNA from the extract (Thermo
Fisher kit 61006). After extraction, the Qubit machine was used to estimate RNA quantity. RNA
was then visualized for ribosomal RNA contamination and successful extraction using the
Agilent Bioanalyzer machine with the RNApico chip.

A processing robot was used to reduce RNA-Seq library preparation variability and work
with small amounts of mRNA. Libraries were prepared using the Apollo 324™ NGS Library
Prep robot in Harvard’s Bauer Core facility. This machine allows for automated cDNA prep
using kits produced by Wafergen, reducing bench time and potential variation over samples
prepared. The Wafergen PrepX™ RNA-Seq library kit was used to create stranded cDNA. All
extracted mRNA (~60ng) was used for the reaction mixture. Adapter ligation PCR was
performed for 13 cycles using the small RNA primer provided in the PrepX kit and different
illumina index primers for each sample to be pooled together. A 1X Ampure XP bead cleanup
was then done on the Apollo following PCR. PCR and cleanup followed the PrepX RNA-Seq
protocol. After prep, a DNA qubit measure was done for each library and Tapestation (High
Sensitivity D1000 tape) or Bioanalyzer (high sensitivity DNA chip) were run to estimate average
library size. Finally, either gpcr or the formula (library concentration ng/ul x 1000000ul/1L x

Inmol/660ng x 1/avg. fragment size in bp) was used to measure library molarity.
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Indexed libraries were combined into pools and diluted to 2nm concentration for loading.
Paired end 150bp (rapid run) and 125bp (v4) sequencing was done at the Bauer Core facility on
an illumina HiSeq 2500 machine, targeting similar read counts for each library. All following

bioinformatics procedures were run on Harvard’s ‘Odyssey’ Linux computing cluster.

Read processing and reference transcriptome build

In order to create a clean read set for each individual, several quality control steps were
performed after the reads were returned. Approximately 1.4 billion reads were sequenced for this
study’s samples. Reads were corrected with Rcorrector (Song and Florea 2015) using default
settings to correct reads that could lead to erroneous kmers. Unfixable reads were discarded.
TrimGalore v. 0.4.2 built on cutAdapt (Martin 2014) was used to trim reads by sample for
quality and adapter contamination with a quality cut of g-score 25, length minimum of 36bp, and
default values for other options. Since the library prep adapters were non-standard their
sequences were manually added for trimming. This resulted in 1,174,385,104 reads to use for
downstream analyses (~179 million per habitat island). A blacklisting procedure was also done
to remove ribosomal RNA in the dataset. This seemed to be more of an issue for samples using
the direct mRNA protocol and rRNA was less abundant in samples that had total RNA extracted
first. To do this, Bowtie2 v. 2.2.2 (Langmead and Salzberg 2012) was used to create an index
from available small and large subunit rRNA curated and available on the Silva website
(www.arb-silva.de). Bowtie2 was set to very-sensitive-local, and any sequences that aligned to
the rRNA index were removed from the read set. Anywhere from 100,000 to over a million reads

were removed from samples indicating that rRNA can be captured along with mRNA on the
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dynabeads. Overall, these filtering steps may be stringent, but with the high number of reads
sequenced more can be removed in order to ultimately build better contigs.

A reference antennal transcriptome was built de novo from a subset of individuals in the
dataset to align reads for gene expression counts and SNP calling. The individuals used are
indicated in table 1 and total nine individuals representing every habitat island, both sexes, and
~288 million reads. To build this transcriptome Trinity v. 2.2.0 (Haas et al. 2013) was used in a
strand specific mode, with in silico normalization, min_kmer cov 2, max_reads _per loop
5000000, SS_lib_type set to FR according to the Wafergen kit strand protocol, and

group_pairs_distance 800.

Reference annotation

To further filter this transcriptome and increase its utility for beetle expression measures
the transcripts were annotated using multiple reference databases. Using Blast v. 2.2.29+
(Camacho et al. 2009), blastx and blastp searches were performed on the uniref90 database and a
custom database with available (at GenBank, www.ncbi.nlm.nih.gov) beetle transcripts (65,325)
and proteins (75,413) from Tribolium castaneum, Anoplophora glabripennis, Monochamus
alternatus, Agrilus planipennis, and Dendroctonus ponderosae. A blastn search was also done on
the beetle nucleotides. Results were output in the .outfmt6 format and combined into an
annotation matrix using the PandAnnotate.py script from PandAnnotate
(https://github.com/harvardinformatics/Pand Annotate). This matrix was then pruned, removing
transcripts not annotated to invertebrates and those with no annotation. RSEM v. 1.2.29 (Li and

Dewey 2011) was used to create an expected counts matrix for the transcripts and those with
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combined expression across samples less than five were removed for an ultimate transcript list of
107,533 transcripts.

