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ABSTRACT

Rigsby, Chad M. Ph.D. Environmental Sciences PRiDgram, Wright State University,
2016. Mechanisms of antixenosis and antibiosisbfagainst emerald ash borer.

Emerald ash borer (EABAgrilus planipennis (Coleoptera: Buprestidae), is an
invasive forest pest causing widespread mortafigst (Fraxinus spp.) in North
America. Host resistance research and the develupoheesistant hosts offers a
promising strategy for the long-term conservatibash and management of EAB.
Manchurian ashH. mandshurica) shares an evolutionary history with EAB in Asia,
resulting in its greater resistance relative tovadorth American ashes. In the following
studies | investigate antixenosis and antibiosisirarisms of resistant and susceptible
ashes. Antixenosis in Manchurian ash was demoestiat quantifying substantially
lower oviposition on this species relative to Nottmerican ashes. The potential
underlying mechanisms of antixenosis were addresggulofiling the bark and canopy
volatile organic compounds (VOCs) emitted by susbépblack . nigra) and resistant

Manchurian ashes and major species difference€i@ yrofiles were demonstrated.

To address antibiosis, the physiological respon§&AB larvae that had fed on
Manchurian, whiteK. americana), and greenK. pennsylvanica) ash were quantified. It
was found that antioxidant and quinone-protectiveyme activities of larvae feeding on
Manchurian ash were substantially higher, sugggshat larvae feeding on Manchurian
ash experience relatively high levels of reactixggen species and quinone stress.
Manchurian ash demonstrated substantially higheritees of defense-associated

enzymes and reactions than black ash, especiadygbis-oxidizing enzymes. These



results support the conclusions of the larval phiggly study that Manchurian ash
appears to be able to generates greater amougtsnaine- and ROS-stressvivo than
North American ashes. Lastly, larval performance laark phenolic chemistry and
physiology were compared for Manchurian ash thaeveaperimentally girdled or not.
Girdling reduced larval performance by half butikbdefenses did not differ by treatment
indicating that decreases in larval performanceaaseciated with factors other than a

reduction in levels of host defenses.

It was concluded that Manchurian ash express@seaosis, which may be driven
by the emission of certain volatiles. Also, thatilzinsis appears to be related to the
ability of Manchurian ash to generate an oxidatisttessful diet for larvae and larval

success in compromised trees does not stem fraduztion in defense levels.
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1 INTRODUCTION

1.1 INVASIVE SPECIESAND EMERALD ASH BORER

Invasive arthropods cause roughly $4.5 billiod@mages per year (Pimentel et
al. 2005), an estimate from 2005 which is likelgomservative estimate in 2016. It has
been estimated that 2.5 invasive insect pestslestab North America every year due to
international commerce and globalization (Aukemale2010). Wood-boring insects are
particularly devastating, costing federal, statel bbcal governments an estimated $2.5
billion per year which does not include roughly 894illion lost in residential property
value and forest landowner timber loss (Aukemd.€2(1). Specifically, emerald ash
borer (EAB),Agrilus planipennis (Coleoptera: Buprestidae), causes an estimatéd $1.
billion annually (Aukema et al. 2011). EAB resuhisash Eraxinus spp.) mortality rates
of over 99% in the field for major native North Arrean ash species, resulting in
millions of dead forest and landscape ash in tliiaded range of EAB (Klooster et al.
2013; Herms and McCullough 2014). The related whitgetree Chionanthus
virginicus (Oleaceae), has also recently been reported &ohost to EAB in North
America (Cipollini 2015), and this has been docutaérn several locations throughout
the Midwest (Cipollini and Rigsby 2015). It has besstimated that roughly eight billion

ash trees exist in the United States with a vafaund $300 billion (Poland and



McCullough 2006; Sydnor et al. 2007). Hence, fropueely economic perspective EAB
is, and will continue to be a devastating forest i@ North America. The ecological
impacts of EAB in North America will also be profoias the loss of ash will result in
widespread gap formation in forests with proballgcading effects on community

composition and forest dynamics (Herms and McCuglto2014).

Massive ash dieback was reported in the greatepiDarea of Michigan in 2001
which was initially diagnosed as ash yellows disgaterms and McCullough 2014).
However in 2002, the cause of this ash diebackidexdified asAgrilus planipennis
(Haack 2002) and the beetle was found in othespdrthe state and in neighboring
Windsor, Ontario (Herms and McCullough 2014). Dextironological studies have
found that EAB was most likely present in North Aina as early as the early 1990’'s
and had begun attacking Detroit-area ash treestsnmaround 1998 (Siegert et al.
2006). The likely source of the invasion is thoughbe infested packing material from
Asia (Cappaert et al. 2005) and molecular datatgoi€hina as being the source
population (Bray et al. 2011). As of 1 March 2015,years after the initial ash dieback
in Detroit was reported, EAB has been confirmedirstates in the U.S. and two
Canadian provinces, as far west as Colorado, a®tdh as Louisiana and Georgia, as far
east as Massachusetts, and as far north as thdi@amaovinces of Ontario and Quebec

(www.emeraldashborer).

12 A ROLE FORHOST RESISTANCE IN CONSERVATION AND

MANAGEMENT



Interestingly, a 1966 horticultural report pubéshin China described extensive
white ash . americana) mortality in that country due to the infestatioinan unknown
species ofAgrilus (Liu 1966). China is part of the native range &fEwhere it is not
considered a pest species, but rather a second@anjizer of stressed or dying ash (Liu et
al. 2003) and North American ash species plantéthina routinely experience high
mortality rates (Liu et al. 2003; Wei et al. 200@his high mortality of North American
ashes in China occurs in the presence of natueshs. Duan et al. (2012) reported
relatively high rates of larval mortality due tapt resistance in Asian ashes compared to
North American ashes and higher rates of larveagiism in North American ashes.

This evidence suggests highly that EAB populat@amsnot top-down controlled by
predators and parasitoids which has been suggkestbdprestids (Muilenburg and

Herms 2012).

A comprehensive study of the various Canadiandritrol programs since 1882
shows that the combined rate of biocontrol agdetses that “successfully eliminated”
or “controlled” target invasive forest pest is rdlg37% on a per invasive forest pest
basis and 9% on a per biocontrol agent releasad (pdacQuarrie et al. 2016). That is to
say, of all the invasive forest pests establishedanada since 1882, 37% of these have
either been successfully eradicated or broughtucatgrol by way of biocontrol
programs and 9 out of 100 biocontrol agents retbagber successfully eradicated the
pest or brought the pest under control. Given tgk monetary costs and relatively low
success rates associated with biocontrol programsvasive forest pests (MacQuarrie
et al. 2016), the evidence that buprestid populatare bottom-up controlled

(Muilenburg and Herms 2012), and the lack of evigetihat parasitoid releases in North



America are reducing EAB populations or reducing m®rtality in infested areas (e.qg.
Duan et al. 2013) mandates that alternative appesato host plant conservation and

pest management must be considered in additiorotomtrol programs.

Rebek et al. published a seminal paper in 2008raang substantial
interspecific variation in resistance between Ndwherican ashes and an Asian ash.
These authors showed significantly lower mortaigtes and exit hole densities for a
cultivar of Manchurian ash~( mandshurica cv. ‘Mancana’) relative to two cultivars of
green E. pennsylvanica cvs. ‘Patmore’ and ‘Marshall’'s Seedless’), anditivar of
white (F. americana cv. ‘Autumn Purple’) ash. This was the first studydemonstrate
that a co-evolved, Asian species expresses a @mabig more resistant phenotype than
native North American species. This finding agneéh several other studies
demonstrating that generally, little to no resis&ais expressed in host species that lack a
shared evolutionary history with an exotic insecy( Nielsen et al. 2011). Therefore,
Asian ashes are a source of resistance genesatinattoogressed into North American
species for re-planting efforts (Herms and McCujlo2014). Breeding programs are
currently underway, attempting to take advantageoténtially resistant germplasm from

native North American ashes (Koch et al. 2015).

The identification and characterization of theethsie mechanisms of resistant
ashes would aid in breeding efforts as this wolllwhefor the development of molecular
markers that can be used for targeted breedingr{giand McCullough 2014). However,
resistance can be a complex phenomenon. Paintet Y b@ginally described three
categories of resistance: tolerance, non-prefer@ata¥ re-named antixenosis by Kogan

and Ortman [1978]), and antibiosis. It is hypothedithat tolerance to feeding is likely

4



an important component of resistance to wood-b@ethese insects feed on high-value
vascular tissue and the feeding activity of woodeb®disrupts photoassimilate transport
(Villari et al. 2015). However, it can also be hyjpesized that such high-value tissue

would be heavily defended by way of antixenosis amiibiosis mechanisms.

1.3 ANTIXENOSS

One of the original categories of resistance diesdrby Painter (1951) was
described as “non-preference”. Kogan and Ortmaiig)Liater re-named “antixenosis” to
more accurately describe the non-preference raaofimsects to a resistant plant as well
as to compliment the “antibiosis” terminology ofiitar (1951). Ultimately, antixenosis
described the category of plant defense where plaate chemical or physical traits that
make it less likely that an herbivore will use fiiant as a host (Painter 1951;1958;
Kogan and Ortman 1978). Insects use olfactory,agoist, tactile, and visual cues to
make host-selection decisions and antixenoticsttaive been described in many plant-
insect systems for all of these cues, most of wheke been described in agricultural

systems (Smith 2005).

Though antixenotic mechanisms have been deschibbedher sensory-based
systems, much focus has been paid to volatile @ndlfaction in host selection
research as it is thought to be the most impoxtaytinsects find and select hosts
(Bernays and Chapman 1994). Numerous studies navensthat the olfactory systems
of insects are extraordinarily sophisticated antsgize (e.g. Vosshall et al. 1999) and

that their olfactory systems allow for their alyilto discriminate between host and non-



hosts and between hosts of different quality (Lapid Borden 1993; Gripenberg et al.
2010). Perhaps one of the well-documented phenom&saiated with host selection
discrimination is that many insects are repelled/@gtiles emitted by plants that are
being fed upon by conspecifics while attractedlam{s that have no herbivore damage
(e.g. Quiroz et al., 1997). This is presumably beeahe feeding activity of insects
results in the induction of certain antibiosis memkms (discussed below) which would
result in a poorer quality food source for offsgrifverheggen et al. 2013) and would
attract natural enemies of the herbivore such esspaids (Paré and Tumlinson 1999;

Kessler and Baldwin 2001).

Aside from discriminating between constitutive anduced plantsia herbivore
feeding, it has been shown in several insect-h@géms that insects are capable of
discriminating between hosts that are simply ofdyair poorer quality (Gripenberg et al.
2010). For example, eucalyptus longhorned bdteor acantha semipunctata
(Coleoptera: Cerambycidae), consistently prefenviposit on Eucalyptus species that
were of the highest quality for their offspring (& et al. 1993). This is indicative of
either the lack of volatile attractants (e.g. O'N&tial. 2010) or the presence of volatile
repellents (e.g. De Moraes et al. 2001) that magrbigted by non-preferred species.
Sacchetti et al. (2015) reported that the prefexdmnerarchy of sweet potato whitefly,
Bemisia tabaci (Hemiptera: Aleyrodidae), for thregallistemon host species reflected the
increased emission rates of linalool and the deectamission rates of 1,8-cineole, two
monoterpenoids. In this study, the putative repellg,8-cineole, was only emitted in
trace amounts in the most preferred host, demdmgjrine effects of a lack of repellents.

This non-preference of poorer-quality hosts candresidered antixenosis (Smith 2005),



but also shows that antixenosis and antibiosibeatoupled in many systems (e.g.

Klingler et al. 2005).

1.4 ANTIBIOSS

Antibiosis can be defined as the category of plasistance where plants employ
mechanisms that deleteriously affect herbivoregdhey have chosen to feed on the
plant (Painter 1951; Wise et al. 2008). Plantsaugariety of antibiosis mechanisms
including toxic secondary metabolites such as chals proteins, mechanical defenses,
or combinations of these (War et al. 2012). Théaotic effects of these mechanisms
can range from mild to lethal and even if an indinal survives it may suffer from
crippling effects such as reduced body size, feitynand extended development periods
(Smith 2005). Furthermore, induced responses argi@al component of antibiosis,
where certain signals such as herbivore feedidiyasga enzymes, or plant hormones
(e.g. jasmonic acid [JA]) results in the expressiboertain defenses (Ali and Agrawal

2012; War et al. 2012).

Secondary metabolites are defined as substancdagad by plants that are not
required for growth and development (Howe and JaR@@8), are typically associated
with antibiosis, and can be constitutively storedauced in response to herbivore
attack (War et al. 2012). Major classes of metabslimplicated in host resistance are
compounds such as terpenoids, characterized byeisepnonomers (Lange 2015), and
phenolics, characterized by the presence of a plsémcture (Appel 1993). Furthermore,

plants also utilize toxic (e.g. ribosome-inactingtproteins; Bertholdo-Vargas 2009) or



anti-nutritive (e.g. protease inhibitors; Broadveayd Colvin 1992) proteins as antibiosis
mechanisms. In many instances, enzymes and segomeégabolites, together, function
as antibiosis mechanisms. For example, enzymesasupblyphenol oxidases (PPOSs)
and peroxidases (POXs) readily oxidize polypheits reactive quinones that can
damage biomolecules such as proteins, nucleic ,aandslipids (Felton et al., 1992;
Appel 1993; Summers and Felton 1994; Bi and Fel@®b). Furthermore, quinones can
undergo redox cycles in insect midguts, causingtsuitial oxidative damage (Ahmad
1992). Additionally, two-component plant defendest involve the separate storage of
hydrolytic enzymes and their substrates that ag gllowed to mix upon the rupturing
of plant tissue, releasing toxins, has been destiih many plants (Pentzold et al. 2014).
This very mechanism has been described by Konab €998; 1999) in the privet tree,
Ligustrum obtusifolium, which, like ash, is a member of Oleaceae. Thatigas describe
a defense mechanism on privet where tissue dantiages #-glucosidase enzymes
access to oleuropein substrate, hydrolyzing thesrsgoid into a potent protein

denaturant.

Insects have a wide variety of mechanisms to @uhe toxic effects of plant
secondary metabolites such as detoxification (Péohit al. 2014). Detoxification
mechanisms of specialist insects are believedye baolved to be able to detoxify the
specific defenses of their host plant (Jander 2d)oxification strategies can be
classified into three general mechanisms: phaseand Il reactions (Dermauw and Van
Leeuwen 2014). Phase | mechanisms are biotransfiomr&actions, such as cytochrome
P450 monooxygenases (P450s), carboxylesterasdsg)Cand quinone reductases

(QRs), that catalyze changes to the chemical strecf toxins. Phase Il mechanisms are



conjugation reactions, such as glutathione-S-teaasés (GSTs) and sulfotransferases
(SULTSs), where toxins are conjugated with endogersubstrates (Hodgson and Rose
2010). Lastly, phase Il mechanisms are primardyfgrmed by cellular transporters such
as ATP-binding cassette (ABC) transporters thasayly move toxins out of cells so

they can be excreted (Hodgson and Rose 2010; Derraad Van Leeuwen 2014).

To counter the oxidative stress that can be asativith feeding on phenolic
rich plant tissue, insects employ strategies thlgtan antioxidant enzymes (e.g.
Barbehenn 2002), and endogenous and/or exogererisafilical scavengers (e.g. Felton
and Duffey 1992; Barbehenn et al. 2001). Two comanatioxidant enzymes include
catalases (CATSs), responsible for the decompositfdrydrogen peroxide (#D.) to
H20, and superoxide dismutases (SODs) which are megge for the decomposition of
superoxide radicals («Q to HO- (Krishnan et al. 2007) and the activity of these
enzymes is crucial in the relief of oxidative ssr@sinsects (Barbehenn 2002). However,
endogenous and exogenous free radical scavengdgrasuascorbate and glutathione can
be just as important or more important for somecits Felton and Summers (1993)
reported that the high activity of ascorbate oxéd@s enzyme responsible for oxidizing
reduced ascorbate to dehydro-ascorbate) in thee8ssf several plant species, results in
reduced ascorbate being unavailableHelicoverpa zea (Lepidoptera: Noctuidae) as a
free-radical scavenger, and therefore increasessleet’s vulnerability to oxidative

stress.

15 PREVIOUSRESEARCH ON ASH RESISTANCE MECHANISMS



Prior to 2011 (when the research presented irdibgertation began), several
studies had been performed primarily examiningatfibiosis mechanisms of ash. Eyles
et al. (2007) first identified and quantified thegmolic chemistry of three species: green,
white, and Manchurian ash and these authors reporégor differences in phenolic
profiles. The existence of several coumarins, plehgnoids, and lignans were detected
in phloem of Manchurian ash and not in the phloémMarth American species.
Specifically, Manchurian phloem contained the phetfnanoids calceolarioside A and B,
the lignans pinoresinol dihexoside and pinoresghatoside, and the hydroxycoumarins
esculin, fraxin, fraxidin, fraxidin hexoside, mahdsin, and methylesculin. This was an
encouraging result since there was such a distim&tetween native North American
species and a very resistant, co-evolved spechesnéxt year, Rebek et al. (2008)
published their findings that Manchurian ash wakeed much more resistant than

several native North American species.

In 2010, Mittapalli et al. published the resultsadranscriptomic study (analysis
of the differential abundance of all MRNA) thatealed the presence of several
detoxification genes including several P450s andE€aViost importantly however, this
study revealed a high number of trypsin and tryiig&m domains in the gut of EAB
larvae. Trypsins are a type of serine proteasegvdre a class of proteases (enzymes
that hydrolyze proteins) (Zhu-Salzman and Zeng 201is finding suggests that EAB
heavily rely on serine proteases for protein digesand also suggests that the gut pH of

EAB is likely basic since trypsins have basic pHimp (Mittapalli et al. 2010).

Several ash antibiosis studies were publishe®iri2Bai et al. (2011) assessed

the differential transcriptomic signatures of ablopm and found that several genes
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related to defense were differentially expressad/&en ash species. These authors
reported that several genes for transcription facaod protein kinases were more highly
expressed in Manchurian ash, but perhaps mostIgdbtedt a Manchurian ash
lipoxygenase (LOX) gene was more highly expressedpared to native North America
ashes tested (Bai et al. 2011). LOXs can havetdire@iadirect negative effects on
herbivores through either their involvement on JAtkesis (hormone associated with
induced resistance in plants; Beckers and Spod)28Gby metabolizing toxic products
ingested by herbivores (Felton et al. 1994). Alst ear, Cipollini et al. (2011) reported
the results of a comparative study quantifyingabgvities of several defense-associated
enzymes and the phenolic chemistries of greengwaitd Manchurian ash. These
authors did not find clear differences in actistia any of the enzymes measured and
their phenolic chemistry data supported the findiofEyles et al. (2007). However,
Cipollini et al. (2011) did report a significanttygher rate of browning of water extracts
of Manchurian ash relative to the native North Alceem species, presumably due to the
oxidation of phenolics into quinongia the activity of PPOs. Also, these authors were
able to show that the phenolic chemistry of theegrash cultivare ‘Patmore’ was similar
to that of seedling green ash (wild source). Thisrmation was valuable as it showed
that using ash cultivars in host resistance rebeaouald be extrapolated to ash in the

landscape.

Also published in 2011, Rajarapu et al. reportegfinding of three EAB
antioxidant genes. First, a CAT gene was founcetoetatively highly expressed in the
midguts of larvae, but lower in other tissues (fa¢body, Malpighian tubules, and

cuticle). These authors also reported a SOD arndtpione peroxidase (GPX) gene that
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were both more highly expressed in Malpighian tabuhan other tissues. GPX is a POX
that uses reduced glutathione (GSH) as a substraiecompose ¥, producing
oxidized glutathione (GSSG) and®l Lastly, Whitehill et al. (2011) published the
results of a comparative proteomics experimenth@33 proteins identified to be
differentially expressed between ash species regdny the authors, of most interest
were a putatively identified thylakoid-bound as@igbperoxidase, a PR-10 protein
related to the birchBgtula) family of allergens, an aspartic protease, and a
phenylcoumaran benzylic ether reductase (PCBER)site peroxidases reduce
ascorbate, like ascorbate oxidases, by usingatsaagstrate to decomposedd to H.0,
reducing its availability as a dietary antioxid&mt herbivores which could make them
more susceptible to oxidative stress (e.g. Feltwhuffey 1992). PR-10 proteins are
mostly associated with resistance to pathogenghleutexpression is regulated by
methyl jasmonate (MeJA) in some plant species (Wray. 1999; Rakwal et al. 2001)
and therefore can be associated with plant indueggbnses to herbivores and/or
necrotrophic pathogens. Proteases are diverseimnbiological functions which can
range from direct effects on herbivores (Jiand.et295) to the regulation of metabolic
pathways (Simeos and Faro 2004). PCBER proteingaob/ed in neo-lignan synthesis
(Gang et al. 1999), phenolic compounds that haea ldecumented to inhibit feeding

and growth (Miyazawa et al. 1994; Cabral et al.@@Barcia et al. 2000).

In 2012, Whitehill et al. published another invwgation into the phenolic
constituents of ash bark and phloem tissue. Thidysthowever, included black (
nigra), EuropeanK. excelsior), and blue . quadrangulata) ashes in addition to the

already characterized white, green (cv. Patmoegdigng green, and Manchurian ashes.
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These authors reported that the phenolic chenssbfighe closely related but
phenotypically opposite (with regard to resistaridafk and Manchurian ashes were
guantitatively very similar. This study was thesfito show similarities in the phenolic
chemistries of a susceptible native and a resigtsiain species since previous research
had only compared green and white ashes to Marahash which are more distantly
related to each other than black and Manchuriarll@nder 2008). These results
suggested that phenolic chemistry alone may ndagxmajor phenotypic differences
between species with regards to EAB resistanceitidddlly in 2012, Hill et al.
published the results of an investigation intorthé&itional attributes of the bark and
phloem tissue of several ash species. These awdhsessed many nutritional variables
including water, sugar, starch, and protein contestcent carbon and nutrients, pH,
levels of mineral nutrients, amino acids, and nonr® acid amines. The only significant
differences between species reported by these mutlere the tissue levels of tyramine,
proline, and tyrosol which are hypothesized to haes in wound healing, osmotic

stress, and the synthesis of specific metaboligspectively (Hill et al. 2012).

The last study that was performed before the Watig body of work was a 2014
study by Whitehill et al. These authors also assk#se phenolic chemistries and
defense-associated enzyme activities of white, Manan, black, green (cv. Patmore),
and wild green seedling ash. No differences in sregctivities were detected between
species and few differences were found betweephbaolic chemistries of black and
Manchurian ash, which further supported the comahssof Whitehill et al. (2012) that
phenolic chemistry may not explain major phenotypfterences between species with

respect to EAB resistance. However, Whitehill e(2014) demonstrated deleterious
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effects of trypsin inhibitor, and verbascoside @¢BHarval survival and a negative effect
of increasing lignin concentration on larval penfi@nce (i.e. growth) in artificial diet.
These three substances were found to be inducedMpedA application and could, at
least in part, explain intraspecific variation @sistance in native North American

species.

16 RESEARCH GAPS

One gap in the research that had been perfornusddn has been that no studies
thus far have directly addressed antixenosis. Busvstudies addressing host resistance
mechanisms have all focused on antibiosis, bukamndisis has not yet been considered.
In order to assess antixenosis expression in aasiash species, the decreased preference
of EAB to resistant species must be demonstratedn@n-preference) (Chapter 2).
Previous research has hinted at the existencetigkansis by showing that adult beetles
prefer black, green, and white ash over Manchuwagnfor feeding (Pureswaren and
Poland 2009), but a preference for ovipositiont@sbeen shown. Wood-boring
offspring are unable to switch hosts and therelfim® placement is critical (Hanks et al.
1993; Hanks 1999), especially since the larvalestaghe destructive stage of EAB. This,
along with the ‘Preference-Performance’/ ‘Motherairs Best’ hypothesis (Jaenike
1978; Bernay and Graham 1988; Mayhew 2001; Garofaeéfo and Horvitz 2012),
dictates that EAB females should oviposit on thosgts on which their offspring will
best perform, regardless of whether or not the isasbvel or co-evolved, which there is

certainly precedent for (Desurmont et al. 2011).
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After demonstrating antixenosis resistance in sshnext logical step would be
to attempt to identify the mechanisms (ChapteE3)B most likely uses a combination
of visual, gustatory, and olfactory cues to findl dosts as evidenced by the trap-design
and feeding preference research already performmgdCrook and Mastro 2010)
(Pureswaren and Poland 2009). However, as withgtestolic chemistry profiling, the
volatile organic compound (VOC) profiles of Manciamr ash have never been directly
compared to its most closely related North Americanspecific (i.e. black ash).
Additionally, past studies identifying and quanitify VOCs of different ash species have
focused on the main constituents of VOC profileg.(€rook et al. 2008). A logical place
to begin would be to assess the VOC profile difiees between these species and

evaluate the effects of stress on VOC profiles@ngositional preferences (Chapter 3).

With regard to antibiosis, one way to further éate resistance mechanisms of
resistant ash species is to compare the biocheamchphysiological responses of EAB
larvae that were allowed to feed on resistant asdeptible hosts (Chapter 4). Rajarapu
(2013) addressed the molecular responses of EA&etting and found that genes
associated with chitin and peritrophic membrane \Ridtabolism and repair, CarE,
UDP-glucosyltransferase (UGT), and sulfotransfe(&l_T) genes were upregulated in
larvae that fed on Manchurian ash relative to lavet fed on green ash. These results
suggest that certain compounds (e.g. iridoid glig=sy, proteases, reactive oxygen
species (ROS), and/or quinones could be damagegth However, performing high-
throughput gene expression analyses on non-mogdahsms of which no high-quality
reference genome exists such as ash and emerabdEstpresents challenges (Armour

et al. 2009; Ozsolak et al. 2010; Hong et al. 20MBpping short reads to incomplete
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genome sequences results in reads that fail to abgvell as false-positive errors (i.e.
reads that align uniquely to a partial genome secgibut arise from elsewhere) (Hong et
al. 2011). Because of this, information from molacexperiments should be confirmed
at the enzyme activity and functional expressimellén non-model organisms. No
information exists on EAB responses to feeding iffiergnt hosts on the biochemical and
physiological levels and if the same responsesddiynRajarapu (2014) were
independently confirmed it would provide additidgadvidence for these types of

defensive mechanisms in ash.

Cipollini et al. (2011) and Whitehill et al. (2014uantified the activities of
several defense-associated enzymes in susceptiiole American and resistant
Manchurian ash and found nothing that differentlatsistance phenotypes and found
few activities that were induced by MeJA inductiblowever, these experiments were
performed using a buffer pH that was slightly acigliH 6.8). The finding reported by
Mittapalli et al. (2010) that EAB appears to hepavély on trypsins for protein digestion
suggests that the gut pH of EAB is basic. Additignahese activities were quantified
using a relatively narrow scope of substrates aisdpossible that different ash species
possess unique isozymes with different substréit@tegs and/or kinetics. Additionally,
certain defense-associated enzymes and activitiageoest have not been quantified, for
example -glucosidasefiG), LOX, and protein-denaturing activities. Therefao get a
true representative comparison, enzyme activigesino be quantified at a pH more
representative of the gut pH of EAB, activities sldobe quantified using more
substrates, and other defense-associated enzymieefamse-associated processes need

to be quantified (Chapter 5). This is especiallpamant as previous work identifying
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and quantifying phenolic profiles has not been éblexplain major resistance

phenotypic differences.

Lastly, Muilenburg et al. (2011) and D.N. Showa{inpublished data) found
that when girdled, the resistance of Manchurianigsslompromised below the girdle (i.e.
higher larval survival and more extensive gallgridferefore, girdling and inoculating
Manchurian ash and correlating insect survival pedormance with decreases in the
levels of putative resistance mechanisms (e.g.reezctivities) would allow for
additional insights into the effective resistanaectranisms of Manchurian ash against
EAB as well as reveal how EAB larvae are able tonlbee successful on stressed Asian

ashes (Chapter 6).
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2 OVIPOSITION PREFERENCE OF EMERALD ASH BORER AND THE

EXPRESSION OF ANTIXENOSISIN MANCHURAN ASH

21 INTRODUCTION

The forces acting on female oviposition choiceehing been an important topic
in behavioral and evolutionary biology and speaeificin the context of plant-insect
interactions (Gripenberg et al. 2010). The “motkreows best” hypothesis underlies key
insect host-plant selection models (Jaenike 19&8n&ys and Graham 1988; Mayhew
2001), predicting that females will oviposit on teosn which their progeny will
optimally perform, which in turn will optimize theown fithess (Bernay and Graham
1988; Garcia-Robledo and Horvitz 2012). Severdi@st including Cunningham
(2012), suggest that host quality is explainedjusttby factors affecting larval
performance, but also by factors such as host amnaggl number of possible adult
feeding sites, insect learning, larval movemend, gredator/parasitoid pressure.
However, it is predicted that natural selectionudtiselect for females that are able to
recognize host cues that help discriminate betvbetter and poorer quality hosts for
offspring (Craig and Itami 2008). While this hypesis has often been addressed using
insects and their co-evolved (or at least co-oaeg)ythosts, it can also be applied to

insects interacting with novel hosts (Garcia-Robladd Horvitz 2012).
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Oviposition preference-offspring performance tielaghips of wood-boring
insects are poorly understood. However, adultasitpn preferences are especially
important for wood-borers because host qualitykeyadeterminant of larval
performance and larvae are unable to switch tordtbsts (Hanks et al. 1993; Hanks
1999). Hanks et al. (1993) found that under camatt of reduced larval competition,
eucalyptus longhorned boré&horacantha semipunctata Fabricius (Coleoptera:
Cerambycidae), preferred to oviposit Bucalyptus species that were of the highest
quality for their offspring. In contrast, Morewoetlal. (2003) found that Asian
longhorned borernoplophora glabripennis Motschulsky (Coleoptera: Cerambycidae)
preferred to oviposit on sugar maphe¢r saccharum) but larval survival was higher on
red oak Quercusrubra). However A. glabripennisis rather unusual because it is
polyphagous. Finally, Anulewicz et al. (2008) fouhdt although female emerald ash
borer (EAB),Agrilus planipennis Fairmaire (Coleoptera: Buprestidae) landed equadly
white (Fraxinus americana) and greenK. pennsylvanica) ash logs and non-ash logs, they
oviposited on the two ash species significantlyertbian on the non-ash species. They

also found that EAB larvae could not survive onnbe-ash species.

Emerald ash borer is an exotic, wood-boring beweitese to Asia that is causing
widespread mortality of aslraxinus spp.) in North America (Poland and McCullough
2006; Klooster et al. 2013), the economic costslath are increasing annually
(Aukema et al. 2011, Herms and McCullough 2014jvaa feed on phloem and outer
xylem of their hosts from late spring into fall (Wget al. 2010). As it continues to
spread unabated, EAB threatens susceptible Nortérisem ash species on a continental

scale (Klooster et al. 2013). In its native rangigstations of Asian ash species are
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usually isolated and associated with stress eveuat$, as drought, suggesting that Asian
ash species are inherently resistant; conversélp, does cause widespread mortality of
North American ash planted in China (Wei et al.£20erms and McCullough 2014).
Consistent with this, a common garden study in N@merica revealed that EAB adult
emergence and tree mortality was lower in a cultbfan Asian species, Manchurian ash

(F. mandshurica), than in cultivars of North American white anagn ash.

The low resistance of green and white ash to EA8leen attributed to the lack
of co-evolutionary history between these North Aiggar species and EAB, resulting in
lack of effective defenses and higher larval penfance (Rebek et al. 2008; Cipollini et
al. 2011; Whitehill et al. 2011, 2012). Howevémgmains unclear whether the apparent
resistance of Manchurian ash to EAB results froduced oviposition preference

(antixenosis), reduced larval performance (antib)psr some combination of the two.

In a two-year study, we evaluated oviposition @refices of wild EAB females
by monitoring accumulation of ova on live treesNairth American (green, white, and
black) and Asian (Manchurian) ash in two commordgas, one in Dayton, OH located
near the invasion front and the second in Novinghr the epicenter of the EAB
invasion where ash mortality is much higher. Iniadd, we examined whether tree size
or tree health affects attractiveness for ovipositiLastly, we examined associations
between oviposition and the number of exit holesreaes which would allow for
conclusions about larval survival from the ovunthte adult stage. We predicted that
adults would oviposit more heavily on novel, susitée North American species than on

the resistant coevolved Asian species.
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2.2. METHODS
2.21 WSU common garden

The WSU garden was established in May 2007 witin-f@ar-old ash saplings
planted in a completely randomized design withdree 3 m centers in a 9 x 7 row grid
(Cipollini et al. 2011). The garden contains fopesies of ash: white ash (cv. ‘Autumn
Purple’), green ash (cv. ‘Patmore’), Manchurian @sh ‘Mancana’), and black ash (cv.
‘Fallgold’). White, green and Manchurian ash weaet pf the original planting in 2007,
whereas black ash were planted as four-year-olichgggpn 2010. All cultivars were
obtained from Bailey Nurseries, Inc. (St. Paul, MMBA). The wild green ash planted in
the WSU garden were grown from seed from a wilduybejion provided by the USDA
Forest Service Northern Research Station, Delav@ire, USA. Trees in this garden were

not irrigated during this study.

This garden is located on the campus of WrighteSthiversity in Dayton, OH
(N 39.780015 W 84.057911) on maintained grounds midwed lawn throughout the
garden, and is bordered by a 200-acre, old-groerst to the east and north which
contains approximately 10-15% wild ash. Ash treethis forest and planted
ornamentally nearby had EAB infestations rangimgnfino visual symptoms of EAB
colonization (dieback, bark splitting, exit holess...) to severe levels of symptoms, and
a few dead individuals. Three trees in the WSU glandere confirmed infested with
EAB prior to the 2012 season by way of exit holésese included a black ash with
approximately 55% dieback and two green ashesapfiioximately 10% and 0%
dieback, which were all included in this study. WSU ash were greater than 15.0 mm

in diameter at breast height (DBH), except onewssd 11.2 mm DBH (not included in
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the study), and therefore were large enough toblmzed by EAB larvae. Ten white,
nine green (‘Patmore’), nine green (wild), and 1andhurian ash were used in this study
in 2012 and 2013. Six black ash were used in 2842 five in 2013, due to the loss of
one to EAB infestation (the same black ash indialduith 55% dieback died by the

2013 season). Table 2.1 presents summary dateeo$itze and condition.

2.2.2 Novi common garden

The Novi common garden was established in Ap@2@ith four-year-old bare-
root ash planted in a randomized complete bloclgdasith four blocks. Each block
contained 20 green (cv. ‘Patmore’), 20 white (&wtumn Purple’), and 20 Manchurian
(cv. ‘Mancana’) ash trees for a total of 240 tredgained from Bailey Nurseries, Inc.
Trees were planted in rows of 15, with four rows Ipleck on 2 m centers and were not
irrigated during this study. Twenty two Manchuri&g, white, and 18 green ash at
various stages of infestation were randomly setefeuse in this study and were

dispersed relatively evenly across blocks.

This experimental common garden is part of a laagé research plantation,
located on the most northern edge of the plantghb#2.498330 W 83.461191), and has
received past and current pressure from EAB. Tire#gs experimental garden and in
the larger plantation range from no signs or symmstof EAB colonization to prominent
signs and symptoms of EAB, which in some caseddub® tree mortality. Trees
included in this study displayed only mild symptoofsnfestation, if anything (Table

2.1).
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The ash plantation at Novi is surrounded by a unexbf suburban development,
woodlots, meadow and agricultural fields. The otjemdens in the plantation include
various species and cultivars of Asian, Europead,North American species used in
unrelated experiments and range in diameter asbhegght from 50-135 mm. By 2012,
almost all of the mature white and green ash grgwiitd or in developed areas in the

vicinity of the garden had been killed by EAB (D. KAerms, personal observation).

2.2.3 Tree Measurements and Ovum Collection.

2012 Season. Adult EAB activity was confirmed at the WSU ganden 26-May
by observing new exit holes. To sample ova, treeewrapped with four layers of
heavyweight chef grade, 100% cotton cheeseclo®0eMay at the WSU garden and on
6 June at the Novi garden (the presence of adull wAre visually confirmed at the time
of wrapping at Novi). Cheesecloth was chosen fes¢hexperiments because prior
observations suggested that EAB would ovipositlwesecloth wrapped on trees in a
passive manner, as they may on lichens and cresfdesrk (V. Muilenburg, personal
observation). Wrappings were cut into a long, detayered strip and wrapped around
trees with completely overlapping bands so thabari was exposed and there were no
less than four layers of cloth. Cloth was then sstttio trees with zip-ties at the top and
bottom. Because of the difference in age and stheden the trees in the two gardens,
WSU trees were wrapped from 0.5 to 1.0 m from theelof the tree and the Novi trees
were wrapped from 1.0 to 1.5 m from the base otréne along the main trunk (mean
diameter at breast height + 1 SE was 32.31 = 1 &lfon WSU garden and 93.72 + 2.52

mm for the Novi garden).
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Wrappings were initially placed on trees at theW\arden on 30-May and were
then removed and replaced 9 and 14 days latereandved without replacement 43 days
later when the study ended on 12-July. Wrapping® uetially placed on trees in the
Novi garden on 6-June and removed and replacetd 22 days later and removed
without replacement 35 days later when the stuaglcaled on 11-July. Upon removal,
wrappings were placed in plastic bags, held onaod,then stored at -2D for two to
twelve hours to kill any other insects present. iiddally, after wrapping trees at both
sites, canopy dieback was quantified visually adicqy to the 0-100% canopy
thinning/dieback scale of Smitley et al. (2008) &me¢ DBH was measured using digital

calipers.

2013 Season. The 2013 experimental protocol was nearly idehtic the 2012
protocol with a few differences. First, tree wraggpin the WSU garden occurred from
30-May through 17-July with collections 13, 20, 34, 41, and 48 days after the initial
wrapping. Tree wrapping at the Novi garden occufrech 6-June through 8-July with
collections 7, 14, 21, and 28 days after the ins@apping. Second, to exclude arboreal,
non-flying predatory insects, an approximately 3witie band of Tanglefo8twas
applied to the bark immediately above and belowitregppings at both gardens. Finally,
during mid-July of 2013, new exit holes, identifialby light-colored wood immediately
interior to the bark, were counted on tree trumksifzero to 1.6 m above ground level.
Notably, one black ash in the control treatmerihenWSU garden was killed by EAB
activity during the 2012 season; this tree wasused for ovum collections during 2013

but was used for the exit hole analysis.
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224 Statistical Analysis.

The effect of specie®BH, and percentage canopy dieback on cumulative
oviposition was analyzed by a traditional Poissagression model or a zero-inflated
Poisson (ZIP) regression model in R (R Core Tedihi32 Regression models were
selected by comparing the Poisson and ZIP modeig Waiong's (1989) likelihood-
ratio-based test for non-nested models which wenelucted using the ‘pscl’ package in
R (Zeileis et al. 2012). Once the appropriate regjo;n model was selected, individual
predictor variables were assessed using a chi-sduest based on the difference in log-
likelihoods between a full model with all of thegstble predictor variables to a model
without the predictor variable of interest. Insfggant predictors were then eliminated
from the model. The full (containing all predictariables) and reduced models were
then compared using a likelihood ratio test to manthat the removed predictors did not
significantly reduce the amount of variability eaipled in the reduced model. Manual
inspection of data revealed two instances of tvadsaberrantly high amounts of
oviposition and/or canopy dieback (one individuakteach from the WSU garden in
2012 and from the Novi garden in 2013). In thesesathe model was estimated as
explained above with the full complement of date. (ithe complete datasets) and with
the aberrant data removed (“modified” data; albdesociated with the individual tree
were removed from the set). Species differences assessed by collapsing two species
into one category and comparing the collapsed mtodile final model by way of the
chi-squared difference in log-likelihoods, whichsyzerformed for each species-species

comparison.
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This same Poisson regression model was useddesage significant impact of
species, DBH, canopy dieback, and ovipositionfiergrevious year (2012) as predictors
of the number of exit holes found on trees. This parformed for both the complete
datasets as well as for “partial” datasets, whitly cncluded trees that had received ova
in 2012 and/or any exit holes were detected in Z0&2any tree that had not received
ova and no exit holes were detected were eliminagkcies comparisons could not be
completed in models with the partial datasets dube underrepresentation of
Manchurian ash because no exit holes were detaagkgery little oviposition occurred

on any trees of this species.

For simplification purposes, ‘Patmore’ and wiletgn ash were treated as distinct
taxa in all analyses. Also, species differencesewet determined for any of the

manipulated datasets (i.e., “complete” and “paitiahther only for the full datasets.

23 RESULTS
2.3.1 WSU Common Garden

2012. We recovered a total of 55 ova on 15 of the 4841(33%). Thirteen ova
were found on white ash, 11 on green ‘Patmoreh reen ‘wild’, 25 on black, and one
on Manchurian ash. A summary of the DBH and % cgrigback from this and all
gardens in 2012 and 2013 is presented in Tabl&d ZIP regression model provided a
better fit for these data than the Poisson regrassiodel (Vuongy = -2.15,P = 0.02).
After comparison to the full model containing dlltbe predictor variables (species,

DBH, and canopy dieback), DBH and species wereddarbe insignificant. After
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removal of these insignificant predictor variablige full and the reduced model were
not significantly different and the only predictetained in the reduced model was
dieback ¢? = 12.91, df = 1P < 0.001). According to this fitted reduced modetreases
in dieback were associated with increases in oitipos(ZIP; = 4.10 + 0.53). Though
species as a specific predictor variable was ifsigmt, there were significant
differences in oviposition between species withtevi§i = 6.63, df = 1P = 0.01), green
‘Patmore’ {* = 6.52, df = 1P = 0.01), green ‘wild’?> = 6.07, df = 1P = 0.01), and
black ¢? = 4.18, df = 1P = 0.03) ash all receiving more ova than Manchuaisim,
however, there was no variation in ova accumulagimong North American species ash

(Figure 2.1A).

A single black ash tree experienced more sevetedk and substantially greater
ova accumulation in the WSU garden during 2012 tharremainder of the trees.
Roughly 22 EAB ova were recovered from this trest tlso had approximately 55%
canopy dieback, this observation was removed and R model was re-fit to the
modified dataset. DBH, species as well as diebamlewot able to predict oviposition.
We were therefore unable to significantly prediaposition preferences with this
modified dataset using our predictor variablehimWSU garden in 2012 with the null

model being insignificantly different from the futiodel.

2013. During 2013, a total of 95 ova were recoveredifzy of 44 trees (55%).
Sixty-two ova were on white ash, 21 on green ‘Pagmseven on green ‘wild’, two on
black and three on Manchurian ash. The ZIP regyessaondel produced a better fit than
the Poisson regression model and was selectedughithey were not significantly

different. Host species predicted ovipositigh=£ 40.35, df = 4P < 0.001) while DBH
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and canopy dieback did not and thus were remowed fhe model (full and reduced
models were insignificantly different). For thisayewhite ash received more ova than
green ‘Patmore+? = 13.67, df = 1P < 0.001), green ‘wild'§*> = 15.84, df = 1P <
0.001), black#? = 20.48, df = 1P < 0.001), and Manchurian asjt € 34.07, df = 1P <
0.001). Green ‘Patmore’ also received more ova frean ‘wild’ (> =3.90, df = 1P =
0.05), black? = 7.32, df = 1P = 0.01), and Manchurian asjf € 14.85, df = 1P <

0.001). There were no other significant speciesparisons (Figure 2.1B).