With this number of transcripts, it is likely that some fragments belong to the same
isoform so transcript clustering would benefit downstream expression quantification. The
reduced transcript list was extracted from the RSEM counts matrix and those sequences were
pulled from the original trinity fasta output using the UCSC genome browser’s utility
faSomeRecords (http://genome.ucsc.edu). The RNA-Seq quasi-mapper Sal/mon v. 0.8.0 (Patro et
al. 2017) was used to set up the clustering of transcripts by building an index based on the
reduced transcript list then using the quant command with option -dumpEq to map reads and
provide the clustering tool with equivalence classes from the mapping. RAPclust
(https://github.com/COMBINE-lab/RapClust) was used to cluster the transcripts. This tool uses
mapping information of the samples to create a mapping ambiguity graph that is then clustered in
their treatment groups, if provided. We chose to make each habitat island a ‘treatment’ group
which, if anything, will inflate the final number of clusters. The end result was 69,831 clusters
and a list of transcripts with no assigned cluster, data that can be used to build a map linking
transcripts to their respective clusters. The consensus gene symbol from multiple blast searches

was attached to the cluster and transcript.

SNP calling

For assessment of population structure, differentiation measures, and to identify
potentially selected genes, a set of SNPs was called from the clustered transcript set reduced to
those over 500bp. This fasta formatted sequence list was made into a BWA index using BWA v.

0.7 (Li and Durbin 2009). Each of the 41 individuals in the study were aligned to this indexed
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transcriptome using the BWA-mem command with -M option to make results Picard Tools
compatible. The .bam formatted output files were then sorted using SAMtools v. 1.4 (Li et al.
2009). Since this is a SNP calling procedure and read depth is not essential, duplicate reads from
the alignment were removed using Picard Tools v. 2.9.0 (http://broadinstitute.github.io/picard) to
increase computing efficiency. All sample .bam files were then aligned using the SAMtools
mpileup command with -B option to disable read realignments and a minimum mapping quality
(q) of 1. This result was piped to VarScan.v. 2.3.7 (Koboldt et al. 2009) for variant calling using
mpileup2cns with default options except a minimum coverage of 5. To further reduce this set to
usable downstream SNPs, VCFtools v. 0.1.14 (Danecek et al. 2011) was used to constrain to
biallelic sites, remove indels, and recode data. Two datasets were produced: one with no missing
data and one that required presence in at least 2 individuals per habitat island. For the population
thinned dataset a minor allele count (--mac) of 2 was given and a minimum genotype depth
(minDP) of 3, but not for the no missing set. All SNP work in R was done under R version 3.4.2
(R Core Team 2017). For linkage disequilibrium pruning of the SNP set the package SNPRelate
v. 1.4.2 (Zheng et al. 2012) was used with an LD threshold of .2 to remove SNPs in LD within a
sliding window. This outputs a list of SNPs in linkage equilibrium that can be used with

VCFtools to produce an LD free file.

Gene expression

Differentially expressed genes, expression distance, and expression clusterings were
measured across islands. For comparisons an expected counts matrix was produced using RSEM
and the rsem-calculate-expression function which produces isoform and gene level counts. This

is done by first building a reference index in RSEM based on a gene to transcript map produced
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from the reduced transcript list. The summarized count matrix across all samples is in expected
counts which are non-integer due to resulting from posterior probabilities of alignment which are
not always 1.

Differential expression was measured between habitat islands according to host plant
presence. A design array was formed with specimens assigned to low (1 sp.), medium (2 spp.),
and high (>2 spp.) host-plant diversity according to the habitat island they originated from. These
were assigned in contrasts of host diversity, setting pairwise comparisons of the habitat types.
Differential expression testing was very similar to the tutorial found at https://ucdavis-
bioinformatics-training.github.io/2018-June-RNA-Seq-Workshop/thursday/DE.html. The RSEM
expected counts matrix had normalization factors calculated and was transformed to counts per
million and rows without at least 5 samples with expression greater than 1 were removed. To
compare for differentially expressed genes R v. 3.4.1 packages edgeR v. 3.12.1 (Robinson et al.
2010) and limma v. 3.26.9 (Ritchie et al. 2015, Phipson et al. 2016) were used. The voom
function in limma was used to find regression coefficients according to the contrast matrix and
hypotheses were tested as contrasts of the fitted linear models. Differentially expressed genes
were decided at a false discovery p-value <.05 and minimum log fold change of 1.5. A second
analysis of elevation and tree species separated specimens in the Snake Range was also done in
the same manner.

To measure and visualize gene expression distance between samples a combination of
base R v. 3.5.1 and packages DESeq2 v. 1.22.2 (Love et al. 2014), pheatmap v. 1.0.12
(https://CRAN.R-project.org/package=pheatmap), ggplot2 v. 3.0.0 (Wickham 2016) and the
genefilter v. 1.64.0 bioconductor package were the main packages used (see Appendix 2 for

complete code). The RSEM expected counts matrix was rounded to integer values to allow use in
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DESeq2, then this matrix was transformed using DESeq?2 function vst() to normalize the
sometimes extreme counts and allow more genes to contribute signal to distance measures.
Between sample distance was measured with Euclidean distance using the dist() function.
Clustering of samples and genes was done with the hclust() function and complete linkage. To
create a pairwise distance matrix between island clusters the meandist () function in the vegan v.
2.5-2 (https://CRAN.R-project.org/package=vegan) package was used on the vst standardized

distance object to give average Euclidean distances between manually assigned island clusters.

Population measures

Because the beetles in this study were collected on conifer trees restricted to mountain
tops with desert or steppe habitat in between, the genetic structure of the putative populations
was of interest. For these measures either the LD pruned SNP set with no missing data (16k set)
or the population thinned dataset (44k set) were used. These datasets were converted from VCF
to genepop format using PGDspider v. 2.1.1.0 (Lischer and Excoffier 2012). This .gen file was
imported to R and made into a genind object using adegenet v. 2.1.1 (Jombart and Ahmed 2011).
The hierfstat package v. 0.04-22 (https://CRAN.R-project.org/package=hierfstat) was used to
translate the genind to a hierfstat object (genind2hierfstat()) and by population diversity statistics
Hs and Ho were calculated using the basic.stats() function. The MMOD v. 1.3.3 (Winter 2012)
package was used to calculate pairwise Jost’s D, Nei’s Fsr and Hedrick’s Gsr for the islands
using the genid object. This was chosen as the differentiation statistic since traditional stats like
Fsrhave been shown to level and decrease as allelic differentiation of subpopulations grows
(Jost 2008). This could be an issue with organisms isolated from one another for many

generations, as may be the case in island inhabiting species. The other statistics are included for
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comparison of utility. MMOD does not support pairwise stats by locus, so locus specific pairwise
differentiation statistics were calculated using the diffCalc () function in the diveRsity v. 1.9.90
(Keenan et al. 2013) package.

To genetically cluster individuals we used adegenet and the 44k SNP set. The k-means
driven find.clusters () function was called with a maximum number of clusters set to ten and
retaining 20 pca axes. The ideal cluster number was chosen using the Bayesian information
criterion. The hierfstat function indpca () was used to create a PCA based on allele frequencies of
the individuals.

To measure gene flow between islands the software Migrate v. 3.6.11 (Beerli and
Felsenstein 2001, Beerli 2006) was used in Bayesian mode with 5,000 of the SNPs from the 16k
no missing data set. The Migrate formatted document was created from the VCF file in
PGDspider. Migration directionality was free to vary, constant mutation rate across loci and
prior distributions for 6 and M were uniform. Two runs of 400,000 reps with a burn-in of 2,000
and recording every 20 steps were performed. Chain stationarity was gauged with effective
sample sizes and similarity of the results over the two runs.

To determine if any SNPs may be representative of selected markers across the islands
we used the software BayeScan v. 2.1 (Foll and Gaggiotti 2008). This Bayesian method uses
allele frequency differences of populations and can account for population sizes and immigration
rates. Default settings, which make the neutral model 10x more likely than the selective model,
were used with the 16k and 44k SNP sets and seven populations were assigned, one for each
habitat island. A run with two populations was also done, one population contained the islands

with one host (Silver and Desatoya) and the other population included all other islands.
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Matrix regression

In order to compare multiple variables potentially relating to genetic diversity in these
beetles matrices were constructed and matrix regression analysis performed. The genetic distance
matrix was constructed based on pairwise Jost’s D differentiation values from the 44k SNP set as
described above. The host-plant diversity dissimilarity matrix was calculated in R using the
vegan package and vegdist () function with jacaard distance based on the number of hospitable
tree species present on the island (Table 3.1). To calculate environmental distances all 19 bioclim
variables were downloaded from Worldclim (http://worldclim.org/version2) at 2.5 minute
resolution and cropped to the area of the study by making a stack and cropping it using the raster
v. 2.6-7 (https://CRAN.R-project.org/package=raster) package. The sp v. 1.3-1 (Bivand et al.
2013) package was used to make a spatial points dataframe from the locality information of the
island samples. Raster::extract() was used to pull the bioclim variables per specimen which were
averaged by population. A PCA was done on the averaged bioclim variables using the prcomp()
function to account for correlation of bioclim variables with one another. PC1 accounted for
99.1% of the variance in the data so was used to create a Euclidean distance matrix with the
dist() function. Geographic distance was measured using spherical distance functions
implemented in the Geographic Distance Matrix Generator v. 1.2.3 software
(http://biodiversityinformatics.amnh.org/open_source/gdmg).

A multiple matrix regression with randomization was performed in R using the MMRR
function (Wang 2013). Each of the matrices for genetic distance, expression distance, host
distance, geographic distance, and environmental distance were brought into the same

environment. Distance matrices were standardized by subtracting the mean and then multiplying
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the result by the square root of result/result?>. Column and row names were also assigned to be the

same for all matrices. The MMRR script was run for 1000 permutations.

Results

Sequencing and reference transcriptome

Library preparation and sequencing was successful and produced more than 25 million reads for
all individuals (Table 3.2). A reference Monochamus clamator antennal transcriptome was built
with multiple males and females from across habitat islands. This transcriptome has 258,123
Trinity genes and 354,446 transcripts. There is a mean contig length of 444.68bp and N50 of 478
based on all contigs with a total of 157,613,300 assembled bases. Using BUSCO v. 2.0.1
benchmarking (Simao et al. 2015) with the Endopterygota gene set, 80.6% complete and 14.3%

fragmented BUSCO orthologs (2318/2442) were recovered.
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Table 3.2. Sequencing and processed read results, gray fill indicates the sample was used as part
of the reference transcriptome assembly. Island totals correspond to all samples of the island of

the corresponding sample
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Total island

Raw Clean reads reads (125-

Sample Specimen reads (post trimming) 150bp)
PSG000211 | M.clamator spring?2 32736168 27,165,858

PSG000213 | M.clamator spring3 28258446 24,275,568

PSG000214 | M.clamator spring4 36570618 30,183,826

PSG000219 | M.clamator springl 52805394 38,423,712

PSG000221 | M.clamator springb 32003558 28,975,030 149,023,994
PSG000225 | M.clamator silverl 45893698 33,216,734