Exit Holes. A total of 20 exit holes were found on eightloé 45 trees with white
ash having five, green ‘Patmore’ having four, gr&eitd’ having five, black having six,
and Manchurian ash having no exit holes. The Z¢{ffeesion model provided a better fit
for these data than the Poisson regression modelas therefore selected, although the
two regression models were not statistically défeér DBH (> = 6.26, df = 1P = 0.01),
canopy diebackyf = 4.69, df = 1P = 0.03), 2012 oviposition{ = 8.99, df = 1P <
0.01), and specieg¥= 11.78, df = 4P = 0.02) were all significant predictors of the
number of exit holes found on trees and the fullel@ontaining all of the predictor
variables was retained as the selected model. Theegression model showed that

increases in ova accumulation in 208250.29 + 0.11) and DBH3(= 0.28 + 0.12) and

decreases in dieback € -8.58 + 4.59) were associated with increas¢sémumber of

exit holes on a tree in 2013. Manchurian ash (nbhetes were found on these trees) had
significantly fewer exit holes than whitg?(=4.97, df = 1P = 0.03), green ‘Patmoreji
=4.38, df = 1P = 0.04), green ‘wild’{*> = 4.99, df = 1P = 0.03), and black ash?(=

5.34, df = 1P = 0.02) and none of the North American ashes mifférom each other in

numbers of exit holes. In the ZIP regression modeig the partial dataset (i.e.,
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including only the trees receiving at least onerm\and/or exit hole), canopy dieback,
2012 oviposition, and species were all unable &aliot the number of exit holes while
DBH (¥?> = 5.24, df = 1P = 0.02) was able. Non-significant predictors weliminated
from the model and the full and reduced models wesignificantly different. In this ZIP
regression model with the partial dataset, as DBtlided exit hole number increaset (

=-0.14 £ 0.05). Table 2.2 summarizes these mouditdihg results.

2.3.2 Novi Common Garden

2012 Season. A total of 159 ova were recovered from 25 of 82%) trees, with
white and green ash receiving 65 and 93 ova, réspg; and Manchurian ash receiving
one ovum. The ZIP regression model provided a bttdnan the Poisson regression
model (VuongyV = -2.76,P < 0.01) and was therefore selected. Tree DBH andy
dieback were both insignificant predictors of owsjimn and were therefore dropped
from the model, and the full and reduced modelswet significantly different. Host
species¥? = 30.94, df = 2P < 0.001) was a highly significant predictor of ova
accumulation and was therefore retained in the iInGteen ‘Patmore’ ash received
more ova than white/{ = 10.87, df = 1P < 0.01) and Manchurian asjf € 35.44, df =
1,P < 0.001), and white ash received more ova thandklaman > = 29.62, df = 1P <

0.001) (Figure 2.2A).

2013 Season. Seventy-one ova were recovered from 15 trees (25%013 with
green ash receiving 47, white ash receiving 20,Madchurian ash receiving four ova.

The ZIP regression model again best representeditiae(Vuongy = -2.17,P = 0.02).
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Both DBH §? = 38.38, df = 1P < 0.001) and canopy diebagk € 35.64, df = 1P <
0.001) were highly significant predictors of ova@aeulation and accumulation was
inversely related to both as the number of ovagiased as DBH3(= -0.08 + 0.02) and
canopy dieback decrease?l€ -14.24 + 2.64). Species was also able to prediat
accumulationy? = 38.69, df = 2P < 0.001). Green ‘Patmore’ received more ova than
white (x> = 48.26, df = 1P < 0.001) and Manchurian asff € 56.36, df = 1P < 0.001).
White ash received fewer ova than green ‘Patmaresignificantly more than
Manchurian ashyf = 55.04, df = 1P < 0.001) (Figure 2.2B). The final model therefore

included all of the measured predictor variables.

There was also one tree at Novi in 2013 receiam@xtraordinarily high number
of ova (29), whereas the tree receiving the neytést number of ova received nine. This
specific high observation was eliminated and timeaiaing data (i.e. the “modified”
dataset) analyzed with the ZIP regression modelci®p was not able to predict ova
accumulation and was therefore dropped from theetn@hnopy dieback{ = 3.83, df =
1, P = 0.05) was a significant predictor and DB € 3.27, df = 1P = 0.07) moderately
predicted ova accumulation. DBH was retained inntioelel because if it was dropped,
the full and reduced models would became signiflgatifferent ¢ = 11.82, df = 3P <

0.01). The ZIP regression model showed that ovaraatation increased as both DBH

(8 = -0.03 + 0.01) and canopy dieback (Z#P= -4.07 + 2.14) decreased.

Exit Holes. A total of 24 exit holes were found on eight §€£3%) in this garden.
White ash had eight exit holes, green had 16, aadddurian had none. The data were
best modeled by ZIP regression (VuoNgs -3.11,P < 0.001). For the full dataset, DBH,
canopy dieback, and 2012 oviposition were not &blaredict the number of exit holes
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and were eliminated from the model with no sigmifitbetween the full and reduced
models. Speciegi = 9.93, df = 2P < 0.01), however, did predict the number of exit
holes on a tree. Both greeyt € 14.7, df = 1P < 0.001; total = 16) and whitg*(=

14.29, df = 1P < 0.001; total = 8) ash had more exit holes thamdhurian (total = 0).

In the model fitted to the partial dataset, DBH)@ay dieback, 2012 oviposition, and
species did not predict exit hole number and wengirgated from the model (full and
reduced models were not significantly differentig(fFe 2.3). Final models are presented

in Table 2.2.

24  DISCUSSION

The “mother knows best” hypothesis predicts thaéct herbivores will choose
hosts for oviposition on which their offspring wilest perform. Our results are consistent
with this prediction as EAB females overwhelmingbposited more ova on green and
white ash than on Manchurian ash in both commodegaplantations. This corresponds
with patterns of adult feeding preferences (Puresaval Poland 2009) and higher
number of exit holes and tree mortality rates oles@in previous studies for these
species compared to Manchurian ash (Rebek et @8)20his hypothesis has also been
supported by Desurmont et al. (2011) who found elvgiosition preferences of females
of the viburnum leaf beetl®yrrhalta viburni Paykull (Coleoptera: Chrysomelidae),
corresponded with larval performance regardlesghather the host was native or novel.
The limited neural abilities of insects (Bernay®2pshould allow them to recognize a
co-evolved host much more quickly and efficientgin novel hosts in an invaded range,

but we clearly saw the opposite in our study. THeskngs suggest the possibility of
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unknown antixenotic interactions occurring betweerevolved species such as volatile
oviposition deterrents (e.g. Gharalari et al. 20HDwever, the possibility also exists that
females are also choosing those host species ahwigy developed as larvae (the
‘natal habitat preference induction’ hypothesisayi3 and Stamps 2004; Stamps and

Davis 2006), but this remains unclear at this time.

North American ash species received significamitye ova than Manchurian
ash, with the exception of 2012 at the WSU garadre(i limited oviposition was
observed). Most of the ova (38%) collected at tHeUgarden during 2012 came from
one black ash tree, a highly susceptible specieghadrove trends in this garden during
this season. After data associated with that spdotfe were eliminated, the primary
target of adults in 2013 was white ash. In 2018,itthmber of ova found on ‘Patmore’
green ash also increased relative to 2012 andeived significantly more ova than
Manchurian, green ‘wild’, and black ash, but fewea than white ash. In the Novi
garden, green and white ash were also consisteratig preferred than Manchurian ash.
In the Novi garden in 2013, a single green ashreeeived most of the ova (41%), which
drove species differences. However, this “outlisr€onsistent with the highly
susceptible nature of green ash (Rebek et al. 200B¢n faced with several hosts in a
common garden, EAB adults in our study ovipositexerneavily on hosts on which
larvae are most successful, in accordance witlptaéictions of the “mother knows best”

hypothesis.

Research on EAB host location has been motivaggtidoneed to develop
effective monitoring methods (Crook and Mastro 201ds generally thought that

specialists with a narrow host range use speaifs ¢or host selection (Cunningham
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2012). This is most likely the case with EAB, whegbpears to use a combination of
visual and host volatile cues. Both sexes of EABaitracted to blue and green light, and
females are additionally attracted to red lighto@ et al. 2009). Monoterpenes and
sesquiterpenes emitted from the bark of healthystredsed green ash (Crook et al.
2008) are particularly attractive to mated fem#@@wok and Mastro 2010). However,
there have been no olfactory studies thus far compé#he attractiveness of EAB

females to host volatiles from different host speén the context of oviposition
preferences, though this has been done in thexdarftbost selection for adult feeding
(Pureswaran and Poland 2009). Several possibifdrethe differential preference of

EAB among hosts could include the presence of encda super-stimulus (O’'Neil et al.
2010) or the lack of chemical deterrents in Northekican ash that may be present in co-

evolved Asian ash species (e.g. De Moraes et 811)20

The oviposition patterns found in this study cep@nded with adult feeding
preferences and larval colonization patterns oleskepreviously in the field. Pureswaren
and Poland (2009) found that EAB adults prefercefééd on green, white, and black ash
foliage over Manchurian ash foliage. This suggtsis palatability of leaves for adults is
a good indicator of the quality of the phloem faniae (Pureswaren and Poland 2009).
Variation in ova accumulation between host speaigs corresponds to variation in exit
hole numbers and tree mortality patterns obsemwexdther studies. Anulewicz et al.
(2007) reported greater canopy dieback for grehrtremn white ash in Michigan because
green ash were attacked first, which correspontts auir findings that that green ash was
somewhat preferred over white ash for ovipositioour experiments. However,

Klooster et al. (2013) found no differences in rabty (both green and white ash
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experienced > 99% mortality) between these twoispen invaded forests along an
invasion gradient ranging from no EAB to advancédBEnfestation. Importantly, Rebek
et al. (2008) found that native green and whiteteghhigher exit hole numbers and
higher mortality than Manchurian ash. While directculation tests have shown that
Manchurian ash is a lower quality host for larva&nt black ash (e.g. Chakraborty et al.
2014), exit hole numbers and mortality patternseoked on different species in the field

also clearly reflect EAB adult feeding and ovipimsitpreferences.

Trees stressed by girdling are more attractivaddts than non-girdled trees
(McCullough et al. 2009). Knight et al. (2012) faLitmat healthy trees survived longer
than declining trees, possibly indicating that dech trees were preferentially targeted
by EAB. However, we found little evidence thatmoasition rates increased with degree
of canopy dieback. However, canopy dieback hagrifgiant effect on oviposition in
the WSU garden during the 2012 season, but not Wieemodified dataset without the
extremely high oviposition and % dieback tree detee removed. Dieback also
significantly affected oviposition in the Novi gam during the 2013 season both with
and without the influential datum included the gsa. It is also important to note the
limited amount of dieback of Manchurian ash obséineboth gardens was most likely
not due to EAB infestation. In both gardens, theses showed no signs or symptoms of
infestation and no received very limited ovipositjgressure. We conclude that these

trees were stressed by some other unknown factor.

Correspondence between ova accumulation in onmeayebnumber of exit holes
in the next would be consistent with a positiverelation between oviposition preference

and larval performance. McCullough et al. (20099eed a significant relationship
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between the number of captured adults and subselgumeal density in ash trees. Our
results were mostly consistent with this pattera.eXit holes were recorded on
Manchurian ash in either garden, and very few ogeewollected from these trees. For
susceptible trees at both gardens, accumulatiorafind the number of exit holes the
following year were positively related, as predict€his relationship was significant at
the Wright State garden, but not at the Novi gardéese results indicate that, for the
most part, the number of exit holes expected atedlto the number of ova that
accumulate on the trees, suggesting that larvatatitgrrates in the tree may be similar

across susceptible hosts.

Our data, coupled with earlier observations, sagtigt interspecific variation in
ash resistance to EAB is likely attributable tolbaériation in phloem defenses against
larvae (antibiosis) and factors influencing femagosition preferences (antixenosis).
This suggests that breeding for resistance shaalasfon traits that decrease
attractiveness of trees to ovipositing femalea (hanipulation of volatile profiles, for

example), as well as efforts to strengthen phloefartses against larvae.
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Table2.1. Mean + 1 SE for DBH in mm and % canopy diebackQ2B) for WSU and
Novi gardens for both seasons. Data for % CDB are-inflated and Poisson-

distributed. Green (P) = green ash (cv. ‘Patmofaien (w) = green ash (wild source).

Season
DBH (mm) % CDB
Garden  Species 2012 2013 2012 2013
Green (P) 25.5 (2.4) 30.7 (2.7) 0.9 (0.6) 14.7)(5.3
Green (w) 36.4 (3.3) 43.4 (3.9) 0.0 (0.0) 0.0 (0.0)
WSU  White 25.4 (1.9) 30.8(1.7) 0.0 (0.0) 0.6 (0.6)
Black 22.3(2.3) 24.9 (2.2) 11.6 (8.8) 16.6 (8.6)
Manchurian  23.3 (1.2) 29.3 (2.6) 2.5 (1.8) 45)2.1
Green 98.6 (3.2) 110.9 (3.8) 10.8 (3.4) 17.2 (5.4)
Novi  White 72.8 (2.6) 88.7 (2.6) 0.5 (0.3) 1.5 (0.6)
Manchurian 69.7 (3.9) 84.2 (4.1) 3.9 (2.8) 8.2)3.8
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Table 2.2. Summary of the final models selected for ovipositin each of the two
gardens (WSU and Novi) for each season (2012 ah@)28s well as for exit holes found.
The dataset used is indicated as the completeaddtasmplete), if an unusually high
value was removed from the dataset (Modified)f only individual trees either
receiving at least one ovum during 2012 or witkeast one exit hole in 2013 (Partial).
Response variables are the cumulative ovipositesrtnee (Ovip) and the cumulative
number of exit holes per tree (EH). Predictor Maga are host species (H), tree DBH
(DBH), canopy dieback (CDB), oviposition from 20(2), and all predictor variables
(All). Not applicable is NA. Predictor variabledamed have & < 0.05 and predictor
variables dropped haveRPa> 0.05. A model without predictor variables metrat no

predictors were significant and the resulting mam#y has an intercept.

Predictors
Garden Season Data Response Retained (P < 0.05)
Complete Ovip CDB
2012
Modified Ovip -
WSU 2013 Complete Ovip H
Complete EH H, DBH, O
NA
Partial EH CDB
2012 Complete Ovip H
Complete Ovip H, CDB, DBH
2013
Novi Modified Ovip CDB, DBH
Complete EH H
NA
Partial EH -
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Figure 2.1. The cumulative number of EAB ova caught on wraggithrough time in the
WSU garden during the 2012 (A) and the 2013 (B¥ses. Different letters indicated
species that have significantly different countsurulative ova by way of thg-
difference in log-likelihood between collapsed (@oning species of interest) and not-
collapsed (removing that species) models. Greers(§een ‘Patmore’ and green (w) is
green ‘wild’. N = 6 for black, 10 for white, 9 fgreen (P), 9 for green (w), and 11 for

Manchurian ash in 2012 and 2013, except N = 5lfxlkbash in 2013.
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Figure 2.2. The cumulative number of EAB ova caught on wraggithrough time in the
Novi garden during the 2012 (A) and the 2013 (E¥ssa. Different letters indicated
species that have significantly different countswiulative ova by way of the-
difference in log-likelihood between collapsed ad-collapsed models. N = 20 for

white, 18 for green, and 22 for Manchurian ashdh2and 2013.
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Figure 2.3. The total number of exit holes found on ash tade=ach species in the WSU
garden (black bars) and the Novi garden (grey b&mgcies with significantly differing
numbers of exit holes have different letters by whthey?-difference in log-likelihood
between collapsed and not-collapsed models. Ugss lettering compares species
within the WSU garden and lower case lettering carap species within the Novi
garden. Green (P) is green ‘Patmore’ and greens(gheen ‘wild’. Green ‘wild’ and
black ash are not planted in the Novi garden. Nfer ®lack, 10 for white, 9 for green
(P), 9 for green (w), and 11 for Manchurian asthemWSU garden and N = 20 for white,

18 for green, and 22 for Manchurian ash in the Nawden.
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3 PROFILING OF CANOPY AND BARK VOLATILESOF

CONSTITUTIVE AND INDUCED BLACK AND MANCHURIAN ASH

31 INTRODUCTION

Plants have evolved to defend themselves agagmksiviores. Three general
strategies for how were proposed by Painter (129%8), two of which were tolerance
and antibiosis. The third mechanism is antixenasih is characterized by non-
preference (Kogan and Ortman 1978). Antixenosishaeisms can be olfactory, visual,
tactile, and/or gustatory (Smith 2005). With regeralfaction, volatiles emitted from
potential host can stimulate insect olfactory régepand either cause positive
chemotaxis (attractants), negative chemotaxis legs), or stop insect movement
(arrestants) (Smith 2005). Ultimately, insects uae volatiles or volatile blends for host
location and employ olfactory discrimination to @®hine resistant and susceptible hosts
(e.g. Seifelnasr 1991; Lapis and Borden 1993; Gauah 1994; Storer and van Emden

1995; da Costa et al. 2011).

It is hypothesized that specialist insects amengfily selected for efficient location
and recognition of hosts and use specific cuebdst selection (Cunningham 2012).
Efficient location and recognition of acceptabletsas especially important for wood-
boring insects as wood-boring larvae cannot mowantither host once deposited (Hanks
et al. 1993; Hanks 1999). Emerald ash borer (EAB)ilus planipennis (Coleoptera:
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Buprestidae), is an Asian-native, invasive wood#mgpbeetle in North America where it
has devastated hundreds of millions of forest anddcape astrfaxinus spp.) (Herms
and McCullough 2014). EAB is considered an ashigpst; though it has recently been
found to attack and kill white fringetre€lfionanthus virginicus; Oleaceae) (Cipollini
2015). EAB has been shown to oviposit significatels often on the co-evolved,
resistant Manchurian ash than naive, susceptibléhMonerican ashes in common
garden settings (Rigsby et al. 2014). This findnggests that EAB uses discriminatory
cues to evaluate host suitability and is able seritninate between resistant and

susceptible hosts in the landscape.

Much research exists on the chemical ecology dB HAut most is typically in the
context of creating better trapping and monitommethods (e.g. Rodriguez-Saona et al.
2006; Crook et al. 2008). Several green leaf vies{{GLVs), monoterpenes, and
sesquiterpenes have been shown to generate antespahses in EAB adulisa
coupled gas chromatography-mass spectrometry (GEeMGC-flame ionization
detection (FID) and gas chromatography-electroartgram detection (GC-EAD)
experiments (Rodriguez-Saona et al. 2006; Croak &008; de Groot et al. 2008).
Additionally, six sesquiterpene compounds identdifogy Crook et al. (2008) elicited
stronger and more consistent antennal responsesnfited than from virgin females or
males (Crook and Mastro, 2010). It has also betabkshed that EAB adults are more
attracted to stressed trees than healthy trees (NMu@h et al. 2009; Jennings et al.
2014) and that volatile organic compounds (VOGCairfistressed or induced trees are
more attractive to adult females than VOCs fromticbnrees (Rodriguez-Saona et al.

2006).
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However, despite the extensive research thatlheesdy been conducted on this
general topic, specific volatile cues that attraeted females for oviposition have not
been identified. Only one group of these authord(RRjuez-Saona et al. 2006) used
volatiles emitted from Manchurian adh. (nandshurica) in their GC-FID/EAD
experiments, a species co-evolved with EAB in A& displays a relatively high
resistance phenotype (Rebek et al. 2008). Furthermo studies have addressed
interspecific differences between Manchurian aghisnmost closely-related North
American congener, black adh. figra) (Wallander 2008). Black and Manchurian ash
are strikingly similar in their phloem phenolic chistry yet have almost completely
opposite resistance phenotypes (Whitehill et al22@hakraborty et al. 2014), with
black ash receiving substantially more EAB eggs t¢ive course of the summer
oviposition season than Manchurian ash in commotegeexperiments (Rigsby et al.
2014), and its foliage being much more preferreadhylts for feeding than Manchurian
ash foliage (Pureswaren and Poland 2008). Addilliprdirect inoculation experiments
have shown that fewer EAB larvae survive, do natheater instars, and are generally
smaller when inoculated on Manchurian ash thanepigte North American species

(Muilenburg et al. 2011; Chakraborty et al. 2014pBalter et al. unpublished).

Collectively, these studies suggest that bothxanbtic and antibiotic
(characterized by adverse effects of plants orcissich as reduced growth and higher
mortality; Painter 1951) mechanisms are potentithployed by Manchurian ash in its
defense against EAB. While much research attem@snbeen focused on antibiosis (e.qg.
Eyles et al. 2007; Cipollini et al. 2011; Whiteteli al. 2011; 2012; 2014; Chakraborty et

al. 2014; Rigsby et al. 2015 Review; and Chapter 6), relatively little research aftamt
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has been directed at antixenotis and has only peepherally addresseda past EAB
chemical ecology studies (e.g. Rodriguez-Saona 2086; Crook et al. 2008). The
intention of this study is to directly address pméential underlying mechanisms of
antixenosis by comparing the bark and canopy \elatganic compound (VOC) profiles
of black and Manchurian ash treei® GC-MS, that have been induced with methyl
jasmonate (MeJA). MeJA is a derivative of the plaertbivore defense-associated
hormone, jasmonic acid, and has been shown to ntireigolatile response of plants to
herbivore feeding damage (Rodriguez-Saona et 8l1;200ls et al. 2003; Rodriguez-
Saona et al. 2006). We attempted to draw relatipedbetween VOC profile
characteristics, host induction, and host choicgumntifying EAB oviposition on trees
from which VOC profiles were determined in a comnganden environment. We had
the specific hypotheses that (1) EAB ovipositiorulddbe substantially higher on black
ash than Manchurian ash, (2) MeJA application woesallt in detectable changes in
both bark and canopy VOC profiles and would inceeagposition, and (3) that
oviposition could be predicted by certain VOC petiharacteristics (e.g. increased

emission of certain compounds).

32 METHODS

3.2.1 Ash Common Garden, Treatments, Monitoring for Oviposition, and Tree

Health.

The ash plantation utilized for these experimevrds established in November of

2012 using four year old bare-root stock (10-20 ciameter at time of planting) from
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Bailey Nurseries, Inc. (St. Paul, MN) planted irmadomized block design. Twelve
Manchurian (cv. ‘Mancana’) and 12 black (cv. ‘Falbld’) ash trees were randomly
selected, and half of the individuals from bothcee (six each) were subjected to the
MeJA induction treatments. Trees were approximétedysame size at the time of
experimentation with no differences between spdtie€.557, P = 0.583) in diameter
immediately below the first set of branches ofrtien trunk (68.3 £ 0.9 mm). A 100
mM MeJA solution containing 0.01% Tween 20 was eggplo all reachable surfaces of
these trees until runoff on two occasions: 29 May &2 June 2015 (Rigsby et Ai.
Review). Levels of oviposition were monitored as desatibg Rigsby et al. (2014).
Briefly, cheesecloth was wrapped around an apprataiy 50 cm section of the main
trunk. Cloth was removed and replaced at weekbruals for five weeks from 5 June —
10 July and the removed cloth was visually insptbe EAB eggs. Lastly, individual
trees were rated for their health condition wheneopy dieback, bark splitting, and
epicormic sprouting (classic symptoms of EAB inétisin) were each rated on a scale of
0-5 with 0 being defined as non-symptomatic an@fthéd as severe, and these values

were summed into a “Health Index”.

3.2.2 Bark and canopy VOC Sampling

Field sampling of bark and canopy VOCs was peré&atsimilarly to the VOC
collection procedure described by Boréczky et201@). Briefly, a portable two-pump
volatile collection system with a Tefl&rsheet chamber (FEP100 fluoropolymer film;
Dupont, Wilmington, DE, USA) positioned around astructed wire frame was secured

to the trunk with straps. Air was purified througfmarcoal and a SuperQ pre-filter (30 mg
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SuperQ sorbent; Alltech Associates, Deerfield USA) and was introduced through the
bottom of the Teflofi sheet chamber with one pump. The other pump palleiom the
top of the chamber and passed air through anotifeer® filter which adsorbed VOCs.
Canopy collections were performed similarly exdéjat the wire frame was not used.
For these, a branch was wrapped with the T&fkireet that was secured to the branch
with straps. The bark surface area sampled wasleédd (bark) and the number of
leaflets enclosed within the chamber (canopy) veasited so that emission rates could

be normalized on those bases.

Bark VOC sampling was performed on 19 June 20ite(days after the second
MeJA treatment. VOCs were collected for 3 hrs ptish flow rate of 0.75 (x 0.05)
L/min and a pull flow rate of 0.5 (x 0.05) L/minldw rates were checked with variable
area flow meters (Key Instruments, Trevose, PA, Y&#d adjusted if needed between
every sampling period. Inclement weather prevengeffom sampling canopy VOCs on
the same day so canopy sampling was performed dnr22 2015 and samples were
collected for 1 hr using the same flow rates. Elien which volatile compounds had
been collected were sealed with plumbers tapetatdrals, wrapped in aluminum foil,
and were overnight shipped to the Chemical Ecolagyat Penn State University.
SuperQ pre-filters used to purify air were washétth @00 pL acetone and Tefl®n
sheets were cleaned with 95% ethanol and kimWipeswveen sampling periods in order
to eliminate contamination. All Tefléhsheets and pump tubing were washed with
scentless soap (AlconBxand DI HO and wiped with ethanol between sampling dates,
while wire frames were wiped with ethanol. Lategwgls were worn at all times when

equipment was being handled.
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3.23 GC-MSand Data Processing

Upon arrival at the Chemical Ecology Lab at PetateéSUniversity, SuperQ
filters with adsorbed VOCs were eluted with 32@f a solution containing 100 ng nonyl
actetate (internal standard) dissolved in a 1:Ium&of hexane and dichloromethane
(Burdick & Jackson, Morristown, NJ, USA). Elutedhgales were analyzed by gas
chromatography using an Agilent 6890 chromatog(@afilent Technologies, Santa
Clara, CA) coupled to an Agilent 5973 mass selectinalyzer fitted with a Agilent HP-
5MS bonded phase capillary column (0.25 mm x Qu®5«< 30 m). Sample injections of 2
HL were made into an inlet operated in splitlesslenith a split delay of 0.75 min and
helium carrier gas flow of 0.8 mL/min. The oven vkapt at an initial temperature of
60°C for one minute then increased to 150°C ateaoh3°C/min, 20°C/min to 280°C,
and held at 280°C for 5 min. Inlet and interfaceperatures were 220°C and 280°C
respectively. The mass selective analyzer was tgzkna electron impact mode using the
default settings (ion source: 230°C, quadrupol@°C5 and spectra generated at 70 eV).
Initial identification of analytes was accomplishedmatching of representative analyte
spectra to reference spectra in the NIST 08, Ad@®t2), and Joulain and Konig (1998)
libraries as well as to spectra of authentic syittstandards. Further confirmation of
compound identities was accomplished by calculatigntion indices using the Van den
Dool and Kratz (1963) formula for temperature-peogmed analysis and comparing to
the retention index libraries of Adams (2012), Bfader (Hamburg, Germany), Joulain

and Konig (1998), as well as other published saurce
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For the identification and quantification of artaly, a target compound
identification method was created in ChemStatiogilgkt Technologies, Santa Clara,
CA) for compounds of interest manually chosen basedbservation of differential
emission between experimental treatments andkbehood of being present in ash
volatile emissions. Based on reference spectrarduatdrom authentic standards, well
characterized essential oils, or clean occurremct®e ash VOC samples, an expected
retention time, target ion, and relative abundasfagp to three qualifier ions were
manually chosen and imputed into the software. Aatied peak integration,
accumulation, and matching were performed througbea-specified algorithm in
ChemStation and final selection of best-fit peakahes and peak integration was
performed manually for each target compound. Theltieg peak areas based on target
ion responses from confirmed matches were trangdnmto approximated total ion
peak areas using response factors determined &ference spectra. Absolute quantities
of target compounds detected were approximateddbaséhe instrument response to the
internal standard, nonyl acetate. It is importamiate that the absolute quantities of
emitted volatiles are only approximate due to tet that it was assumed that our
instrument was equally sensitive to all analytdsictvis not a safe assumption. However,
relative quantities within each analyte are aceudaspite the absolute quantities being
rough estimates. For the purposes of analysisraedoretation, canopy emissions were

expressed as pg/hr/leaflet and bark emissions exgmessed as ng/hrfm

3.24 Statistical Analyses of VOC Profiles
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Canopy and bark VOC profiles were analyzed seweags. First, canopy and
bark VOCs were placed into one or more of five gates: “whole profiles” consisting
of every individual peak detected (but not necelysiaentified) in GC chromatograms,
GLVs, monoterpenes, sesquiterpenes, and anterawiliye compounds (AACS)
consisting of compounds that have been shown hyspadies to be antennally active in
GC-EAD experiments. For each category of canopyteml VOCs, a Permutational
Multivariate Analysis of Variance (PERMANOVA; Andsn 2001) utilizing the R
package: 'vegan' (Oksanen et al. 2012) was pertbusiag species and MeJA-induction
as predictors. PERMANOVA analyses were performetherEuclidean distances of
Hellinger-transformed peak areas with 10,000 peatrarts (Legendre and Gallagher

2001; Lieurance et al. 2015).

Secondly, differences in canopy and bark VOC aategrofiles were visualized
via nonmetric multidimensional scaling (NMDS) using teower’ dissimilarity index,
also using the ‘vegan’ package in R. The ‘Gowessdnilarity index was chosen because
it consistently gave the highest rank-order sintyfaof all possible dissimilarity indices
available in the ‘vegan’ package and consistergtymated the NMDS model with the
lowest stress statistic (< 0.2 for all ordinatiorisgstly, VOC profile categories were
analyzed by fitting emission rates of total intéstandard-equivalent VOCs in a
category (e.g. total VOCs, total GLVs, etc...) toagmalysis of variance (ANOVA) model
with species and MeJA-induction as predictors, nanginsignificant predictors when

appropriate.

3.25 Satistical Analysesof VOC Profile Constituents
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A Monte Carlo re-sampling method was used toftessignificant differences in
the emission rates of individual compounds. Anaude F-distribution was constructed
for each individual compound by calculating diffieces between the variance of datasets
generated by random sampling from the mean variahttee original dataset (10,000
replicates). The F-critical value was found basedhe 95% quantile value. € 0.05)
which was compared to the F-value calculai@d fitted ANOVA model. Calculated F-
values above the F-critical were used to directlgwalate a P-value (number of Monte
Carlo-generated F-values above F-value calculagegdNOVA fit divided by 10,000
total Monte Carlo-generated F-values). This progess only performed using volatiles
that were consistently detected being emitted lily bpecies (i.e. emitted by > 50% of
individuals of both species). VOCs that were eith@remitted by any trees of a species

or emitted by< 50% of trees of a species were not analyzed.

3.26 Statistical Analyses of Oviposition and Oviposition Relationships with VOCs

and Tree Health

Oviposition data were statistically treated in sia@ne manner as described
previously by Rigsby et al. (2014). Briefly, datane fitted to a Poission regression and a
zero-inflated Poisson (ZIP) regression model aedwo models were compareia the
Vuong’s likelihood ratio-based test (Vuong 1989) rion-nested models using the ‘pscl’
package (Zeileis et al. 2008) in R. The model i better fit, which was the ZIP
model, was then used to calculate thdifference in log-likelihood functions for models

with and without MeJA-induction as a predictor (g#féect of species could not be
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assessed because no eggs were recovered fronpldodd on Manchurian ash trees; see

Results below).

To investigate the potential of emissions of indiiial VOCs and VOC categories
(e.g. total GLV emissions, etc...) to predict ovipimsi, linear regression models were
fitted using cumulative oviposition as the respownsable and emission rate of individual
VOC or VOC category as the predictor variable. Trealth was also assessed as a

predictor of egg counts by fitting a linear regresdo these variables.

33 RESULTS

3.3.1 Identification of Compounds and Assignment of Compound Categories

Seventy-eight individual peaks were detected boaslopy and bark aeration
samples throughout the sampling period (Table ®f})hese, five GLVs were detected
and all were able to be identified and 13 monoteegeor monoterpene ketones were
identified, all of which were identified. Additioltg, 37 sesquiterpenes or oxygenated
sesquiterpenes were detected, 34 of which weretalile assigned an identification.
Aside from these, 17 various other volatiles suxhlaylbenzenes, aromatic alcohols,
alkyl aldehydes, homoterpenes, phenylpropanoidsisslkanes, aromatic ketones, and
diterpenoids were identified. Lastly, 10 volatilgere not able to be identified and these
were not assigned to a category. We additionallgaded 16 AACs reported by past

authors (Table 3.2).
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3.3.2 WholeProfile Characteristics

No species differences, MeJA-induction, or intéoaceffects were found for
total canopy VOC, GLV, monoterpene, sesquiterpen®AC emissions (Figure 3.1A).
However, significant species differences (ANOVA;:15.184, df =1, P = 0.0329) for
total bark monoterpenoid emissions and signifiddedA-induction effects (ANOVA; F
=5.993, df = 1, P = 0.0228) for total bark GLV ssions were detected (Figure 3.1B).
PERMANOVA analyses of canopy (Table 3.3) and badikb{e 3.4) VOC profiles
revealed that most categories of compounds diffsigmificantly by species (P < 0.05)
except for bark GLVs which was significantly affedtby MeJA-treatment (Table 3.4).
NMDS ordination showed reasonable species sepasatibcanopy (Figure 3.2A-E) and
bark (Figure 3.3A-E) VOC profiles with all ordinatis considered acceptable (stress

statistic < 0.2) but several ordinations were adegd good (stress statistic < 0.1).

3.3.3 Individual Canopy VOCs

Of the 78 individual peaks detected, 14 canopy ¥@€re found to be
differentially emitted between species (Table 35ght of these compounds were
consistently detected in collections from both gge¢emitted by > 50% of individuals)
and found to be differentially emitted by speciBse remaining six compounds were
either found to be inconsistently detectable frama species and consistently detected
from the other, or were not detected from one gselout consistently detected from the
other (Table 3.5). Of these compounds, ghtaryophyllene has been shown to be

antennally active and was detected on a consistan$ in Manchurian ash (emitted by 8
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of 12 trees), but was only emitted by 4 of 12 blaskes. However, those trees that did
emit B-caryophyllene, black (68.5 + 38.6 pg/hr/leafletyldvlanchurian (52.5 + 16.9

pa/hr/leaflet) ash appeared to emit it at roughly $ame rates.

3.3.4 Individual Bark VOCs

In total there were 19 compounds that were foorgither be significantly
differentially emitted by one species (five compds)y) emitted by one species and not
the other (11 compounds) or emitted<b§0% of all individual of one species and
consistently emitted by the other species (threepounds) (Table 3.6). Three of these
compounds, linalool (10 of 12 trees}cubebene (11 of 12 trees), anttumulene (7 of
12 trees) are AACs found to be consistently emittedlanchurian but not by black ash
bark & 50% of trees). Alternatively, 7-epi-sesquithujevees inconsistently detected
being emitted from Manchurian ashes50% of trees) but consistently detected emitted

from black ash (11 of 12 trees).

3.3.5 VOCsand Oviposition

No EAB eggs were detected on any Manchurian &gs throughout the
sampling period. Alternatively, 83% of black askes received eggs through the
sampling period and MeJA induction significantlgieased egg countg (= 105.601, df
=1, P <0.0001) where control trees received 2718.5 eggs while MeJA-treated trees
received 68.3 £ 37.2 eggs. Additionally, ovipositiwas not significantly predicted by
health index (linear regressiarns -1.995, P = 0.074), but there was a slight trend
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towards greater egg counts on healthier treesl Y@&, GLV, monoterpene,
sesquiterpene, and AAC emission for both canopybankl were unable to predict egg

counts for black ash trees (linear regression0F05).

34  DISCUSSION

Though closely related, Manchurian and black asltelalmost completely
opposite resistance phenotypes towards EAB aneee@suggests that Manchurian ash
possesses antixenotic traits that result in nofepgrce for feeding (Pureswaren and
Poland 2009) and oviposition (Rigsby et al. 20haddition to antibiosis (Chakraborty
et al. 2014). We attempted to identify volatilesgtively involved in antixenosis by
comparing canopy and bark VOC profiles of these species. We were able to identify
78 distinct peaks in GC-MS chromatograms. Of thiége ,GLVs, 13 monoterpenes, and
37 sesquiterpenes were identified along with 17ouarother volatiles and 10
unidentified volatiles, and we detected 16 compauhdt have been shown to be
antennally active by past authors. Bark monotergenission rates were found to be
significantly greater in black ash than Manchuash. Additionally, we detected major
species differences in all compound categoriesdoopy emissions and for most of the
compound categories for bark emissisgrmisPERMANOVA analysis and NMDS
ordination. We also detected differential emissigrspecies for 14 canopy and 19 bark
compounds. Lastly, though we did not detect sigaiit MeJA-treatment effects on
volatile profiles we did find that MeJA-treated tkaash received significantly more
EAB egg pressure through the season that contokldsh and there was an

insignificant, but slight trend of increased eggmis on healthier trees.
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This research represents the first study to congmsively profile Manchurian
ash canopy and bark VOCs separately, as well awshstudy to compare VOC profiles
of Manchurian ash to its most closely related Némherican congener. Past studies have
focused on major peaks on GC chromatograms, vedatiétecteslia EAD experiments,
or specific classes of volatiles (e.g. Rodriguen+tseet al. 2006; Crook et al. 2008; de
Groot et al. 2008; Pureswaren and Poland 2009; €hah 2011). Rodriguez-Saona et al.
(2006) focused on the top 27 compounds (by IS-edent peak areas) which comprised
over 95% of emissions and Crook et al. (2008) fedusn sesquiterpenes that increased
in emission rate 24 hrs after green ash trees gietked. We did not detect several of the
compounds reported by past authors did detect dozfesthers (especially several
sesquiterpenes). We found that the putatively ingmbisesquiterpenes are substantially
more abundant and diverse than noted by past ausimor that the profile of
sesquiterpenes being emitted is distinct betweesethwo species, especially with regard

to bark emissions.

The profiles of antennally active compounds alspendistinct between the two
species. Since they contain several AACs, EAB tiegigns employ the use of
commercially available oils, chiefly Manuka oildestillate from the New Zealand
manuka tea tred_€ptospermum scoparium), and phoebe oil, a distillate of the Brazilian
walnut tree Qcotea porosa; sometimes placed in the gerRl®oebe) (Crook and Mastro
2010). Douglas et al. (2001) detected 16 compotnods various Manuka oil samples
throughout the North Island of New Zealand thatdstected emitted from ash and Porter
and Wilkins (1998) reported 17 compounds in Manoikander the trade name Manex

that we also detected being emitted from ash. Tisezensiderably less information
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about the constituents of Phoebe oil, but ReynaldsKite (1995) reported identifying
almost twice the number of compounds in this di) @an authors have reported in

Manuka oil and then reported an abundance of seesganoid constituents of phoebe oil.

Crook and Mastro (2010) posited that the reasanhghoebe oil baited traps catch
significantly more beetles than non-phoebe oildzhttaps (i.e. no bait or Manuka oil
only; Crook et al. 2008) is that phoebe oil corgairepi-sesquithujene, which was
isolated from white ash and described by Khrimital &(2011) and which Manuka oll
does not contain. Our data initially would app@asuipport this hypothesis as we found
this compound to be emitted more consistently laghhsh bark (11 of 12 trees) than
Manchurian ash bark (four of 12 trees). Howeves,@mission rates of those Manchurian
ash trees that did emit 7-epi-sesquithujene wenedibly variable (46.60 + 41.96
ng/hr/n?; min/max = 0.59/172.23 ng/hrAnand there was no relationship between black
ash egg counts and the canopy or bark emissios 0&fé-epi-sesquithujene. Our finding
of a lack of/inconsistent emissions of 7-epi-segguene is supported by Rodriguez-
Saona et al. (2006) who analyzed Manchurian ashs/€@fltted from the entire plant
and did not report detecting this compound. If tesmpound is truly as critical for EAB

attraction as hypothesized by past authors, we n@rable to detect evidence for it here.

In fact, we were unable to find clear evidencepsupng the importance of a
single compound or handful of compounds. Howeverdid detect the differential
emission of several individual compounds in oneieor anothevia Monte Carlo
analysis. Interestingly, linalool andcubabene from the bark afiecaryophyllene from
the canopy were three AACs found to be either notted (linalool andr-cubabene) or

not consistently detectefl-Caryophyllene) by black ash but consistently dettbeing
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emitted from Manchurian ash. This evidence wouldh@ps call into question the
assumption that these AACs are attractive, butesstgghat some AACs may be repellent
since antennal activity does not necessarily eqodtattractive” but can reveal repellents

as well (e.g. Dube et al. 2011).

This evidence and our results could suggest timas¢ope of EAB/host
interactions with regard to chemical attractants mapellents has perhaps been too
narrow. Rather than focusing on one or even few 8/Ag@squiterpenoids,
monoterpenoids, and/or GLVs, it may be that seweykitile constituents act
antagonistically or synergistically to result ibb@havior or host-use decision. For
example, host plants of the sweet potato whit&gmisia tabaci (Hemiptera:
Aleyrodidae), emit dozens of VOCs containing bdtheatants and repellents, and
whitefly preference appears to be related to thsgon of an attractant (linalool) and a
repellent (1,8-cineole) (Sacchetti et al. 2015)wdweer, even though whiteflies were
attracted to the host plant that emitted the moatdol and the least 1,8-cineole, they did
not show a preference towards one of the othetivad plants which emitted
linalool:1,8-cineole ratios that were more than twvders of magnitude different
(Sacchetti et al. 2015). This lack of discriminat&girongly implicates roles for other
VOC constituents. Furthermore, the emission ragfa=ertain constituents cannot be
ignored as these have profound effects on herbatraction (Najar-Rodriguez et al.
2010), which is noted by Crook and Mastro (2010)HAB trap design. Ratios of
different constituent combination emission rates wat explored in this study, but could

perhaps be extraordinarily important.
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In North America, EAB is considered a specialisect, only known to infest ash
and white fringetree in its invaded range. (Hermd slcCullough 2014; Cipollini 2015).
It is hypothesized that due to the neural limitasi@f insects, only having to process a
relatively limited amount of information will malspecialists more efficient at finding
hosts when compared to generalist insects (Ber2@9%; Craig and Itami 2008).
Furthermore, the preference-performance or “mdthews best” hypothesis posits that
adults will oviposit on those hosts on which thafspring will best perform, and
therefore maximize the fitness of the adult (Jaedi@78). Together, these hypotheses
suggest that EAB adult females are selected fasiefitly finding potential hosts of good
quality. Rigsby et al. (2014) and our own egg calath demonstrate that females do, in
fact, distinguish between hosts of better and poguality for their offspring and EAB
egg counts were substantially higher on susceptiblgh American hosts than on
Manchurian ash. However, the specific cues EABtad@uhales use for efficient host

location and oviposition decisions remain to beaveced.

Ultimately, the role of host volatiles in EAB atttion and antixenosis remains a
complex, open, and important avenue for futurearete Evidence suggests that
Manchurian ash employs antixenosis mechanisms ovetrall resistance strategy
towards EAB and volatile attractants/repellents tkely play a large role in host
choice decisions and preferences. We found thakl@lad Manchurian ash actually
differ substantially in their canopy and bark VOrf@fgdes despite their close
phylogenetic relationship (Wallander 2008) and kinty in phloem phenolic profiles
(Whitehill et al. 2012; Chakraborty et al. 20145aur data support the earlier findings

of Rigsby et al. (2014) that EAB females prefeowiposit on black over Manchurian
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ash. Further experimentation is required to furtentify specific volatiles and/or ratios

of volatiles that play an important role in hodesé&on for EAB.
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Table 3.1. GC-MS data, tentative identifications, compountkgaries, and identification of all volatile compais detected from

canopy and bark aerations of black and ManchusanRT = retention time in minutes, Rl = retentiodex, Target lon = ion used to

identify compound, RF = response factor determin@ah reference spectra used to approximate totapeak areas. For compound

categories, GLV = green leaf volatile, monoterpket= monoterpene ketone, oxygenated sesq = oxiggks@squiterpene. For

identification, S = standard match and L = librexgitch.N/A = not applicable.