PSG000226 | M.clamator silver3 32041334 27,916,316

PSG000227 | M.clamator silver4 27171960 24,486,914

PSG000231 | M.clamator silver2 50108754 36,845,198

PSG000232 | M.clamator silver5 36376204 30,470,610

PSG000233 | M.clamator_silver6 38525390 29,373,594 182,309,366
PSG000236 | M.clamator cloverl 34616240 25,221,922

PSG000237 | M.clamator clover2 33946676 28,395,938

PSG000238 | M.clamator clover3 31965542 27,511,606

PSG000239 | M.clamator clover4 32659444 29,373,588

PSG000240 | M.clamator clover5 27420190 23,975,698

PSG000242 | M.clamator clover6 30698458 26,907,172 161,385,924
PSG000250 | M.clamator toiyabel 36221286 27,558,180

PSG000251 | M.clamator toiyabe2 33642068 28,423,968

PSG000252 | M.clamator toiyabe3 39643094 33,309,418

PSG000256 | M.clamator toiyabe4 33145070 27,540,664

PSG000257 | M.clamator toiyabe5 32424676 27,113,482

PSG000258 | M.clamator toiyabe6 29037196 25,725,842 169,671,554
PSG000261 | M.clamator desatoyal 37041456 27,708,156

PSG000262 | M.clamator desatoya3 32522204 28,378,882

PSG000263 | M.clamator desatoya2 37306246 31,446,876

PSG000268 | M.clamator desatoya4 30280732 24,728,700

PSG000269 | M.clamator desatoya5 32801218 29,648,996

PSG000272 | M.clamator desatoya6 39915282 33,604,174 175,515,784
PSG000286 | M.clamator whitepinel 28829334 24,643,764

PSG000287 | M.clamator whitepine2 32030568 26,109,156

PSG000288 | M.clamator whitepine3 26668456 21,779,650

PSG000289 | M.clamator whitepine4 31503176 29,498,572

PSG000292 | M.clamator whitepine5 27195832 24,195,764

PSG000294 | M.clamator whitepine6 28704412 26,086,880 152,313,786
PSG000326 | M.clamator snakebristlel | 43687666 30,692,492

PSG000335 | M.clamator snakecampl | 34408810 26,652,526

PSG000336 | M.clamator snakecamp2 | 33080656 27,526,976

PSG000338 | M.clamator snakecamp3 | 39418272 33,944,556

PSG000340 | M.clamator snakecamp4 | 36166202 32,233,762

PSG000354 | M.clamator snake9300 38548984 33,114,384 184,164,696
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SNP calling

The SNP calling workflow resulted in high numbers of SNPs for use in population
genomic calculations and selection testing. After the initial VCF filtering done on each dataset
(16k & 44k) the no missing data set had 65,922 SNPs and the population thinned dataset that
required at least two representatives of that SNP per island had 143,306 sites. Following the LD
thinning process the set with no missing data had 16,036 SNPs while the population thinned set

had 44,038.

Population measures

Genetic clustering analysis gives BIC support for two distinct genetic clusters in the 44k
set of SNP data (Fig. 3.2). One of these two allelic clusters contains all the Silver Peak
individuals and the other all other island individuals. This pattern can also be seen in an allele
frequency based PCA plot of all individuals (Fig. 3.3). The results of Migrate runs show low
population sizes and a high importance of immigration relative to mutation (Table 3.3, Fig. 3.4).
The M value is the immigration rate per generation divided by the mutation rate per generation

so larger values show that immigration is more important for new variants in a population.
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Allelic discriminant analysis of principal components
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Figure 3.2. Discriminant analysis density plot based on the allele level genomic data
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Figure 3.3. Allele frequency PCA plot with individuals labeled by island of residence, based on 44k SNP set
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Locus | Measure Mean Locus | Measure Mean

All M_Silver->Spring 109.57 g All M_Desatoya->Toiyabe 74.57
All M_Clover->Spring 110.99 g All M_White_Pine->Toiyabe 87.21
All M_Toiyabe->Spring 100.82 g All M_Snake->Toiyabe 74.07
All M_Desatoya->Spring 99.32 g All M_Spring->Desatoya 85.3
All M_White_Pine->Spring 105.65 g All M_Silver->Desatoya 69.61
All M_Snake->Spring 109.95 g All M_Clover->Desatoya 86.85
All M_Spring->Silver 63.9Q All M_Toiyabe->Desatoya 83.17
All M_Clover->Silver 112.87 g All M_White_Pine->Desatoya 86.89
All M_Toiyabe->Silver 72.3 g All M_Snake->Desatoya 85.55
All M_Desatoya->Silver 81.06 g All M_Spring->White_Pine 63.58
All M_White_Pine->Silver 85.56 g All M_Silver->White_Pine 68.14
All M_Snake->Silver 79.01 g All M_Clover->White_Pine 85.83
All M_Spring->Clover 72.9Q All M_Toiyabe->White_Pine 62.97
All M_Silver->Clover 77.43 g All M_Desatoya->White_Pine 73.27
All M_Toiyabe->Clover 80.06 g All M_Snake->White_Pine 96.41
All M_Desatoya->Clover 99.3 g All M_Spring->Snake 92.76
All M_White_Pine->Clover 86.19 g All M_Silver->Snake 71.31
All M_Snake->Clover 71.65 @ All M_Clover->Snake 98.16
All M_Spring->Toiyabe 71.93 g All M_Toiyabe->Snake 75.9
All M_Silver->Toiyabe 71.69 g All M_Desatoya->Snake 92.87
All M_Clover->Toiyabe 90.22 g All M_White_Pine->Snake 76.35

Table 3.3. Migrate results of the mean effective immigration rate M for a no missing data set of 5000 SNPs,
-> indicates migration direction
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Figure 3.4. Simplified three island diagram of migration between Great Basin sky islands. M value is the effective
immigration rate from the Migrate program and indicates relative importance of migration compared to mutation for
new diversity in populations.