Peak RT (min) RI Targetlon RF Tentative ID Catggo Identification

1 4.472 852 55 9.04 Ej-2-hexenal GLV S, L

2 4.508 854 67 5.23 ZJ-3-hexen-1-ol GLV S, L

3 4.710 865 56 4.03 n-hexanol GLV S, L

4 6.424 934 93 3.66 a-pinene monoterpene S, L

5 7.581 973 93 3.48 sabinene monoterpene S, L

6 7.700 977 93 3.64 B-pinene monoterpene S, L

7 8.115 991 93 4.08 myrcene monoterpene S, L

8 8.224 995 105 3.17 Unknown 1 alkylbenzene N/A

9 8.636 1007 67 3.87 ZJ-3-hexenyl acetate GLV S, L
10 8.801 1011 93 4.35%-3-Carene monoterpene S, L
11 8.909 1014 43 3.68 hexyl acetate GLV S, L
12 9.303 1024 119 2.4p-cymene monoterpene S, L
13 9.459 1028 68 6.28 limonene monoterpene S, L
14 9.528 1030 84 18.63 1,8-cineole monoterpene S, L
15 9.586 1031 79 5.28 benzyl alcohol aromatic altoh S, L
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16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42

9.771
10.164
12.190
12.377
12.888
14.022
15.848
16.180
16.198
16.416
17.837
19.110
19.464
19.492
20.374
21.782
22.842
23.515
23.569
23.602
23.945
24.113
24.562

24.63
24.852
25.205
25.447

1037
1047
1100
1105
1117
1143
1187
1194
1195
1200
1233
1263
1271
1271
1292
1325
1350
1366
1367
1368
1378
1381
1391
1393
1398
1406
1413

93
93
93
57
69
67
67
110
120
57
82
133
69
120
117
82
161
161
81
105
161
119
119
93
81
93
119
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4.31 Z)-B-ocimene monoterpene S, L
4.94 E)-p-ocimene monoterpene S, L
8.7 linalool monoterpene S, L
8.65 nonanal alkyl aldehyde S, L
2.99 nonatriene homoterpene S, L
4.34 Z)-3-hexenyl isobutyrate  ester S, L
4.31 Z)-3-hexenyl butyrate ester S, L
9.12 Unknown 2 N/A N/A
3.47 methyl salicylate phenypnoid S, L
4.53 dodecane alkane S, L
4.49 (2)-3-hexenyl isovalerate teres L
2.95p-ethyl acetophenone aromatic ketone L
4.47 geranial monoterpene S, L
2.67 ethyl salicylate phenylanmid S, L
2.41 indole aromatic S, L
4.8 Z)-3-hexenyl tiglate ester S, L
7.130-cubebene sesquiterpene S, L
11.850-ylangene sesquiterpene L
6.78 Unknown 3 N/A N/A
17.25 Unknown 4 sesquiterpene N/A
7.84a-copaene sesquiterpene S, L
7.07 2-epiunebrene sesquiterpene L
5.23 7-epi-sesquithujene sasneie S, L
13.26B-elemene sesquiterpene S, L
6.86 Unknown 5 N/A N/A
5.16 sesquithujene sesquiterpene L
4.75a-cedrene sesquiterpene S, L



43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69

25.597
25.753
26.039
26.152

26.43
26.731
26.926
27.114
27.130
27.299
27.681
28.029
28.346
28.386
28.458
28.515
28.818
28.830
29.037
29.360
29.570
29.941
30.326
30.930
31.437
31.626
31.961

1416
1420
1427
1430
1437
1444
1449
1454
1454
1459
1468
1476
1484
1485
1487
1488
1496
1496
1501
1511
1517
1528
1540
1558
1574
1579
1589

119
93
121
161
119
69
189
151
93
69
119
189
132
105
105
161
189
93
105
93
161
161
69
59
69
105
79

7.410-cis-bergamotene
14.22B-caryophyllene
12.53y-elemene
4.84p3-copaene
6.460a-trans-bergamotene
7.74 sesquisabinene
4.78 Unknown 6
23.01 geranyl acetone
4.71a-humulene

5.66 E)-B-farnesene
7.95B-acoradiene
8.65 Unknown 7
10.58a-curcumene
11.08 aristolochene
19.21B-selinene

15.84 eremophilene
18.68a-selinene

9.9 @@-o-farnesene
6.49a-muurolene
7.79 EE)-a-farnesene
6.07y-cadinene
7.795-cadinene

7.23 Z)nerolidol

13.58 elemol

8.04 E)-nerolidol

5.07 Z)¢3-hexenyl benzoate
19.29 caryophyllene oxide
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sesquiterpene L
sesquiterpene S, L
sesquiterpene L
sesquiterpene L
sesquiterpene L
sesquiterpene L
sesquiterpene N/A
monottmk L
sesquiterpene S, L
sesquiterpene S, L
sesquiterpene L
N/A N/A
sesquiterpene L
sesquiterpen L
sesquiterpene L
sesquiterpene L
sesquiterpene L
sesquiterpene S, L
sesquiterpene L
sesquiterpene S, L
sesquiterpene L
sesquiterpene L
oxygenated sesq S, L
oxygenated sesq S, L
oxygenated sesq S, L
ester S, L
oxytgEhsesq L



70
71
72
73
74
75
76
77
78

32.007
32.934
33.236
33.278
33.429
33.791
33.815
36.781
36.812

1591
1640
1660
1663
1673
1697
1698
2093
2103

105
189
59
59
85
108
43
255
91

2.36 EX2-hexenyl benzoate
15.03y-eudesmol
7.54B-eudesmol
13.150-eudesmol

7.18
16.7
10.92
7.39
15.77

Unknown 8
Unknown 9
Unknown 10
abietatriene
abieta-8,12-diene

ester L
sesquiterpene L
sesquiterpene L
sesquiterpene L

N/A N/A
oxygenated sesty/A
N/A N/A

diterpenoid
ditelipdeno L
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Table 3.2. Antennally active compounds identified by pashaus that were also
identified from canopy and bark aerations from kland Manchurian ash in this study.

GLV = green leaf volatile.

Tentative ID

Compound Class

Reference

(E)-2-hexenal
(2)-3-hexen-1-ol
n-hexanol
(2)-3-hexenyl acetate
hexyl acetate
(E)-B-ocimene
linalool

nonanal

nonatriene
a-cubebene
a-copaene
7-epi-sesquithujene
B-caryophyllene
a-humulene
eremophilene
(E,E)-a-farnesene

GLV

GLV

GLV
GLV
GLV

monoterpene

monoterpene
Alkyl Aldehyde
homoterpenoid

sesquiterpene

sesquiterpene
sesquiterpene

sesquiterpene

sesquiterpene
sesquiterpene
sesquiterpene

Rodriguez-Saona et al. (2006)
Rodriguez-Saona et al. (2006)
de Groot et al. (2008)
Rodriguez-Saona et al. §200
Rodriguez-Saona et al. (2006)
Rodriguez-Saona et al. (2006)
Rodriguez-Saona et al. (2006)
Rodriguez-Saona et al. (3006
Rodriguez-Saona et aD6R0
Crook et al. (2008)
Crook et al. (2008)
Crook et al. 8200
Rodriguez-Saona et al. (2006)
Crook et al. (2008)

Crook et al. (2008)&Ceftsal. (2008)

Rodriguez-Saona et 86)20
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Table 3.3. Predictors with significant effects on canopy Viidgprofiles as revealed by
way of PERMANOVA analysis. PERMANOVA analysis waasrformed on the
Hellinger-transformed peak areas for the whole \f@diles (Whole Profiles), green
leaf volatiles (GLVs), monoterpenes, sesquiterpesed antennally active compounds

(AACs). Predictors not appearing in table weresignificant (P > 0.05).

Canopy
Category Predictor F df P
Whole Profile Species 7.34 1 0.0002
GLVs Species 6.77 1 0.0078
Monoterpenes Species 8.94 1 0.0004
SesquiterpenesSpecies  2.34 1 0.0209
AACs Species 3.27 1 0.0381
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Table 3.4. Predictors with significant effects on bark vdprofiles as revealed by way
of PERMANOVA analysis. PERMANOVA analysis was perfeed on the Hellinger-
transformed peak areas for the whole VOC profi@adle Profiles), green leaf volatiles
(GLVs), monoterpenes, sesquiterpenes, and antgrawie compounds (AACS).

Predictors not appearing in table were not sigaiftqP > 0.05).

Bark

Category Predictor F df P

Whole Profile  Species 1297 1 0.0001
GLVs MeJA 9.28 1 0.0026
Monoterpenes Species 16.64 1 <0.0001
Monoterpenes Sp.x MeJA 281 1 0.0366
SesquiterpenesSpecies 3870 1 <0.0001
AACs Species 13.35 1 <0.0001
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Table 3.5. Canopy emission rates £ 1 SE pg/hr/leaflet) of compounds found to be

differentially emitted by black and Manchurian ashk. antennally active compound,

NCD = not consistently detected (emitted<b§0% of trees within a species), ND =

compound was not detected being emitted from agstof a specieB/A = not

applicable.
Tentative ID Black ® + 1 SE) Manchurianx(+ 1 SE) F-Critical F-Value P-Value
a-pinene 16.59 (1.23) 8.36 (1.08) 4.41 25.19 <0.001
sabinene 9.08 (1.25) 1.40 (0.28) 5.22 37.07 0.001
B-pinene 6.43 (0.62) 3.55 (0.66) 4.32 10.19 0.005
1,8-cineole 15.58 (1.99) 9.49 (1.09) 4.17 7.15 0.01
methyl salicylate 155.78 (30.65) 8.82 (1.59) 5.18 2.92 0.005
B-caryophyllene* NCD 35.15 (13.36) N/A N/A N/A
a-trans-bergamotene NCD 2.69 (1.34) N/A N/A N/A
B-acoradiene 3.40 (1.60) ND N/A N/A N/A
y-cadinene ND 4.28 (1.83) N/A N/A N/A
(2)-3-hexenyl benzoate 15.85 (3.50) 75.50 (21.39) .287 7.57 0.047
B-eudesmol ND 1.05 (0.34) N/A N/A N/A
unknown ND 42.67 (12.06) N/A N/A N/A
abietatriene 3.72 (1.98) 544.00 (119.05) 5.05 20.610.004
abieta-8,12-diene NCD 165.12 (53.74) N/A N/A N/A
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Table 3.6. Bark emission rateg & 1 SE ng/hr/rf) of compounds found to be

differentially emitted by black and Manchurian ashk. antennally active compound,

NCD = not consistently detected (emitted<b§0% of trees within a species), ND =

compound was not detected being emitted from agstof a specieB/A = not

applicable.
Putative ID BlackX+ 1 SE) Manchuriarx(+ 1 SE) F-Critical F-Value P-Value
linalool* ND 5.44 (2.22) N/A N/A N/A
geranial 3.10 (0.94) ND N/A N/A N/A
a-cubebene* ND 3.55(0.97) N/A N/A N/A
2-epio-funebrene 17.45 (3.13) ND N/A N/A N/A
7-epi-sesquithujene* 23.58 (8.26) NCD N/A N/A N/A
B-elemene ND 28.29 (2.85) N/A N/A N/A
a-cedrene 2.72 (0.42) 0.41 (0.07) 5.02 17.94
y-elemene 12.89 (2.81) ND N/A N/A N/A
a-trans-bergamotene 29.31 (9.35) 140.27 (36.57) 5.44 9.08 0.0173
a-humulene* NCD 2.84 (0.68) N/A N/A N/A
Unknown 7 3.74 (1.19) 13.94 (2.89) 5.47 13.28 09003
a-curcumene 4.76 (1.40) 9.25 (1.77) 4.39 6.79
aristolochene ND 17.98 (2.78) N/A N/A N/A
B-selinene ND 40.93 (6.38) N/A N/A N/A
a-selinene NCD 23.98 (4.00) N/A N/A N/A
y-cadinene ND 6.62 (0.90) N/A N/A N/A
elemol ND 8.38 (1.50) N/A N/A N/A
y-eudesmol ND 7.19 (1.57) N/A N/A N/A
abietatriene 1.97 (0.40) 457 (1.77) 4,12 18.12 O@40

0.0008

0.0202
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Figure 3.1. Emission rates of total volatile organic compouMSCs; black bars), green
leaf volatiles (GLVs; dark gray bars), monoterpefggay bars), sesquiterpenes (light
gray bars), and antenally active compounds (AAGsteabars) of canopy (A) and bark
(B) by species/treatment combination. For canopysgissions, total VOCs, GLVs, and
AACs are plotted on the primary (left) y-axis andmoterpenes and sesquiterpenes are
plotted on the secondary (right) y-axis. For b&8kémissions, total VOCs are plotted on
the primary y-axis and the remaining categoriepéotted on the secondary y-axis. BC
is control black ash, BT is MeJA-treated black @48, is control Manchurian ash, MT

and MeJA-treated Manchurian ash
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Figure 3.2. NMDS ordinations of canopy (A) whole VOC profilg¢B) green leaf
volatiles (GLVs), (C) monoterpenes, (D) sesquitegse (E) and antennally active
compounds (AACSs). Black squares are black ash ped squares are Manchurian ash

trees. Black boxes are black ashes and white ameel8lanchurian ashes. In all cases,

stress statistics were < 0.2 indicating an accépféb
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Figure 3.3. NMDS ordinations of barim(;\) whole VOC profile®)(green leaf volatiles
(GLVs), (C) monoterpenes, (D) sesquiterpenes, (@)antennally active compounds
(AACs). Black squares are black ash and open sg@aeesManchurian ash trees for plots
A, D, and E. Black squares are control black ash)(Bpen squares are MeJA-treated
black ash (BT), black triangles are control Man@uiash (MC), and open triangles are

MeJA-treated Manchurian ash (MT). In all casegsstistatistics were < 0.2 indicating an

acceptable fit.
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4 PHYSIOLOGICAL RESPONSESOF EMERALD ASH BORER LARVAE

TO FEEDING ON RESISTANCE AND SUSCEPTIBLE HOSTS

4.1 INTRODUCTION

Emerald ash borer (EABMgrilus planipennis Fairmaire (Coleoptera:
Buprestidae), is an invasive wood-boring insecgbuiiiced into North America from
Asia, possibly during the early 1990s, where ¢dasing widespread mortality of ash
(Fraxinus spp.) (Herms and McCullough, 2014). Recently, wfritegetree Chionanthus
virginicus L. (Oleaceae), an ash relative, has also beemusrtied as a larval host in
North America (Cipollini, 2015). Larvae feed on fhi@oem, cambium, and outer
sapwood layers, eventually girdling and killing sgjstible hosts. Only a few studies have
investigated mechanisms of resistance of angiospess to wood-boring insects outside
of the ash/EAB system (i.e. Dunn et al. 1990; Haetkal. 1991; 1999; Muilenburg et al.
2011). This is especially concerning because optitential economic and ecological

impacts of exotic wood-borers (Aukema et al. 2(111,1).

There is even less information available regargingsiological adaptations of
wood-borers to counter host resistance mechanRetent studies investigating the
physiology, adaptations, and gene expression aigpiixylem-feeding beetle species
have made progress towards a better understantithgse systems (e.g. Crook et al.
2009; Geib et al. 2010; Scully et al. 2013, 20HYwever, responses to feeding on
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different hosts is limited to a single study (Rajarapu 2013). This author found that
several glutathione-S-transferase (GST; EC 2.5 148 cytochrome P450
monooxygenase (P450; EC 1.14.-.-) genes, as walpagucosidase (EC 3.2.1.21) gene
were expressed more highly in EAB larvae that lealddn green aslir( pennsylvanica),

a susceptible North American species, than thaaefeld on Manchurian ask.(
mandschurica), a resistant Asian species. Conversely, carbeigtiase (Cark; EC
3.1.1.1) and sulfotransferase (SULT; EC 2.8.2) geard genes associated with chitin

metabolism, were more highly expressed in larvaetiad fed on Manchurian ash.

Cytochromes P450 belong to an extremely imporfeatochemical
detoxification enzyme family (Li et al. 2007), whioxidatively metabolize a wide
variety of exogenous and endogenous substratess @®Talso major detoxification
enzymes that have been shown to play a role ianyieédlerance of allelochemicals (Li et
al. 2007). CarEs and SULTSs also play detoxificatimies (Li et al. 2007), and these
genes were differentially upregulated in Manchuaah-fed EAB larvae (Rajarapu,
2013). Rajarapu (2013) proposed that SULT conteibtd detoxification of amines such
as tyramine, which was found at greater conceotratin phloem of Manchurian ash
relative to ash species more susceptible to EAB étal. 2012). Monoamine oxidases
(MAOSs) (EC 1.4.3.4) also metabolize tyramine, tHotAOs have not been extensively

studied outside their role in insect nervous systéatoley, 2004).

Faster browning (oxidation) rates of Manchuriahn psloem extracts, relative to
EAB-susceptible ash species, have also been rep@tpollini et al. 2011). Oxidation of
phenolics produces toxic, reactive quinones thads:tink, denature, and reduce the

guality of dietary proteins (e.g. Felton et al. 2R9T'his suggests that Manchurian ash
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may produce greater amounts of quinones or proguicenes more rapidly than
susceptible ash species. However, EAB, like othsedts, may be able to detoxify these
guinonesvia quinone reductases (QRs; EC 1.6.99.2) that arecettiby allelochemical

consumption (Yu, 1987).

It has also been shown that EAB larvae differdigtigoregulate genes associated
with digestion, including-glucosidase, when feeding on susceptible green ash
(Rajarapu, 2013). Several authors have reporthact®ns in the expression or activity
of B-glucosidase in specialist insects feeding on plasits containing toxic glycosides
(Pentzold et al. 2014), suggesting a potential amechanism aimed at decreasing the
overall production of toxic products resulting fraeavage of the glucosidic bond. EAB
may have this capacity sinfeglucosidase genes were downregulated in larvabrige
on resistant Manchurian ash (Rajarapu, 2013), wtacttains several known phenolic

glycosides (e.g. oleuropein and verbascoside)\#@aeehill et al. 2012, 2014).

Mittapalli et al. (2010) reported a high numbetrgpsin (a serine protease) and
trypsin-like sequence domains in EAB larval midgbist not other classes of proteases.
This suggests that EAB is dependent on serine gsete(EC 3.4.21.-), and that
interfering with them could be an effective hostetse against EAB. Cipollini et al.
(2011) and Whitehill et al. (2014) detected trypsinibitor activity in ash phloem
extracts in radial diffusion assays, and Whitestilal. (2014) tested the effects of soybean
trypsin inhibitor (STI) on EAB larvae in bioassaygh artificial diet. These authors
reported that larval survival was not influencedhgtlanta-relevant trypsin inhibitor

concentrations, though growth decreased in a depertient manner. Ultimately, the
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relative importance of trypsin inhibitors as a maukm of ash resistance to EAB needs

further clarification.

Reactive oxygen species (ROS) of host origin aahighly damaging to insects,
because they covalently bind to peritrophic membauoteins or midgut cellular
proteins and nucleic acids and cause lipid peraxiddBi and Felton, 1995). However,
insect-produced antioxidant enzymes and free rhsi@vengers such as reduced
glutathione (GSH) and ascorbate (Felton and Dut32) can protect herbivorous
insects from ROS in their diet. Rajarapu et al1@ddentified a superoxide dismutase
(SOD; EC 1.15.1.1), a catalase (CAT; EC 1.11.169, a glutathione peroxidase (GPX;
EC 1.11.1.9) in EAB larvae. The high productiorC&T in EAB larval midguts
(Rajarapu 2013) implies the presence of physioldlyisignificant amounts of ingested
H>O> when feeding on ash phloem. GSH is an importadtedn donor in arthropods
(Zhu-Salzman et al. 2008), acting as both an artamt and a co-substrate in
enzymatically-driven antioxidant reactions. Glutatte reductase (GR; EC 1.8.1.7)

reduces oxidized glutathione (GSSG) to GSH, regeimgy it as an electron donor.

The goal of this study was to characterize theviiess of detoxification,
digestive, and antioxidant enzymes of EAB larvaemfeeding on resistant Manchurian
and susceptible white and green ash, which willFovip understanding of resistance
mechanisms of Manchurian ash to EAB, and the wathportance of larval
physiological adaptations to these defenses. Waigiesl that enzyme activities of EAB
larvae feeding on the resistant ash species refteater toxin exposure, as well as
digestive and/or oxidative stress. Specifically, wedicted, based on previous gene

expression experiments (Rajarapu 2013), that laleeding on Manchurian ash would
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have higher CarE and SULT activities, and highé&s(4 ST, ang-glucosidase

activities of larvae feeding on susceptible hoéts.also predicted that larvae feeding on
Manchurian ash would have greater MAO activity lseaof the relatively high
concentration of tyramine in Manchurian ash. Adudlitilly, we predicted that the activity
and production of trypsin isozymes would be inflceeh by unique trypsin inhibitors
characteristic of the different ash species. Bnale predicted that larval antioxidant
enzyme activities and enzyme production would leaigr in larvae feeding on
Manchurian ash, due to the hypothesized abilitylahchurian ash to stress larvae via

rapid oxidation of phenolics.

42 METHODS

4.2.1 Plants and I nsects

Larvae were obtained from two independent expearigjend differences in
larval material utilized for enzyme analyses (@ge, instar, larval mass) reflect
differences in experimental design. The experinoentesponses of larvae to feeding on
Manchurian and white ash was performed during tbevigg season of 2014, and the
experiment on responses of larvae to feeding oangash was performed during the
growing season of 2013. For Manchurian ash-fed @vifj white ash-fed (Wf) larvae, 32
Manchurian ash (cv. ‘Mancana’) and 32 white ash ‘@&utumn Purple’) trees (~2.5 cm
basal diameter) were obtained from Bailey Nurseties (Newport, MN), and grown
outdoors in 58 L pots of mixed pine bark mulch aonthpost at the Ohio Agricultural

Research and Development Center in Wooster, OHerGash-fed (Gf) larvae were
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collected from three replicate grafts of eight eiffint green ash genotypes (total n = 24)
that persisted in heavily EAB-infested natural arganortheast Ohio and southwest
Michigan. Green ash selections were propagatedadfiirgy using either hot callus
grafting (Carey et al. 2013) or bud grafting (Tuhgs1987). Grafted trees were grown
in an outdoor growing facility in 14.6 L containenspotting media consisting of Metro
Mix® 510 (The Scotts Company, Marysville, OH) ameddavith 47 g Micromax
Micronutrients (The Scotts Company, Marysville, QBlJ6 g Osmocote® Plus 15-9-2
(The Scotts Company, Marysville, OH), and 700 gseaerlite and 75 g aluminum
sulfate per 2.8 cu. ft. bag. Potted green ash {&8syears old, 1.5 to 2.5 m tall) were

moved into a temperature-controlled greenhousen@®k prior to inoculation.