Mean Hs Mean Ho Mean theta

Spring 0.1177 0.0879 0.0047
Silver 0.1141 0.0907 0.0053
Clover 0.1197 0.0807 0.0054
Toiyabe 0.1255 0.0939 0.0062
Desatoya 0.1243 0.0931 0.0054
White_Pine 0.1201 0.0799 0.0054
Snake 0.1282 0.0963 0.0061
overall 0.12 0.09

Table 3.4. Population summary statistics. Ho and Hs calculated using the R hierfstat package, dusing Migrate
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Spring Silver Clover Toiyabe Desatoya White_Pine
Silver 0.01768855
Clover 0.01027234 0.02114295
Toiyabe 0.00876456 0.01846116 0.00624622
Desatoya 0.00894792 0.01856683 0.00600976 0.00364496
White_Pine 0.00920414 0.01950948 0.00624592 0.00447083 0.00447471
Snake 0.0090062 0.01893147 0.00602618 0.00413527 0.00419804 0.00482585

Table 3.5. Pairwise Jost's D on 44k SNP set, mmod package

Spring Silver Clover Toiyabe Desatoya White_Pine
Silver 0.10665622
Clover 0.04583103 0.12478424

Toiyabe 0.03458992 0.10937692 0.01917173

Desatoya 0.04010717 0.10946643 0.02159211 0.00526574

White_Pine 0.04257716 0.11411697 0.01772174 0.00983973 0.00988585

Snake 0.04063318 0.11129417 0.02003133 0.00806051 0.00925196 0.01241613

Table 3.6. Pairwise Hedrick Gsr calculation on 44k SNP set using mmod package

Spring Silver Clover Toiyabe Desatoya White_Pine
Silver 0.05285941
Clover 0.02199671 0.06239723

Toiyabe 0.01646521 0.05411567 0.00905891

Desatoya 0.01915447 0.05419913 0.01022092 0.00246657

White_Pine 0.02038828 0.05671804 0.00838564 0.0046257 0.0046505

Snake 0.01937052 0.05503758 0.00945592 0.00377301 0.00433595 0.00583595

Table 3.7. Pairwise Nei Gsr (Fsr) calculation on 44k SNP set using mmod package
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Genetic diversity measures were similar across the island populations (Table 3.4). 6
values are low for all populations indicating a very low effective population size. Since these
samples are all within the same species it is probably safe to say mutation rates for each SNP is
similar so comparisons can be done but all values are close indicating small effective population
sizes irrespective of island size. The observed heterozygosity (Ho) and gene diversity (Hs) on
each island are similar to the overall mean. Jost’s D differentiation values were all low in
pairwise comparisons of the islands (Table 3.5). With D around .02 across pairwise comparisons,
the differentiation between Silver Peak and other islands is about twice that of other island
comparisons (Fig. 3.5). Some differentiation measures can falter when individual populations
gain more unique alleles (Jost 2008), our reason for using Jost’s D for matrix regression. While
the alleles of our populations are not showing much insularity, a comparison of Nei’s Fsr and
Hedrick’s Gsr (Tables 3.6,3.7) shows a similar trend to Jost’s D with pairwise comparisons

including Silver Peak double the value of other comparisons.

122



By locus pairwise D Silver Peak Vs. Toiyabe Range
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Figure 3.5. Pairwise Jost’s D values density over all loci from 44k SNP set. Mean value of D shown by dashed line.
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Matrix regression

Multi-variable matrix regressions of both genetic distance and gene expression distance
on the variables of host, geography, and environment were done. The distance matrices for each
of these variables are in tables 3.8,3.9, and 3.10. Dendrograms to visualize the information found
in these matrices are in Figure 3.6. The multi-matrix regression of these variables with genetic
distance resulted in 7’=.24 and F-statistic=1.81 (p=.06). The coefficient and t-test results are in
Table 3.11 and plots of individual variables are in Figure 3.7. The only significant coefficient in
the analysis was environment. In a similar regression using gene expression distances between

the islands there were no significant results.

Clover Desatoya Silver Snake Spring Toiyabe
Desatoya 0.5
Silver 0.5 0
Snake 0.7142857 0.8571429 0.8571429
Spring 0.6 0.8 0.8 0.2857143
Toiyabe 0.6666667 0.5 0.5 0.7142857 0.6
White_Pine 0.5 0.75 0.75 0.4285714 0.2 0.5

Table 3.8. Host distance matrix (Jaccard distance)

Clover Desatoya Silver Snake Spring Toiyabe
Desatoya 342972
Silver 290057.2 165363.2
Snake 168462.3  299638.8  334556.2
Spring 173195.8  382044.4  254052.8  330097.4
Toiyabe 307262.8 66304.7 198265.7 2401129  375755.7

White_Pine 215860.6 193136.4  260139.5 109172.6  337953.4  131405.3

Table 3.9. Geographic distance matrix, in meters

Clover Desatoya Silver Snake Spring Toiyabe
Desatoya 0.0275
Silver 0.0379 0.0104
Snake 0.0032 0.0243 0.0348
Spring 0.0275 0.0001 0.0105 0.0243
Toiyabe 0.0088 0.0188 0.0292 0.0056 0.0187
White_Pine 0.0034 0.0309 0.0413 0.0065 0.0308 0.0121

Table 3.10. Environmental distance matrix, Euclidean distance on principal component 1 accounting for 99% of
variance from the 19 Bioclim variables
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Gene expression dendrogram

Host distance dendrogram
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Figure 3.6. Cluster dendrograms based on the distance matrices produced for matrix regression, complete linkage distance



Intercept host distance environment
coefficients -1.22E-16  -1.13E-01 1.22E-01 4.44E-01
t-statistic -5.78E-16  -5.24E-01 5.48E-01 2.05E+00
t p-value 0.16 0.355 0.439 0.035

Table 3.11. MMRR matrix regression results for genetic distance (Jost's D)

Genetic x Environment plot
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Figure 3.7. Pairwise comparison plots for matrix variables environment (a), host (b), and geography (c) against
genetic distance (Jost’s D)
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Genetic x Geography plot
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Figure 3.7. (Continued)

Selected markers

Tests for selected alleles were performed on the 16k, no missing dataset and the 44k
population thinned set. When assigning the seven island populations, with the 16k set BayeScan
nine Fsr outlier SNPs were found. With the 44k set 35 outliers were found. The results from the
16k set were traced to the annotated gene clusters where they originated and the gene function
was searched. Most of the genes matched to the closely related Asian Longhorned Beetle
genome but functions like ‘equilibrative nucleoside transporter 4’ cannot be clearly tied to
pathways relating to variables studied. Two population runs of BayeScan returned no SNPs

under selection.
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Gene expression

Gene expression results were mixed for the populations concerned. No signal was found
for island specific expression patterns but differentially expressed genes were revealed in some
comparisons. When the distances of the gene expression matrices for each individual are
clustered in a dendrogram (Fig. 3.8) a common expression pattern is not found for any island
population. When choosing the top 50 genes most variable in expression there is a pattern
revealed for the clustering of the genes and of the beetle samples (Fig. 3.9), but these beetle
clusters seem random and do not correspond to any variables measured in this study.

Testing for differential expression showed high numbers of significant differences in
expression of individual genes, with greater than 1.5 log fold change. The scenarios to explain
the largest results were comparing low host diversity (1 host species) islands to medium diversity
(2 host species) islands (321 DE genes) and comparing low host to high host diversity (> 2 host
species, multiple genera) islands (424 DE genes). Both of these comparisons include Silver Peak
as one of the low host islands. A contrast of specimens from high and low elevations in the

Snake Range produced no differentially expressed genes at p<.05 and logFC>1.5.
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Island Euclidean Dendrogram
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Figure 3.9. Top 50 variable expression genes heatmap, based on vst transformed counts. Shows no expression

pattern similarity by island population.
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Discussion

The investigation of factors leading to the assumed isolation of Great Basin Monochamus
clamator sawyer beetle populations revealed that they are freely exchanging alleles and
consequently are not well separated. The only island to show some minor genetic separation was
Silver Peak Range, a range in the more arid west of the Great Basin with only Pinus monophylla
present as a host, but this island is not unique among those sampled in having these
characteristics. Silver Peak is the closest to the Sierra Nevada range, the rain shadow of which
may impose environmental factors not experienced by other populations. Other island
populations are relatively homogeneous according to genomic data. There is no evidence of
direct selection on the genome, but gene expression data, which may be expected to reveal the
initial adaptations to natural environments, show that the structuring between Silver Peak and the

other islands may be due to interactions with biotic or abiotic factors.

Population differentiation
The sawyer beetles living in the conifer forests of the habitat islands of the Great Basin

are much more vagile than would be expected by witnessing their clumsy flight. Population
differentiation statistics close to zero (pairwise Jost’s D range =.004-.02) show that there is high
overall similarity in the genetic structure across islands spanning the state of Nevada (Table 3.5,
Fig. 3.3). Low Ho and Hs values indicating low population heterozygosity may indicate a recent
bottleneck. Dendroctonus bark beetles show genetic structuring (Fsr~.3), indicating isolation by
distance, through contiguous pine forest in the western USA (Mock et al. 2007). This study

showed high divergence for populations east and west of the Great Basin meaning that while
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Monochamus beetles seem to be traveling well across the basin other pine associates may not.
No Dendroctonus sampling was done in the Great Basin area, so direct comparison of
Monochamus and Dendroctonus is not yet possible.