EAB eggs were obtained from the USDA-APHIS-PPQ&ical Control
Rearing Facility (Brighton, MI) (Mf and Wf larvae)y the USDA Forest Service
Northern Research Station (East Lansing, Ml) (Bfda) approximately 12-13 days after
oviposition on coffee filters. Four eggs were ptheéthree sites on each tree stem, with
each site spaced approximately 25 cm apart. Eadulation site was then lightly
wrapped with gauze to deter predators and redugelegjccation, as described in
Chakraborty et al. (2014). The stem diameter afitbesite above the soil line was 1.5-
3.5 cm (average egg density = 330 eggs/Mf and Wf larvae were harvested 65 - 70
days, and Gf larvae 40 - 50 days, after estimas¢chidate (based on date of oviposition
on the coffee filters in the lab) by dissecting tieees and removing live, undamaged
larvae. Larval instar was determined accordingderth and Cameron (1983) and
Chamorro et al. (2012), based on width of the hesguule, and then stored in individual

1.5 mL microcentrifuge tubes at -80 °C until extraes were performed.
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To generate enough material for assays, all reedvf larvae were used to
extract protein. Larvae feeding on Manchurian ashnaore difficult to recover than
larvae in susceptible species because they grow stowly, are often much smaller, and
have a much lower survival rate. This limited thunber of larvae available for analysis.
Of all Mf larvae, 12.5% were first instars, 10% weaecond instars, 32.5% were third
instars, and 45% were fourth instars. Because éagvew faster and survived better on
white and green ash, not all larvae recovered weeired to generate sufficient material
for analyses, and proteins were extracted fronbaedwof randomly chosen larvae. Of
these, all Wf larvae were fourth instars, and 138 87% of Gf larvae were third and

fourth instars, respectively.

4.2.2 Extraction of larval proteins

Due to the difficulties in recovering Mf larvae, were not able to dissect
individual tissues (i.e., midguts), or group larye®n individual host trees as biological
replicates. Therefore, larval tissue was cut wiitegile razor, head capsules and the last
three posterior segments were discarded (excefitdband second instar Mf larvae
which were kept whole), and this tissue was pooiemlmasses of 100 mg to produce
whole body extracts. No less than two larvae weegldor each replicate, and typically
more than two larvae were required to achieve 10 Different instars were
randomized to the degree possible (i.e., a thictfaarth instar were pooled rather than
two fourth instars, and tissue from a single lam&s used in only one extract). Each
pooled 100 mg sample was considered a “biologegalicate” that was subsequently

homogenized in 300 puL of 50 mM sodium phosphatéebubH 7.8, for 30 sonice in a
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1.5 mL microcentrifuge tube with a Teflon minipestThe homogenate was then
centrifuged at 10,000 (20 min, 2 °C) and the supernatant was placediesh tube and
used as the crude enzyme extract for all assayal Jaluble protein (Bradford assay),
P450, and GST activity assays were performed imatelgi following the initial
extraction. The remaining extract was frozen at’@ntil use in individual enzyme
activity assays or gels. All tests were performéithivw four weeks of the initial
extraction, with one biological replicate from edust species used exclusively for the
separation of proteins in native polyacrylamidesgek. n = 1 each) in order to evaluate
the differential production of functional proteiridie remainder of the biological

replicates were used in activity assays (Mf, n ¥6;n = 16; Gf, n = 9).

4.2.3 Equipment, Reagents, and Estimation of Protein Concentration

Standard round-bottomed 96-well polystyrene milaigs (BD Bioscience,
Billerica, MA) were used for all assays with absarbe readings at and above 340 nm
using a SpectraMAX 190 microplate reader (MolecOlavices, Sunnyvale, CA).
Activity assays requiring optical density readifggow 340 nm were performed in 1 mL
quartz cuvettes (Fisher Scientific) and examinea 8pectroni®2 Genesy&" UV/Visible
Spectrophotometer. A Bio-Rad (Hercules, CA) minilPREAN® 3 system was used for
native PAGE. A White Light Transilluminator (FB-WETI417; Fisher Scientific,
Hampton, NH) and light meter (LI-250 light metet; COR, Lincoln, NE) were used for
SOD activity assay and native gel staining. Imagfegels were taken using a FUJIFIIm
Las-3000. Concentrated Bradford reagent was puechizaZsm Bio-Rad (Hercules, CA).

All other reagents and protein standards were @sexh from Sigma (St. Louis, MO).

110



Total soluble protein was measured using bovinersebumin as a standard (Bradford

1976).

4.2.4 Detoxification Enzymes

Quantification of P450 activity was performed afRiose et al. (1995) and was
expressed as nmolpsitrophenol produced per minute per mg proteindlsimin/mg)
using a standard curve piitrophenol. GST activity was determined as désctiby
Habig and Jakoby (1981). The extinction coefficieh®.6 mM!cm! was used to
express GST activity as nmols 1-chloro-2,4-dinienabene conjugated per min per mg
protein (nmols/min/mg). CarE activity was quantifiesing the procedure described by
Gong et al. (2013) using extract that was dilutddQ in assay buffer. The activity was
expressed as nmoleswhaphthol formed per min per mg protein (nmols/mig).
Monoamine oxidase activity was assayed as in Hat. €1997) using tyramine as a
substrateand was expressed as the change in absorbance atBer mg protein per
min (AAbsied/mg/min). The sulfotransferase-mediated regeneration of 3'-
phosphoadenosine-5'-phosphosulfate (PAPS) waseassagording to the protocol
described by Gagné (2014). Activity was reportedraslesp-nitrophenol produced per
hr per mg protein (nmols/hr/mg) using a standardeofp-nitrophenol Ortho- and
para-QR activities were assayed as in Yu (1987) antbRelnd Duffey (1992) using 1,2-
naphthoquinone and 1,4-naphthoquinone as substraspectively. The extinction
coefficient of 6.27 mM cnt for NADPH was used to report these activities msls

NADPH oxidized per min per mg protein (nmols/minjmg
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4.2.5 Digestive Enzymes

B-glucosidase activity was measured according tondaet al. (1999) using the
artificial substratg-nitrophenylf-glucopyranoside. Activity was reported as pmales
nitrophenol released per min per mg protein (pmalsing). The BApNAase activity of
larval trypsins was assayed according to SaaddtBamdani (2011). A standard series of

bovine trypsin was used to express the activigg@bovine trypsin equivalents per mg

protein (ug/mg).

4.2.6 Antioxidant Enzymes

Catalase activity was quantified by monitoring thee of the disappearance of
H>0> (Mao et al. 2007). The linear portion of the cuavel the extinction coefficient of
43.6 M cnt! were used to express activity as mmoi©Hdecomposed per min per mg
protein (mmols/min/mg). SOD was quantified as ifidtiom and Cipollini (2011) and
was expressed as |Lg horseradish SOD equivalentsgoprotein (Lg/mg). GR activity
was assayed as in Felton and Duffey (1992). Thiatidn coefficient of 6.27 mM cnr!
for NADPH was used to report the activity as nmasDPH oxidized per min per mg

protein (nmols/min/mg).

4.2.7 Native PAGE Gels
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The native PAGE system described by Laemmli (19vd) utilized to separate
proteins and retain enzyme activity. All gels weré5 mm thick and all stacking gels
were 5% polyacrylamide. After loading, electroplsisevas performed at 200 V
(constant voltage) until the dye front reacheditbtom of the gel. Faserine proteases,
120 g of protein were separated using an 8% regpgel and isozymes were identified
by staining hydrolyzedi-acetyl-DL-phenylalanin@-naphthyl ester (APNE) with Fast
Blue B salt (Hosseininaveh et al. 2009). Gels usadentify isoforms of antioxidant
enzymes were pre-run for 10 min at 200 V to renfose persulfate ions that could
inactivate these enzymes (Weydert and Cullen, 20Adr)identification of CAT
isozymes, 30 g protein were separated using are8étving gel and the gel was first
equilibrated in assay buffer and then incubatet @@t U/mL horseradish peroxidase in
50 mL assay buffer at room temperature for 30 miren, 150 pL 30% pD> were added
to the incubation mixture, and the gel was incutbdbde another 10 min. The solution was
then decanted, the gel rinsed in DIOH and the gel was rinsed twice with 0.5% (v:v)
guaiacol in assay buffer (50 mL). Clear activityha designated catalase isozymes
where HO. had been degraded. For the SOD native gel, 30qtgip were separated
using a 10% resolving gel. The gel was stainec¢aoalance with Weydert and Cullen
(2011) and SOD species were differentiated b®Hnhibition (Kuo et al. 2013). After
activity staining, staining solutions were decantgls rinsed in DI bD several times to
remove excess stain, and images were taken imregdiahages of gels were analyzed

using ImageJ (NIH) software to examine differencesnzyme staining intensity.

4.2.8 Statistical Analyses
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The Dixon test (‘Outliers’ package in R) (Koms2811) was used to check
enzyme activity data for outliers, which were remd¥rom subsequent analyses. All
enzyme activity assay data were validated for nbtynasing a Shapiro-Wilk normality
test, with the exception of SULT activity, whichgrered a reciprocal transformation.
The effect of host on enzymatic activity was assgssa at-test ¢ < 0.05), comparing
Mf and Wf larvae. Gf larvae were not included iatstical analyses because they were
not part of the same experimental design. Rathey, were used to document relative
trends in their activities. All statistical analgseere performed in R (R Core Team,

2015).

43 RESULTS

4.3.1. Detoxification Enzymes

There were no significant differences between Mf 8/f larvae for P450t E
0.143,p=0.89), GSTt(= 0.744p = 0.46), CarEt(= 0.31,p = 0.76), and SULTt(=
0.347,p = 0.73) activities, and activities for all thregJal groups were very similar
(Table 1). There were significant differences betw®f and Wf larvae for MAO
activity (t = 2.169,p = 0.04), with Mf larvae having approximately 1liés higher
activity than Wf larvae, though Mf and Gf larvaedhamilar activities (Table 1). The
activity of 0-QR was approximately 2.9 times and 1.7 times high#f larvae than in
Gf and Wf larvae, respectively, and the differebheeveen Mf and Wf larvae was
significant ¢ = 2.838p = 0.01) (Fig. 1). The difference pAQR activity between Mf and

Wi larvae was significant at the= 0.1 level of significance, but not at the 0.8%dl ¢ =
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1.888,p = 0.08) (Fig. 1) with Mf activity being 1.4 timésgher than Wf larvae. The
QR activity of Gf larvae was again the lowest @& three groups, with Mf larvae having

approximately 2.8 times higher activity.

4.3.2 Digestive Enzymes

The activity offf-glucosidases was approximately 2.5 and 5.7 tingdseh in Wf
(t=2.103,p = 0.05) and Gf larvae (Table 1) than in Mf larveespectively. The
difference in tryptic BAANAase activity between Mf and Wf extracts was nghisicant
(t =0.860,p = 0.40). Gf extracts had approximately 1.8 timighér BApNAase activity
than Mf larvae (Table 1). Serine protease staingvgaled distinct differences in bands
between larvae that had fed on different specigs &. Serine proteases generally
appeared in groups of high and low electrophoraetbility. Two proteases of low
electrophoretic mobility were evident in larval edts from all three hosts. One
additional protease of low mobility was evidentMhextracts that did not appear in Wf
and Gf extracts, and two proteases of high moliiiat appeared in Wf and Gf extracts

but not in Mf extracts.

4.3.3 Antioxidant Enzymes

Mf larvae displayed significantly higher CAT adtivthan Wf larvaet(= 5.671p
< 0.001), with Mf larval CAT activity nearly doubtbe activity of Wf larvae. Mf and Wf
larvae also had 4.9- and 2.5-fold greater CAT agtihan Gf larvae, respectively (Fig.
3). CAT staining revealed a single band of reldyivew electrophoretic mobility (Fig. 3,
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inset) common to all three larval groups, but waglmhigher in abundance in Mf larvae
than in Wf (55% the intensity of Mf) or Gf (11% theensity of Mf) larvae. Band
staining of Wf larvae was intermediate, whereaslbdrom Gf larvae stained relatively
faintly, reflecting patterns of lower CAT activitf extracts (Fig. 3). The SOD activity of
Mf extracts was significantly higher than that of tracts (= 2.045p = 0.05), with

Mf larvae producing 1.3 times higher activity tha#fi larvae, while SOD activity of Gf
larvae was even lower (Mf activity was 1.9-fold lnég) (Fig. 4). Staining for SOD
proteins revealed one CuZnSOD band of relativalgrmediate electrophoretic mobility
(data not shown), which stained with roughly thensantensity in all three larval groups
(WF ~ 92% of Mf, Gf ~ 90% of Mf). GR activity wadso significantly different between
Mf and Wf larvae (= 4.77,p < 0.001), with Mf larvae having 4.7 times greaetivity
than Wf larvae; GR activity of Gf larvae was agtia lowest of the three groups (Fig.

4), with Mf larvae having 12.4 times higher actvihan Gf larvae.

44  DISCUSSION

The objective of this study was to elucidate pblgical responses and putative
adaptations of EAB larvae to host resistance mashemnof Manchurian ash, and to
illuminate the role of specific groups of larvakzgmes in this interaction. In order to
address these objectives, the activities and ptaduof selected detoxification,
digestive, and antioxidant enzymes of larvae hafealgon resistant Manchurian ash
cultivar ‘Mancana’ were compared to larvae havieg on the susceptible white ash
cultivar ‘Autumn Purple’. We found that extractsMf larvae had significantly higher

MAO, 0-QR, CAT, SOD, and GR activities than Wf larvaejle/3-glucosidase activity
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was significantly higher in Wf larval extracts. Atddnally, we found that Mf larvae
uniquely produced a single serine protease of leat®phoretic mobility, while both
groups of larvae feeding on susceptible hosts meditwo serine proteases of high
electrophoretic mobility. We also found that thaiising of a single CAT enzyme
mirrored the CAT enzymatic activity measured intlhfee larval group extracts, with the
highest production and activity in Mf larval exttecThese results suggest that resistance
mechanisms of Manchurian ash to EAB include oxatatf phloem phenolics and the
production of ROS in higher amounts than in whitd green ash. Conversely, because
some hosts are more oxidatively stressful thanrstlkey adaptations of larvae appear to
involve the detoxification of quinones, as wellrabef from oxidative stress (Cipollini et
al. 2011; Rigsby et al. unpublished results). Aidddlly, the differential production and
activity of serine proteases afidjlucosidase could represent adaptive responses to
unique trypsin inhibitors of different host speciasd the ingestion of toxic phenolic

glycosides, respectively.

MAO activity was higher in Mf than in Wf larval &acts, though activity in Gf
larvae was more similar to that of Mf larvae thahlse¥vae. This is perhaps evidence of
the greater capacity for Mf larvae to degrade tynemelative to Wf larvae, and reflects
the greater tyramine concentrations reported indlanan ash phloem tissue compared
to susceptible species (Hill et al. 2012). MAOsyplaportant roles in the degradation of
amine neurotransmitters (Gilbert et al. 2000) asrdes other purposes, such as in cuticle
sclerotization (Sloley, 2004). However, MAO expieasn most insects appears limited
to the Malpighian tubules (Roeder 2005), though llevels of activity have been

reported in the central nervous system of someciage.g. Sloley and Downer, 1984).
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More recently it was demonstrated by Cabrero €RalL3) that tyramine acts as a
diuretic in the Malpighian tubules &frosophila melanogaster. It is possible that the
consumption of tyramine, if not detoxified, coulct as a diuretic in larvae resulting in
water loss and dehydration, and/or that tyramimesemption could result in deleterious
behavioral changes (Rajarapu, 2013), since inisugoactive compound in insects
(Roeder, 2005; Lange, 2009). Ultimately, it is uokm whether tyramine ingested by
Manchurian ash-feeding larvae is toxic, and ifiscgemains unclear what the relative

importance of SULT and MAO may be in the detoxifica process.

Activities of 0-QR andp-QR were generally higher in Mf than in Wf larval
extracts, indicating that larvae experience a gred¢gree of stress from reactive
guinones when feeding on resistant Manchurian lzesh when feeding on susceptible
white ash. Yu (1987) first documented QR enzymessacts and their induction in
response to feeding on selected plant allelochdsaicater, Felton and Duffey (1992)
demonstrated the importance of QRs as a constibighe quinone-protective system in
midguts ofHelicoverpa zea. Phenolic compounds can induce oxidative stiress/o that
can lead to higher mortality and reduced growtm{@®ers and Felton, 1994).
Furthermore, these pro-oxidant phenolics can urdéedeterious redox cycles in the
midgut (Ahmad, 1992). This phenomenon may conteltatresistance of Manchurian
ash to EAB. It is noteworthy that while bathandp-QR activities were elevated in Mf
larvae, onlyo-QR activity was significantly higher in Mf larvaelative to Wf larvae.
Interestingly, while there are many phenolics tat be oxidized directly into-
guinones, there are none in ash that can be imtegd@idized intgp-quinones, which

typically require additional enzymatic and/or cheahireaction steps to be synthesized

118



(e.g. juglone synthesis fromhydrojuglone-glucoside in walnut; Strugstad and
Despotovski, 2012). Yep-QR activity was slightly higher thamQR activity in extracts
from all three larval groups. Therefore, the sowfe-quinones that could be reduced by

larval p-QR remains unclear.

B-glucosidase activity was highest in Gf, interméslia Wf, and lowest in Mf
larval extracts, which conforms to patterns of gexgression reported by Rajarapu
(2013) in larvae recovered from Manchurian and gigsh. The low activity in Mf larvae
could be an adaptive response to the ingestiooxid phenolic glycosides, which is
common in specialist insects consuming defensiyeagides (reviewed by Pentzold et
al. 2014). Several phenolic glycosides are presessh phloem, including oleuropein
and verbascoside (Whitehill et al. 2012) that cdadcactivated bp-glucosidase.
Oleuropein, which was found in greatest concemnath Manchurian ash (Whitehill et
al. 2012), cross-links strongly with protein onoéaated by planp-glucosidases in
extracts from privet (Konno et al. 1999), while bascoside decreased larval survival of
EAB in an artificial diet bioassay (Whitehill et &014). Clearly, the potential role of

these compounds in ash resistance to EAB meritisdumvestigation.

Tryptic BApNAase activities were higher but more variable friaBvae relative
to Mf and Wf larvae. This variation may be duehe tiversity of host genotypes fed on
by Gf larvae in this study compared to the singlaaype used for the other two groups.
However, activity staining following separationsnative PAGE gels revealed three
isozymes differentially produced in Mf larvae ahdge larvae that had fed on
susceptible hosts. The similarity in enzyme agtietupled with differential isozyme

production likely indicates either a compensatatjpstment of protease production
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based on host species, or differential inhibitibrertain proteases by each host,
presumably due to unique trypsin inhibitors in gmotissue. Such regulation of
digestive proteases has been demonstrated in sesaets (e.gChikate et al. 2013), but
have never been studied in buprestids. FurthernMifrigrvae may incur a physiological
cost when upregulating inhibitor-insensitive prees However, costs and benefits of
phenotypically plastic protease expression in itsseave not been well-studied (Zhu-

Salzman and Zeng, 2015).

Activity of all three antioxidant enzymes assayethis study was higher in Mf
extracts, which indicates that larvae feeding omdhairian ash could be under higher
levels of oxidative stress than when feeding orstiseeptible hosts. The substantially
higher CAT activity observed in Mf larvae relatiteesusceptible hosts is suggestive that
the HO> accumulation or production is greater in Manchuaah. The elevated activity
of SOD in Mf larvae relative to Wf larvae suggettat superoxide radicals may also be
more abundant in Manchurian ash. We detected ¢e@@T and CuZnSOD enzyme
using native PAGE activity staining, which confirthe findings reported by Rajarapu et
al. (2011) using gene expression techniques. Irstualy, biological replicates of Mf
larvae contained both third and fourth instars. Eeevr, the majority of extracted protein
in each biological replicate was from fourth instéfurthermore, Rajarapu et al. (2011)
found that CAT and SOD gene expression remainetdanged through larval
development. Hence, the differences in CAT and ®BEyme activity and production
that we observed are likely attributable to differes in host species rather than instar,

although we cannot completely exclude the lattessmlity.