One of the most intriguing results of this research is the importance of migration between
habitat islands, even hundreds of miles apart. Migrate software results show a high importance of
immigration over mutation (Table 3.3) even from near the Utah border in the Snake Range to
Silver Peak near the Nevada-California border (Fig. 3.4). Values for other islands are similar or
even higher. Since Nm is the product of 8 and M divided by 4 for diploids, the small theta values
calculated by Migrate give Nm values <1 for the beetles. A low number is expected considering
the distance and habitat between these sky islands, but there is not a geographic trend with more
migration between neighbor islands. Using SNPs to calculate theta may also impact the
calculation so using longer loci is a future direction. Dragonflies, which are extremely vagile
organisms, in the Great Basin show rates that peak around Nm=35 for distances <200km across
lowland habitat (Simpkin et al. 2000). The comparatively less vagile boreal Euphydryas
butterflies show Nm as high as ~11 in the Great Basin (Britten et al. 1995) even with sampling
from ends of the same habitat island. The movement of Monochamus beetles is surprising given
their slow, erratic flight pattern, but they have been shown to disperse more than 20km in the
European species M. galloprovincialis (David et al. 2014). It seems very unlikely that larvae
within tree trunks could be moved by humans from one mountaintop to another. It is conceivable
that flying beetles that rise high enough could be moved long distances by wind, but movement
was similar in both directions between all of the sampled islands, while wind would be more
unidirectional. Tetraopes longhorned beetles show some migration between milkweed patches of

less than 60m and only carry enough energy to survive one to two days without feeding
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(McCauley 1983, Davis 1984) but anecdotally these beetles have been said to show up in potted
milkweeds in pine forest (B. Farrell, pers. Comm.). Moreover, wind pollinated pines themselves
show strong population structure and their pollen should be easier to transport by wind

(Jorgensen et al. 2002).

Isolation by distance, gene flow

Most organisms studied in sky island systems show some level of isolation by distance.
While some of these species are poor movers due to flightlessness, inhospitable terrain should be
a formidable barrier for flighted species, and therefore greater genetic similarity with similar
geographically close habitat is the expected pattern. Herbivorous insects of varied vagility were
reviewed for isolation by distance (Peterson and Denno 1998). The authors describe the expected
patterns of no correlation of genetic and geographic distance in very good dispersers due to
apparent panmixis and very locally structured populations in weak dispersers, also resulting in no
IBD. Insects with moderate dispersal ability are expected to show the pattern of increasing
genetic distance with geographic distance, at least in contiguous habitat. Sky island organisms
would be expected to follow this trend, possibly with some added level of differentiation due to
habitat barriers. However, the near absence of studies with detailed descriptions of both
population structure and geographically-explicit sampling was limiting in 1998.

The surge over the last 20 years in development and application of molecular techniques
suitable for population studies has resulted in an increase in relevant observations, however,
including those of the present study. Sawyer beetles of the Great Basin sky islands do not show
any significant pattern of isolation by distance (Fig. 3.7c, MMRR p=.44). Lower elevation

montane species such as flightless Moneilema cactus longhorns (Smith and Farrell 2005) and
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Baetis mayflies (Polato et al. 2017) show patterns of IBD migrating preferentially to nearby
areas and are either flightless (Moneilema) or adults for a matter of days (Baetis). Baetis from
higher elevations show the local structuring and weak IBD expected of low vagility herbivores
(Polato et al. 2017). Boreal Euphydryas butterflies, expected to be decent dispersers, showed no
significant pattern of IBD in the Great Basin sky islands, attributed to the insular nature of
habitats on mountaintops (Britten et al. 1995). The pattern of no IBD due to panmixis has not
been recorded in sky island insect species and the dispersal barrier of the intervening lowlands
has been thought to eliminate this possibility. The evidence of non-significant correlation
between geography and genetic distance, low differentiation in alleles (Fig. 3.3), and low

differentiation values show that M. clamator is close to panmictic across the Great Basin.

Environment and Host-plant influence

There is no evidence that host plant differences among sky islands are influencing the
genomes of the sky island sawyers, but there may be an impact on the expression of genes. In the
matrix regression, host diversity actually had a negative coefficient and no significance in the
result. One thing to consider with this result is how the plant community was reduced to the
dissimilarity of tree species present. A method that weighted presence of additional tree genera
or better captured the phylogenetic difference in species could lead to a different result. The
overall gene expression distance regression also did not show host as a significant factor. While
the hypothesis that isolation with different host compositions can lead to adaptation has not been
truly tested (since these beetles are not really isolated), the case of the slightly differentiated
island Silver Peak is interesting. When contrasting this island (in combination with the other low

host diversity island Desatoya) with islands that have more host plant availability, hundreds of
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genes are differentially expressed. This could be related to the host composition of the islands,
and we are seeing the start of adaptation that will continue if gene flow lessens. The number of
differentially expressed (DE) genes increases as host diversity distance increases, suggesting a
connection. The possibility of geographic grouping in just the differentially expressed genes
merits further investigation. Since the multiple matrix regression attempts to disentangle the
variables of host diversity and environment which may be correlated and shows no significance
for host, this DE pattern may also be attributable (in part or exclusively) to environmental
factors.