120



Quinones can catalyze the formation of ROS inirikect digestive tract
(Krishnan et al. 2007), which can cause oxidat@madge to the midgut, proteins, lipids,
and nucleic acids and inhibit absorption of nutisgiBi and Felton, 1995). In the absence
of a sufficient oxidative stress-relief system, RE€H severely impair the digestive
system (Krishnan et al. 2007). Accordingly, wearled that the abundances and
activities of various digestive enzymes were imgain insects feeding on Manchurian
ash. Additionally, the importance of the availalgilbf GSH can be inferred from the
activity of GR. Mf larvae could be oxidatively sésed (inferred from CAT and SOD
activities) and we failed to detect difference&Ii8T activity between larval groups. This
indicates that GSH is more important as a non-eatignantioxidant or as a co-substrate
for GPX. It has also been reported that thiols aaglBSH decrease the net production of

guinonesvia polyphenol oxidase activity (Negishi and Ozawa)@0

Past experiments have shown that Manchurian askigaificantly higher extract
browning rates than susceptible ash species (Gipetlal. 2011). Additionally,
experiments comparing the activities of quinoneggating enzymes, ROS-generation,
protein cross-linking, and other defensive mechmasief Manchurian ash to the closely-
related but susceptible North American native blash F. nigra) have revealed that
Manchurian ash provides an oxidatively more strésgtiinone-rich substrate for EAB
larvae (Rigsby et al. unpublished results). Froeséhexperiments, polyphenol oxidases
and, specifically, peroxidases are substantiallyenaztive in Manchurian ash than black
ash (Rigsby et al. unpublished results). These dataspond well with the results

reported here.
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We did not detect differences between larvae lipied on different hosts in the
activities of several of the detoxification enzynassayed (i.e. P450s, CarE, GST, and
SULT). This could indicate that both the resistamdl susceptible host species contain
compounds that required detoxification by theseyems or that these assays, performed
with standard substrates, did not target all ofrétevant enzyme isoforms. For example,
P450s are a large and diverse superfamily of engyandO-demethylation is only one of
the activities of P450s. Prior research on EAB Pgé&le expression and molecular
docking suggests that P450s play a role in thexdetation of certain ash phenolics
(Rajarapu, 2013). However, in order to truly addrige functional role of these
detoxification enzymes in adaptation to host defspna much more targeted study is
needed that focuses on differential expressionadlsas diverse enzymatic activities of
detoxification genes. It should be stressed thegdlresults do not mean that these
detoxification enzymes are not important in thigraction, but rather that these enzymes

together respond similarly regardless of host gsaaith these standard substrates.

To summarize, physiological responses of larvadifeg on EAB-resistant
Manchurian ash indicate that they could be expemgnhigher levels of oxidative stress,
presumably due to higher levels of ROS and reacfisreones, than larvae feeding on
susceptible North American species. Based on cuitss we propose that resistance of
Manchurian ash to EAB results from the presenaanaf/mes that oxidize its induced
and constitutive phloem phenolic profiles to a mgokater (or unique) degree than in
susceptible white and green ash, ultimately resylth decreased growth and survival of
EAB. We observed little variation between host gan the activity of most larval

detoxification enzymes that we assayed, with theeption of MAO and-QR activity,
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indicating that ingested toxins may be metabolziedlarly in all three larval groups, or
that relevant activities of these enzymes remaivetdetermined. Finally, our results
were consistent with a compensatory response stiprably digestion-associatpd
glucosidases and serine proteases, suggestingtipbfitness cost associated with
decreased nutrient acquisition from the diet ofittsect. We therefore conclude that
resistance of Manchurian ash to EAB likely resutigart, from the oxidation of dietary
phenolics and the generation of ROS eithglanta orin insectum. Limitations in the
material available to us (i.e. our limited numbé&Ms larvae) prevented further analyses
in this study. However, future investigations sladomlvolve the further identification and
characterization of the differentially producediisemproteases (e.qg. purification, mass
spectrometry, and gene expression), the ideniificasubstrate specificity, and
expression of important detoxification enzymes, dnadfurther characterization of

important quinone- and ROS-protective enzymes seelrdical scavengers.

123



45 REFERENCES

Ahmad, S., 1992. Biochemical defense of pro-oxigdaut allelochemicals by

herbivorous insect®iochemical Systematics and Ecology, 20:269-296.

Aukema, J.E., D.G. McCullough, B. Von Holle, A.Miebhold, K. Britton, and S.J.
Frankel. 2010. Historical accumulation of nonindiges forest pests in the

continental United StateBioScience, 60:886-897.

Aukema, J.E., B. Leung, K. Kovacs, C. Chivers, KBatton, J. Englin, S.J. Frankel,
R.G. Haight, T.P. Holmes, A.M. Liebhold, D.G. Mc@ulgh, and B. Von Holle.
2011. Economic impact of non-native forest ins@tthe continental United

StatesPLoSone, 6:€24587.

Bi, J.L., and G.W. Felton. 1995. Foliar oxidatiteess and insect herbivory: primary
compounds, secondary metabolites, and reactiveesxgpecies as components of

induced resistancdournal of Chemical Ecology, 21:1511-1530.

Bradford, M.M. 1976. A rapid and sensitive methodthe quantitation of microgram
guantities of protein utilizing the principle ofgtein-dye bindingAnalytical

Biochemistry, 72:248-254.

Cabrero, P., L. Richmond, M. Nitabach, S.A. Davasg] J.A.T. Dow. 2013. A biogenic
amine and a neuropeptide act identically: tyransigeals through calcium in
Drosophila tubule stellate cellfroceedings of the Royal Society B, 280:2012-

2943.

124



Carey, D.W., M.E. Mason, P. Bloese, and J.L. K&f.3 Hot callusing for propagation

of American beech by graftinglortScience, 48:620-624.

Chakraborty, S., J.G.A Whitehill, A.L. Hill, S.O.gyo, D. Cipollini, D.A. Herms, and P.
Bonello. 2014. Effects of water availability on ewld ash borer larval
performance and phloem phenolics of Manchuriantdack ashPlant, Cell &

Environment, 37:1009-1021.

Chamorro, M.L., M.G. Volkovitch, T.M. Poland, R.Naack, and S.W. Lingafelter.
2012. Preimaginal stages of the emerald ash bageius planipennis, Fairmaire,
(Coleoptera: Buprestidae): An invasive pest ontesds Fraxinus). PLoS one,

7:€33185.

Chikate, Y.R., V.A. Tamhane, R.S. Joshi, V.S. Guatal A.P. Giri. 2013. Differential
protease activity augments polyphagyHielicoverpa armigera. Insect Molecular

Biology, 22:258-272.

Cipollini, D. 2015. White fringetreeChionanthus virginicus L., as a novel larval host for

emerald ash boredournal of Economic Entomology, 108:370-375.

Cipollini, D., Q. Wang, J.G.A. Whitehill, J.R. Polie®. Bonello, and D.A. Herms. 2011.
Distinguishing defensive characteristics in theophh of ash species resistant and

susceptible to emerald ash bodaurnal of Chemical Ecology, 37:450-459.

Crook, D.J., S. Prabhakar, and B. Oppert. 2002eRraligestion of the red oak borer

Enaphal odes rufulus. Physiological Entomology, 34:152-157.

125



Dunn, J.P., D.A. Potter, and T.W. Kimmerer. 199arl¥hydrate reserves, radial growth,
and mechanisms of resistance of oak trees to phtmeing insectsOecol ogia,

83:458-468.

Felton, G.W., and S.S. Duffey. 1992. Ascorbate atiah reduction irHelicoverpa zea
as a scavenging system against dietary oxidAnthives of Insect Biochemistry

and Physiology, 19:27-37.

Felton, G.W., K.K. Donato, R.M. Broadway, and $8ffey. 1992. Impact of oxidized
plant phenolics on the nutritional quality of digtprotein to a Noctuid herbivore,

Spodoptera exigua. Journal of Insect Physiology, 38:277-285.

Gagné, F. 2014. Biochemical Ecotoxicology: Prints@nd Methods. Elseveir, London,

U.K.

Geib, S.M., M. Tien, and K. Hoover. 2010. Identtfiion of proteins involved in
lignocellulose degradation using in gel zymograralygsis combined with mass
spectroscopy-based peptide analysis of gut profenslarval Asian longhorned

beetles Anoplophoa glabripennis. Insect Science, 17:253-264.

Gilbert, L.1., N.A. Granger, and R.M. Roe. 2000eTjavenile hormones: historical facts
and speculations on future research directibrsect Biochemistry and Molecular

Biology, 30:617-644.

Gong, Y.J., Z.H. Wang, B.C Shi, Z.J. Kang, L. ZBuH. Jin, and S.J. Wei. 2013.
Correlation between pestecide resistance and enagtivaty in the diamondback

moth, Plutella xylostella. Journal of Insect Science, 13:1-13.

126



Habig W.H., and W.B. Jakoby. 1981. Glutathidh&gansferases (rat and humalmy,

W.B. Jakoby (Ed.), Methods in Enzymology. Acadefiess, NewYork, U.S.A.

Hanks, L.M., T.D. Paine, and J.G. Millar. 1991. Manisms of resistance Eucalyptus
against the larvae of the eucalyptus longhorn b@eteoptera: Cerambicidae) in

California. Environmental Entomology, 20:1583-1588.

Hanks, L.M., T.D. Paine, J.G. Millar, C.D. Campbalhd U.K. Schuch. 1999. Water
relations of host trees and resistance to eucayiptighorned borer in southern

California.Entomologia Experimentalis et Applicata, 74:185-194.

Herms, D.A., and D.G. McCullough. 2014. Emerald laster invasion of North
America: History, biology, ecology, impacts and mgementAnnual Review of

Entomology, 59:13-30.

Hill, A.L., J.G.A. Whitehill, S.O. Opiyo, P.L. Phah, and P. Bonello. 2012. Nutritional
attributes of ashHraxinus spp.) outer bark and phloem and their relatiorsstop

resistance against the emerald ash bdree Physiology, 32:1522-1532.

Hillstrom, C., and D. Cipollini. 2011. Variation phenotypic plasticity among native and
invasive populations dAlliaria petiolata. International Journal of Plant

Sciences, 172:763-772.

Holt, A., D.F. Sharman, G.B. Baker, and M.M. Paldi®97. A continuous
spectrophotometric assay for monoamine oxidaseeatkd enzymes in tissue

homogenateshnalytical Biochemistry, 244:384-392.

127



Hosseininaveh, V., A. Bandani, and F. Hosseinina2809. Digestive proteolytic
activity in the Sunn pesEurygastor intergriceps. Journal of Insect Science, 9:1-

11.

Komsta, L. 2011. Outliers: Tests for outliers. Rlgge version 0.14. http://CRAN.R-

project.org/package=outliers

Konno, K., C. Hirayama. H. Yasui, and M. Nakamur@99. Enzymatic activation of
oleuropein: A protein crosslinker used as a chelndietense in the privet tree.
Proceedings of the National Academy of Sciences of the United States of America,

96:9159-9164.

Krishnan, N., D. Kodrick, F. Turanli, and F. Sehr28l07. Stage-specific distribution of
oxidative radicals and antioxidant enzymes in thggont of Leptinotarsa

decemlineata. Journal of Insect Physiology, 53:67-74.

Kuo, W., C. Huang, C. Shih, and T. Jinn. 2013. @atl Extract Preparation for
Superoxide Dismutase (SOD) Activity Ass®&yo-protocol 3(13), e811.

http://www.bio-protocol.org/e811.

Laemmli, U.K. 1970. Cleavage of structural protadnsing the assembly of the head of

bacteriophage TMNature, 227:680-685.

Lange, A.B. 2009. Tyramine: from octopamine precute neuroactive chemical in

insects General and Comparative Endocrinology, 162:18-26.

128



Li, X., M.A. Schuler, and M.R. Berenbaum. 2007. Btmllar mechanisms of metabolic
resistance to synthetic and natural xenobiofAcsual Review of Entomology,

52:231-253.

Loerch, C.A., and E.A. Cameron. 1983. Determinatiblarval instars of the Bronze
Birch Borer,Agrilus anxius (Coleoptera: Buprestidaédnnals of the

Entomological Society of America, 76:948-952.

Mao, Y.B., W.J. Cai, J.W. Wang, G.J. Hong, X.Y. Thadl. Wang, Y.P. Huang, and X.Y.
Chen. 2007. Silencing a cotton bollworm P450 morygexase gene by plant-
mediated RNAI impairs larval tolerance to gossyplaiture Biotechnology,

25:1307-1313.

Mittapalli, O., X. Bai, P. Mamidala, S.P. Rajarapu,Bonello, and D.A. Herms. 2010.
Tissue-specific transcriptomics of the exotic invasnsect pest emerald ash

borer @grilus planipennis). PLoSone, 5:e13708.

Muilenburg, V.L., P.L. Phelan, P. Bonello, and DHerms. 2011. Inter- and intra-
specific variation in stem phloem phenolics of papech Betula papyrifera) and
European white birchBgtula pendula). Journal of Chemical Ecology, 37:1193-

1202.

Negishi, O., and T. Ozawa. 2000. Inhibition of emzyic browning and protection of

sulfhydryl enzymes by thiol compound®hytochemistry, 54:481-487.

Pentzold, S., M. Zagrobelny, R. Rook, and S. B&d42 How insects overcome two-
component plant chemical defense: plglucosidases as the main target for
herbivore adaptiorBiological Reviews, 89:531-551.

129



R Core Team. 2015. A language and environmenttédisical computing. R Foundation
for Statistical Computing, Vienna, Austria. ISBNDB0051-07-0, URL

http://www.R-project.org/.

Rajarapu, S.P. 2013. Intergrated omics on the plogy of emerald ash borehdrilus
planipennis Fairmaire). Ph.D. Dissertation. The Ohio Statevdrsity, Wooster,

OH.

Rajarapu, S.P., P. Mamidala, D.A. Herms, P. Bonala O. Mittapalli. 2011.
Antioxidant genes of the emerald ash boAgrilus planipennis): Gene
characterization and expression profilésirnal of Insect Physiology, 57:819-

824.

Roeder, T. 2005. Tyramine and octopamine: rulingglver and metabolisrnnual

Review of Entomology, 50:447-477.

Rose, R.L., L. Barbhaiya, R.M. Roe, G.C. Rock, BntHodgson. 1995. Cytochrome
P450-associated resistance and the developmeidabfdmical diagnostic assays

in Heliothis virescens. Pesticide Biochemistry and Physiology, 51:178-191.

Saadati, F., and A.R. Bandani. 2011. Effects ahsgurotease inhibitors on growth and
development and digestive serine proteases ofuha SestEurygastor

integriceps. Journal of Insect Science, 11:72.

Scully, E.D., K. Hoover, J.E. Carlson, M. Tien, &d/. Geib. 2013. Midgut
transcriptome profiling oAnoplophora glabripennis, a lignocellulose degrading

cerambycid beetldBMC Genomics, 14:850.

130



Scully, E.D., S.M. Geib, J.E. Carlson, M. Tien,McKenna, and K. Hoover. 2014.
Functional genomics and microbiome profiling of tk&an longhorned beetle
(Anoplophora glabripennis) reveal insights into the digestive physiology and

nutritional ecology of wood feeding beetl&J1C Genomics, 15:1096.

Sloley, B.D. 2004. Metabolism of monoamines in mebrates: the relative importance

of monoamine oxidase in different phyNeurotoxicology, 25:175-183.

Sloley, B.D., and R.G.H. Downer. 1984. Distributioib-hydroxytryptamine and
indolalkylamine metabolites in the cerebral gangfithe cockroachReriplaneta

americana). Journal of Experimental Zoology, 248:259-263.

Strugstad, M.P., and S. Despotovski. 2012. A sumpoBextraction, properties, and
potential uses of juglone: A literature revielsurnal of Ecosystems and

Management, 13:1-16.

Summers, C.B., and G.W. Felton. 1994. Prooxiddetef of phenolic acids on the
generalist herbivorklelicoverpa zea (Lepidoptera: Noctuidae): Potential mode of
action for phenolic compounds in plant anti-herb&zohemistrylnsect

Biochemistry and Molecular Biology, 24:943-953.

Tubesing, C.E. 1987. Chip budding of magnol@ambined Proceedings of the

International Plant Propagators Society, 37:377-379.

Weydert, C.J.,and J.J. Cullen. 2011. Measuremestipéroxide dismutase, catalase, and

glutathione peroxidase in cultured cells and tissNature Protocols, 5:51-66.

131



Whitehill, J.G.A., S.O. Opiyo, J.L. Koch, D.A. HespD.F. Cipollini, and P. Bonello.
2012. Interspecific comparison of constitutive piloem phenolic chemistry
reveals compounds unique to Manchurian ash, aepesesistant to emerald ash

borer.Journal of Chemical Ecology, 38:499-511.

Whitehill, J.G.A., C. Rigsby, D. Cipollini, D.A. Hms, and P. Bonello. 2014. Decreased
emergence of emerald ash borer from &hxXinus spp.) treated with methyl
jasmonate is associated with induction of genesfdrase traits and the toxic

phenolic compound verbascosi@#cologia, 176:1047-1059.

Yu, S. 1987. Quinone reductase of phytophagousissad its induction by

allelochemicalsCompar ative Biochemistry and Physiology Part B, 87:621-624.

Zhu-Salzman, K., and R. Zeng. 2015. Insect resptmpkant defensive protease

inhibitors. Annual Review of Entomology, 60, 233-252.

Zhu-Salzman, K., D.S. Luthe, and G.W. Felton. 2008iropod-inducible proteins:
Broad spectrum defenses against multiple herbivétast Physiology, 146:852-

858.

132



Table4.1 Mean activity levels (£ 1 SE) of cytochrome P4B@%0; nmols/min/mg), carboxylesterase (CarE; nmgéhin),
glutathione-S-transferase (GST; nmols/min/mg),atdhsferase (SULT; nmols/hr/mg), monoamine oxid&&&0;

AAbsseo'min/mg), B-glucosidasef-GLUC; pmols/min/mg) and the tryptic BANAase activity (ug/mg) of Manchurian ash-fed (Mf),
white ash-fed (Wf), and green ash-fed (Gf) laniaierent letters indicate significant differendestween Mf and Wf larvae within
specific enzyme activity. Values for Gf larvae canbe evaluated statistically (see Materials andhigids) and are provided for

comparative purposes.

Activity
Host P450 CarE GST SULT MAO B-GLUC BApNAase
Mf 0.279 (0.047) 0.035(0.005) 137.3(14.6) 0.50046) 1.78(0.19) 1.91(0.17H 13.34(2.51)

Wi  0.287 (0.034) 0.038 (0.004) 128.8(8.2) 0.77340) 0.98(0.22) 4.70 (0.83) 15.46 (1.19)
Gf  0.329(0.071) 0.039 (0.003) 123.6(6.9) 0.29040) 1.44(0.36) 10.84 (2.37) 24.26 (6.58)
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Figure4.1. Meanortho-quinone Qrtho; light grey bars) reductase apala-quinone

(Para; dark grey bars) reductase activities (x 1 SBYlahchurian ash-fed (Mf), white
ash-fed (Wf), and green ash-fed (Gf) larval exgabhnique letters indicate significant
differences within specific enzyme activity. Valdes Gf larvae cannot be evaluated

statistically (see Materials and Methods) and ao®ided for comparative purposes.
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Figure4.2. Native PAGE gel stained for serine protease dgtwith N-acetyl-DL-
phenylalaningd-naphthyl ester (APNE) and Fast Blue B salt. Mf, @fid Gf indicate
Manchurian ash-fed, white ash-fed, and green agtafgae, respectively. Arrows

indicate differentially expressed proteases betwaesml groups.
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Figure 4.3. Mean catalase activity (+ 1 SE) and catalase reezgxpression (insert) of
Manchurian ash-fed (Mf), white ash-fed (Wf), anéem ash-fed (Gf) larval extracts.
Unique letters indicate significant differenceslués for Gf larvae cannot be evaluated

statistically (see Materials and Methods) and ao®ided for comparative purposes.
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Figure 4.4. Mean superoxide dismutase (SOD; light grey bafs M-axis) and
glutathione reductase activity (GR; dark grey beght Y-axis) (x 1 SE) of Manchurian
ash-fed (Mf), white ash-fed (Wf), and green ash{féf) larval extracts. Unique letters
indicate significant differences within enzyme typalues for Gf larvae cannot be
evaluated statistically (see Materials and Methaas) are provided for comparative

purposes.
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5 OXIDATIVE AND OTHER DEFENSE-ASSOCIATED ENZYME
ACTIVITIESAND FUNCTIONAL EXPRESSION OF MANCHURIAN AND

BLACK ASH

51 INTRODUCTION

Emerald ash borer (EABAgrilus planipennis (Coleoptera: Buprestidae), is an
Asian wood-boring beetle that has caused widespreathlity of ash raxinus spp.) in
North America (Herms and McCullough, 2014). Larfeed primarily on phloem and
resistance to this beetle has been studied priyrayicomparing the co-evolved, resistant
Manchurian ashH. mandshurica) to the naive North American and highly susceptibl
green E. pennsylvanica), white . americana), and black . nigra) ash (reviewed by
Villari et al., 2016). Comparison of phenolic pte§ of constitutive (Whitehill et al.,
2012), and induced (Whitehill et al., 2014; Chakmdyp et al., 2014) phloem tissue of
black and Manchurian ash has revealed few quaktalifferences, reflecting their close
phylogenetic relationship (Wallander, 2008). Intfalee phloem phenolic profiles of
these two species have proved to be remarkablyasimihich has complicated efforts to
identify mechanisms responsible for interspeciittgrns of resistance. However,
comparison of these two species continues to peoxigdromising approach for

identifying mechanisms of resistance of Manchuaah to EAB, because they are so
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closely related and chemically similar, yet diféer dramatically in their resistance to

EAB.

Rigsby et al. (2015) reported that larvae thatfeadon Manchurian, white, and
green ash had similar activities of major detoxsificn enzymes (i.e. glutathiorge-
transferases, cytochrome P450 monooxygenases xgégbterases, and
sulfotransferases), which indicates that larvabdiéication enzymes respond similarly to
compounds present in both resistant and susceptshispecies. Phloem phenolic
profiles of black and Manchurian ash differ fromitgrand green ash, mostly due to the
presence of certain coumarins, phenylethanoiddignans, and absence of several
flavonoids (Eyles et al. 2007; Cipollini et al. 2QWhitehill et al. 2012). The relatively
substantial differences in phloem phenolic cheneistoetween Manchurian ash and
white and green ash, coupled with lack of diffeemin detoxification enzymes of larvae
feeding on these hosts, suggest that direct tgxadithese metabolites may not play a
central role in resistance. Given the similaritrephenolic profiles of Manchurian and
black ash, the greater resistance of ManchuriariaB#AB may be explained by
differential metabolism of phenolic compounds andie activities of defense-associated

enzymes.