Selected genes could provide guidance on whether host or environment is leading to high
numbers of DE genes. Surprisingly, there are no markers showing a signal of selection in the
BayeScan two population analysis, when islands were grouped by single host and multiple host.
Since selection is only found when more islands are their own populations, selection may be
occurring in response to variables we have not explored. Further study could place the selected
markers into known biological pathways to gain some insight into the selective force.
Additionally, the contrast testing for differential gene expression by elevation in the Snake
Range did not result in any DE genes, when a change of both climate and host plant community
should have been experienced by the beetles. Baetis mayflies show selected genes associated
with elevation differences associated with temperature and habitat changes (Polato et al. 2017).
A lack of difference in sawyers may indicate that the variables associated with pine woodland
and subalpine conifer habitats are not different enough to instigate gene expression adaptation.
There was also low statistical power for this test due to limited samples so patterns may be

revealed with more individuals.
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The impact of the environment, termed isolation by environment (IBE)(Wang and
Bradburd 2014), is the only factor to show a significant correlation with genetic distance in
matrix regression and the western islands do cluster together in environmental distance (Fig.
3.6). The increasing aridity that results from approaching the Sierra Nevada’s rain shadow and
the Mojave Desert could be influencing these populations. The Bioclim variable for temperature
seasonality showed the most loading in the PCA analysis used to create the environmental
distance matrix. The western Great Basin is subject to extremely high summer temperatures and
may not cool as much as the central Great Basin ‘cold desert’ areas. With the regression data
associating environmental with genetic differentiation and host diversity differences lying on the
same East-West axis, the evidence seems to point to environment influencing gene expression.

Testing new island groupings for DE, informed by the evidence, can help to clarify this result.

Gene expression in natural environments

In field studies, the expression of genes has been underexplored relative to population
genetic investigation, but there is potential for expression differences to be the first response in
changing adaptive landscapes. The natural environment is hard to control, but it is also extremely
difficult to replicate (Eberhardt and Thomas 1991, Lemoine et al. 2016). Gene expression
patterns can be one of the most plastic aspects of the biochemical makeup of an insect which is
good for adaptation but problematic for research. Common gardens are one approach where
external variables can be controlled for some organisms, but finding the correct environment
often is difficult logistically and species may have unforeseen responses (Cheviron et al. 2008).
Expression patterns not only change due to extrinsic but also intrinsic factors like age of the

specimens and tissue sampled. Combining mRNA sampling in a natural environment and
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gauging plasticity in a simultaneous common garden in specimens of known age and
development may be an ideal strategy. Natural laboratories like sky islands can permit accurate
measurements of gene expression and realistic assessment of the process of adaptation.

The collections for this study were made in the field and were as consistent as possible.
Beetles were kept in a similar way with a local host plant and samples from an island were killed
together in the same manner directly into liquid nitrogen. This strategy permitted the influence of
the natural environment at these sites while minimizing change in variables that may distort gene
expression patterns.

Gene expression has been implicated as a first indicator of the divergence process in
animals (Wolf et al. 2010). What we may be seeing in the differentially expressed gene evidence
presented here is the early stages of adaptation to environment or host diversity, which is not
able to progress due to immigration and mixing of populations. This may be a common pattern in
nature, where shifting population ranges, due to change in climate or other factors, create
instances of temporary isolation sufficient for the local accumulation of novel mutations or allele
frequencies which are subsequently lost when populations merge again (Futuyma 1987).
Speciation itself may be a kind of ratchet that preserves such differentiation from loss.

The fact that overall expression patterns do not group by population could indicate a
plastic response to micro-habitat variables or could be a product of genetic variation in
individuals impacting mRNA production. Plasticity could potentially be controlled for by field
based common gardens (Cheviron et al. 2008) considering the challenges discussed above. The
results of gene expression in this study are not clear but add to considerations for future field-

based gene expression sampling. Future work on this dataset can be to reduce the gene set
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analyzed to decrease noise or to focus on differentially expressed genes and their patterns across

the landscape.

Conclusions

Altogether, we find the sky island conifer associated sawyer beetle community to be
amazingly homogeneous across the Great Basin. With a genomic scale SNP dataset and a
geographically clear sampling scheme over habitat islands that vary in host composition the
factors that have led to genetic differentiation among islands can be appropriately interrogated.
This test, in a robust multiple matrix regression form, revealed that geography and host do not
impact the genetic structure of these beetles but the environment does. While especially
surprising that geography does not have a structuring influence, the environmental factors acting
on these populations should be explored further as they may become increasingly important for
many creatures as climate on these mountain areas continues to warm. This study, considering it
is spatially explicit and care was taken to gather information on potentially adaptive factors,
moves forward the understanding of the spatial scale of adaptation. This type of information is
needed for more species and environments (Peterson and Denno 1998) to achieve a consensus
understanding of how ecological factors may structure populations and the spatial scale at which

adaptation can evolve to promote speciation.
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Figure B1. Lamiini tribe MrBayes COI gene tree
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Figure B2. Lamiini tribe MrBayes CAD gene tree
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Classification

Tribe LAMIINI Latreille, 1825

Lamiini Latreille (1825): 401. Type genus Lamia Fabricius, 1775 by original designation.
Synonyms: Lamiides Blanchard, 1845; Monohammidae Gistel, 1848; Pachystolaeidae

Gistel, 1848; Gnomitae Thomson, 1860; Agnitac Thomson, 1864; Batoceritac Thomson, 1864;

Geranitae Thomson, 1864; Hebestolitac Thomson, 1864; Morimitac Thomson, 1864;

Phrissomitae Thomson, 1864; Taeniotitac Thomson, 1864; Potemnemini Aurivillius, 1922;

Docohammidi Dillon & Dillon, 1959; Acridocephalidi Dillon & Dillon, 1959
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