Unoxidized phenolics still may perform some defem$unction. Trypsin
inhibitor (TI) activity has been quantified usires$ purified protein extracts in past
studies (Cipollini et al. 2011, Whitehill et alQP4), but has been difficult to detect using
more purified protein extracts (C.M. Rigsby, unpsiikd data). This suggests that the Tl
activity may be due to compounds other than pretedrg. phenolics, which have been

shown to act as non-competitive trypsin inhibitorseveral plant species (e.g. Shahwar
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et al. 2012). Identifying the source of the obsdrVéactivity is important, as EAB
appears to rely heavily on serine proteases faepraligestion (Mittapalli et al., 2010;
Rigsby et al., 2015). Rigsby et al. (2015) presgtinteirect evidence that EAB larvae that
fed on different hosts had unique serine proteasetibnal expression profiles that were

associated with the resistance phenotype of the hos

Aside from the potential role of unoxidized pheeskas trypsin inhibitors, the
pro-oxidant activity of phenolic acids, oxidizedygghenols, and phenoxyl radicals may
lead to oxidative stress in herbivorous insectsp@[1.993; Summers and Felton 1994;
Galati et al. 2002). Rigsby et al. (2015) repotteat larvae feeding on Manchurian ash
had higher activities of antioxidant and quinonet@ctive enzymes (i.e. catalase,
superoxide dismutase, glutathione reductasepethd-quinone reductase) presumably as
defenses against pro-oxidant quinones and reaxtiygen species (ROS). Previous
studies have not quantified ROS (e.gOp) levels of ash bark, so it is unknown if higher
ROS levels accumulate constitutively in Manchui@aah tissue. Water extracts of
Manchurian ash brown faster than those of susde#h species (presumably due to
oxidation of phenolics) (Cipollini et al. 2011),pporting the hypothesis that Manchurian

ash has greater pro-oxidant activity.

Plant polyphenol oxidases (PPOs) and peroxid@&@X¢$) rapidly oxidize
polyphenols in the presence of @POs) or O, (POXs), and these oxidized phenoxyl
radicals can form reactivequinones that have the potential to cross-linkpitoteins,
reducing the quality of dietary protein and/or dgmg midgut proteins (Felton et al.,
1992). Phenoxyl radicals may also polymerize irdgtyphenolic polymers that are also

toxic (Appel, 1993). Additionally, laccases (igediphenol oxidases) and POXs play
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major roles in lignin formatioria the oxidation of monolignols (e.g. sinapyl alcghol
into monolignol radicals that spontaneously polyizeeto form lignin (Wang et al.,
2013). Lignification occurs in response to pathogdection and wounding (Vance et al.,
1980) and can contribute to herbivore resistancaifiuse et al., 1990). Interestingly,
interspecific variation in host plant resistancefien associated with variation in
PPO/laccase or POX activities (e.g. Goldwassel.,e1209), rates of lignification, and
the rate of wound periderm formation (e.g. Hebaral.¢ 1984). Manchurian, green, and
white ash do not differ in constitutive phloem lighevels (Cipollini et al., 2011).
However, Manchurian ash typically has faster wobedling and callus tissue formation
than susceptible ashes (authors’ personal obsengtiwWhitehill et al. (2014) studied
intraspecific variation in response of several gisécies to MeJA application and found
that increased bark lignin levels were correlatéth wecreased EAB exit hole density.
Collectively, these studies suggest that diffeedrxidase activities may be more
important than qualitative or quantitative variatio phenolic profiles in driving inter-

and intraspecific variation in resistance of askA®B.

Variation in resistance could also result fronfatigntial activity of other defense-
associated enzymes, in addition to oxidases. Faample, the activation of oleuropein (a
secoiridoid) byB-glucosidase into a toxic protein denaturant wasfoto differentiate
resistant and susceptible varieties of privégfstrum obtusifolium, Oleaceae; Konno et
al., 1999) and olive(lea europaea, Oleaceae; Spadafora et al., 2008). This same
mechanism could be part of a defense responséiiasasleuropein and other iridoid
glycosides are common in ash species (Whitehdl.€2012), bup-glucosidase activity

has not been quantified in ash. Plant chitinasélq)Care primarily associated with
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pathogen resistance, but CHI genes can also beedduy insect herbivory (Zhu-
Salzman et al., 2004) or application of insect rggant (Lawrence et al., 2008), where
CHI enzymes would presumably degrade the peritcopt@mbrane. Corrado et al.
(2012) reported that a CHI gene was upregulatedive fruits in response to feeding by
fruit fly larvae (Bactrocera oleae, Diptera: Tephritidae). A similar defense respomsgy
also occur in ash if feeding by EAB larvae indubgggher activity of CHI, or if CHI
enzymes of Manchurian ash are functionally moreiefit than those of susceptible
species. Lipoxygenase (LOX) has been shown to tiaeet effect on herbivores (Felton
et al., 1994) and indirect effects in plant defefWar et al. 2012). Lipoxygenase
catalyzes the hydroperoxidation of polyunsaturdaédty acids into fatty acid
hydroperoxides, which are eventually enzymaticatlghemically degraded into reactive
aldyhydes, epoxides, and ROS (War et al. 2012).0kidation of linoleic acid is a major
function of LOX with respect to the synthesis affjaonic acid (JA), which is a hormone

associated with herbivore-induced resistance intpleFeussner and Wasternack 2002).

The objective of this study was to test the hypstk that Manchurian ash
possesses higher constitutive or inducible actisitf oxidative and other defense-
associated enzymes than black ash, which may baterto its higher oxidative stress
imposed on feeding larvae and higher resistan&A®. We used the exogenous
application of MeJA, a derivative of JA, to assieshicible responses of these defense-
associated enzymes and activities. The effect afalAbe mimicked by the exogenous
application of MeJA (Erbilgin et al., 2006), whigitreased ash resistance to EAB in a
previous study (Whitehill et al., 2014). Speciflgalve quantified phloem ¥D> levels;

assayed the activity of oxidative and other defeaassociated enzymes (LOX, CHIG,
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PPO, and POX); examined the differential expressidunctionalpG, PPO and POX
isozymes; assessed the ability of ash PPO and P@yfrees to mediate protein cross-
linking; and characterized the source of Tl acfivising protein, methanol, and water
extracts where phenolics were either allowed taliagi prior to assaying for activity, or
protected from oxidation. We hypothesize that:@nk extracts of Manchurian ash will
have higher oxidative and other defense-assocetegme activities and/or the
additional functional expression of isozymes thamaets of black ash, (2) Manchurian
ash bark will have higher levels ob® which is a ROS and a co-substrate for POXs,
than black ash, (3) the increased activity of othidaenzyme activities will result in the
increased ability of water extracts to cause oxtdalamage to proteins (i.e. cross-link
proteins), and (4) that Tl activity will be similaetween species, but inducible by MeJA

and that phenolics contribute heavily to Tl activit

52 METHODS
521 Common Garden, Treatments, and Tissue Har vesting

A common garden containing 24 Manchurian cv. ‘Maracash and 24 black ash
cv. ‘Fallgold’ was established in April 2011 at T@&io State University’s Ohio
Agricultural Research and Development Center (OARDGNooster, OH, with trees
planted in a randomized complete block design withe blocks. Trees were obtained as
five-year-old bare root saplings from Bailey Nuissy Inc. (St. Paul, MN) and were
approximately the same size in May 2014 at the birexperimentation, with no species

differences in stem diameter at 50 cm above tHdisei(X + 1 SE = 5.01 + 0.07cm) (t
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=0.72,P = 0.48). Twelve Manchurian ash trees were rand@algcted and 11 healthy
black ash trees were selected for use in the expeti with six of the Manchurian and
five of the black ash in turn randomly selectethéareated with MeJA, and the
remaining trees left untreated. MeJA was applieaerously on 29 July 2014 following
methods similar to those of Whitehill et al. (2014)100 mM MeJA solution with 0.01%
Tween 20 (v:v) in DI HO was applied to runoff directly to all reachahblefaces (i.e.
trunk, branches, stems, leaves) using foam brugtieBminary experimentation
demonstrated that the 1 M MeJA concentration uged/bitehill et al. (2014) was
phytotoxic to our trees (denoted by extensive phibeowning and tissue death) and that
a 100 mM MeJA concentration appeared to be enaugidtice defenses with no
obvious phytotoxicity. Experimental controls wemgrged at the same time with 0.01%
v:v Tween 20 in DI HO. Three days later, on 1 August 2014, three @ lfikanches from
MeJA-treated and control trees were pruned fronh ¢é@e, flash frozen in liquid Nand
transported back to the lab at Wright State Unitxerghere they were stored at -80°C
until extractions were performed. Phloem tissue evadrom branches with a sterile
razor directly into liquid N, ground using a mortar and pestle, and partitidgoetifferent

extracts.

5.2.2 Analytical Equipment and Reagents

LOX activity assays were performed in 1 mL quadzettes (Fisher Scientific)
and measured in a Spectréhiéenesy8” UV/Visible Spectrophotometer. All other
enzyme activities were assayed using standard rbattdmed 96-well polystyrene

microplates (BD Bioscience, Billerica, MA) with alsbance read using a SpectraMAX
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190 microplate reader (Molecular Devices, Sunnyv@k). A Bio-Rad (Hercules, CA)
mini PROTEAN® 3 system was used for electrophoretic separafipnotein.
Polyvinylpolypyrrolidone (PVPP; 25 um average patisize) was purchased from The
Vintner Vault (Paso Robles, CA). Ascorbate, dithreitol (DTT),
ethylenediaminetetraacetic acid (EDTA), sodium dgtlsulfate (SDS), and phenol were
purchased from Fisher Scientific (Fair Lawn, NJadord assay dye concentrate was
purchased from BioRad (Hercules, CA). All othergesats were purchased from Sigma

(St. Louis, MO).

5.2.3 Extractions and Protein, Phenolic, and H>O, Estimations

Ash phloem tissue contains high levels of phenmimpounds and extracted
protein is routinely of reduced quality (presumathle to quinone- and ROS-generation).
Intensive preliminary experimentation with the gohéxtracting high quality protein
resulted in a slightly adjusted procedure from thesicribed by Cipollini et al. (2011).
Ground tissue was extracted in buffer (50 mM Na;PAOnM each ascorbate, DTT,
EDTA, and phenylmethylsulfonyl fluoride [PMSF], 7B¥PP, pH 7.0) for 1 hratal gto
5 mL ratio. Tubes were then centrifuged at 2,§@06r 10 min, the supernatant transferred
to fresh tubes, and centrifuged again at 7@y 10 min. Supernatant was acetone-
precipitated and centrifuged at 16,apat 0°C for 15 min, the supernatant decanted, and
protein pellets allowed to dry in a fume hood f6r3D min. Pellets were then re-
suspended in assay buffer (50 mM sodium phosppgit&.8) and all steps were
performed at 2°C unless otherwise noted. The ptHegextraction buffer was chosen in

order to be as similar as possible to the pH of¢hguspension buffer without
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compromising the polyphenol-adsorbing propertieB\PP, as this is compromised at
pH values above 7.0 (Makkar et al., 1995). The pthe re-suspension buffer was
chosen so that it more closely reflected the presupiH of EAB midguts based on the
reliance of EAB on trypsins (Mittapalli et al., 2)land for consistency with other
studies (Rigsby et al. 2015). Protein was estimatedrding to Bradford (1976) using
bovine serum albumin as standard. Water extracts prepared similarly except that
Milli-Q H 20 was used in place of buffer and there was nmaegprecipitation step.
Water extract from a biological replicate was pemtied into four 1.5 mL tubes, two of
which were placed directly at -20°C (designatedotidized” extracts, even though some
unavoidable, low level of phenolic oxidation likedgcurred during processing) and the
other tubes were vortexed and allowed to oxidizerimght at 25°C before storage at -
20°C (designated “oxidized” extracts). Methanolragtions and phenolic concentration
estimations were performed according to Cipollirele (2011). Tissue #D- levels were

guantified as described by Junglee et al. (201#h)gusl and a standard curve obGb.

5.24 Defense-Associated Enzyme Activities

Protein extracts were used to assay the activigyl oxidative and other defense-
associated enzymes. The activity of LOX was quectibccording to Guo et al. (2012),
using linoleic acid as substrateds nm= 23,000 M cnt?). The activity of CHI was
guantified using chitin azure as substrate (PedRegages and Lopez-Romero, 1991) in a
reaction mixture consisting of 20 pL extract an@ 9& substrate suspension. Chitin
azure was chosen rather than phatrophenyts-N-acetylglucosaminide employed by

Whitehill et al. (2014) because this nitrophengkkd substrate is more specifically an
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exochitinase substrate whereas chitin azure isra general CHI substrat@-

glucosidase activity was assayed ugngtrophenyl$-glucopyranosidepNBG) (Konno

et al., 1999) and oleuropein as substrates. Fdattez, the release of glucose was
measured as in Siemens and Mitchell-Olds (1998pG was used as a substrate to assay
for generaPG activity using a nitrophenyl-linked substrate jethwas also used by
Konno et al. (1999). Oleuropein was chosen bectuissecoiridoid is found in both ash
species, and this compound and fikglucosidase enzyme are part of the two-component
defense system in privet (Konno et al. 1999) ancedSpadafora et al. 2008). PPO
activity was quantified according to Cipollini dt €011) using caffeic acid and catechol
as substrates. Caffeic acid was chosen so thatveeRPO activities of black and
Manchurian ash could be compared to the relatitigities reported by Cipollini et al.
(2011) and Whitehill et al. (2014). Catechol wadiaadnally used because preliminary
experiments determined that this was a supericstgate to caffeic acid for ash PPOs.
POX activity was quantified by following the co-astion of phenol and 4-
aminoantipyrine (Carvalho et al., 2006), the oxigapolymerization of oleuropein at
485 nm (absorption peak determined by preliminapgeementation), and the oxidative
polymerization of the monolignol analog syringalida&z(Lee et al., 2007). Preliminary
experimentation (data not shown) showed that phangdlguaiacol (used in past studies)
were equivalent substrates for POX. Oleuropein wgasl as a substrate for POX to
discern whether this compound found in ash couldrbacceptable substrate for POXs.
Syringaldazine was chosen because it is commomly tesinfer lignin polymerization
capacity of POXs and laccases. Laccase activityalgmstested with syringaldazine

(Sollai et al., 2008) to assess any potential oblesh PPOs in monolignol
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polymerization. For all defense-associated enzyctigity assays, samples were
compared to a control reaction with protein extraplaced with buffer. For simplicity
and comparability, enzyme assays and substratekiahn extinction coefficients are not
available or standards were not used (CHI, PPOP&d activities), one unit of activity
was defined as the change in absorbance of 0.08L{@/hr/mg; PPO and POX =
U/min/mg) and only the linear portion of the cunfethe change in absorbance was used

to approximate activity.

5.25 Zymogram Analyses of Functional Protein Expression

The native PAGE system of Laemmli (1970) was ueetketect functional
proteins. Protein extracts (30 pg) were separdt2d@V (constant voltage) in 0.75 mm
thick, 5% stacking and 10% resolving gels, equalied in cold assay buffer for 20 min,
and rinsed with DI EO before staining. The method of Kwon et al. (1924F used to
identify BG enzymes using esculin and ferric chloride. Tihecpdure was chosen
because it is more economical than using a fluergssubstrate (i.e.
methylumbellypheryB-D-glucoside) and esculin is a coumarin found ithddack and
Manchurian ash, though at greater levels in blatk RPO enzymes were detected
according to Marri et al. (2003) using catechol pmhenylenediamine, which was
added to the substrate solution because it is tfical®e agent that prolonged
substantially the staining intensity so that imagesld be taken. POXs were identified
using guaiacol according to Camillo et al. (2038pbenylenediamine was also added to
this substrate solution for the same reasons)adgitional zymogram was performed to

identify unique ash POX isozymes using a 4% stackimd 6% resolving gel. The
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purpose of this PAGE was to identify individual P@¥zymes, and therefore wells were
completely filled with protein extract in orderagshieve the maximum amount of
staining intensity (i.e. different wells were loddsith different amounts of protein). This
was done to achieve improved staining intensitybfack ash isozymes since they
stained much more lightly than Manchurian ash isezyin the initial gel. Tl staining
was performed according to Broadway (1993) usingriotrypsin, acetyl-
phenylalaning3-naphthyl-ester (APNE) and Fast Blue B salt. Afiimining, the solution
was decanted, the gels rinsed in DOKland images were taken immediately. ImageJ
software (NIH) was used to examine gel images sessdifferences in staining intensity

of bands.

5.2.6 Protein Cross-Linking Assays

The ability of unoxidized water extracts to crosgclproteins was determined by
investigating shifts in mobility of soybean trypsinhibitor (STI) bands in SDS-PAGE
gels using methods modified from Leatham et al8(3d%nd Konno et al. (1999). The
STl standard that was used in these experimentst ia pure product and includes higher
molecular weight peptides. The need for a purifisstein was not critical, however, as
the objective of the assay was to note the incteas®aring of any peptide bands and
the formation of high molecular weight polymers iotiized at gel interfaces that do

not appear in control lanes.

Protein cross-linking mediated by PPOs was examfyeatixing 250 pL of 3 mg/mL

STl in assay buffer and 200 pL unoxidized waterazttat 25°C. Protein cross-linking
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mediated by POXs was examined similarly exceptihat 30% HO, was added to the
reaction volume (4.8 mM #D). A 40 pL aliquot of reaction mixture was remo\atd
designated time points chosen by preliminary expenitation (PPO =0, 1, 3, and 9 hr;
POX =0, 15, 30 min, and 1 hr), subjected to etgatioretic separation, and stained with
Coomassie blue. Water extracts used in these asgagsrom control trees that were

diluted with Milli-Q H20 to normalize phenolic concentrations.

5.2.7 Sourceof Tl Activity and Quantification

Tl activity against bovine trypsin of methanolof®in, and oxidized and
unoxidized water extracts was quantified usingB¥nzoyloL-Arginine-p-Nitroanilide
(BApNA) (Paulillo et al., 2012). A standard curve oflSffas used to express activity as
g STI equivalents per mg protein (protein extiaotgper mg phenolics (all other
extracts). Preliminary experiments showed that amethused in methanol extracts did

not inhibit bovine trypsin activity.

5.2.8 Statistical analyses

Outliers were identified via the Dixon test usthg ‘Outliers’ package in R
(Komsta, 2011), and were removed (one biologigalicate removed for CHI activity).
Response variables were tested for normality usiSgapiro-Wilk normality test. The
significance of main effects of species and MeJdugation, and their interaction on the
activity of enzymes were assessela two-way analysis of variance. In all cases,
statistical significance was indicated doy 0.05. All analyses were performed in R (R
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Core Team, 2015). Statistical analyses were ndbpeed on the TI activity of oxidized
water extracts due to the relatively small valuecdted as well as the data being

severely zero-inflated.

53 RESULTS

5.31 H0:Leves

There was no effect of species £&= 0.008, P = 0.931) onJd: levels, but
MeJA (R23= 14.166, P = 0.002) increased levels by rougPtyid both species, where
control black and Manchurian tissue contained 2&%3 and 285.4 + 3.5 nmoles/g FW,
respectively, and MeJA-treated black and Manchuasigintissue contained 299.9 + 2.3
and 300.8 £ 3.5 nmoles/g FW, respectively. There m@aspecies x treatment interaction

for H2O: levels (k3= 0.014, P = 0.907).

5.3.2 LOX, CHI, BG, and PPO Activitiesand Native PAGE

The activity of LOX was significantly affected byth species and MeJA, while
their interaction was not significant. Control avidJA-treated black ash (1.39 £ 0.16 and
1.85 + 0.22 umoles/min/mg, respectively) were lotha@n control and MeJA-treated
Manchurian ash (2.60 £ 0.19 and 3.30 £ 0.15 pmwoiegig, respectively). CHRG,
and PPO activities were also higher in Manchuremtblack ash, regardless of
substrate, but MeJA had no effect on their acésifiTables 5.1 and 5.2). Native PAGE

staining revealed only orf&s enzyme in both species with the same electropibore

151



mobility and the pattern of staining intensity eefled enzyme activities (gels not shown).
Two PPO bands were detected in PAGE of both blabkr@atments, but no clear bands
could be distinguished in the Manchurian ash sasplewever, the Manchurian ash
lanes were more heavily stained with PPO actiwtgrall than the lanes containing black
ash extract (Figure 5.1A) as evidenced by Imagalysis, concurring with enzyme
activity data (control and treated black and cdritftanchurian ash lanes had 52%, 58%,

and 90% of the staining intensity of the treatechbhaurian ash lane, respectively).

5.3.3 POX Activitiesand | sozymes

Expression of POX activity was substantially greateManchurian than black
ash extracts with all three substrates; MeJA hadffext (Tables 5.1 and 5.3). The POX-
stained 10% acrylamide gel revealed only one djsishable POX band in each of the
extracts, and the staining intensity of the bamdlected activity assays (Figure 5.1B) as
evidenced by ImageJ analysis (control and treaesckland control Manchurian lanes
had roughly 47%, 59%, and 86% of the staining isitgrof the treated Manchurian ash
lane, respectively). The black ash enzyme appdaredgrate farther, but distinct
iIsozymes were not detected in either species sng#l. Zymogram staining using a 6%
acrylamide gel revealed at least three distinct R€@Xymes within each species, but no

isozymes unique to either species could be detéEigdre 5.1C).

5.34 PPO-and POX-Mediated Protein Cross-Linking Activities of Water Extracts
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PPO-mediated protein cross-linking was simildbath species (Figure 5.2A)
with respect to both the time course and the infgon$the cross-linking. There was
slight cross-linking in extracts of both specieeathree hours, but cross-linking was
most evident at nine hours, as evidenced by thedton of a band of cross-linked
protein just below the interface of the stacking asolving gels, as well as general
smearing of protein within the lane. The majorityP@ X-mediated protein cross-linking
for both species took place within the first 15 r(figure 5.2B). Manchurian ash extract
cross-linked the STI standard much more intensgelp the black ash extract, as
evidenced by the appearance of a band of protehreattacking gel interface that did not
even migrate into the stacking gel. This band wadetectable in the black ash lanes. As
detected in the PPO-mediated cross-linking gegradlof cross-linked protein migrated
just into the resolving gel and was roughly of slene intensity for both species in the

POX-mediated cross-linking reactions.

5.3.5 Source, Species Differences, and Induction Effectson TI Activity

No TI activity was detected in protein extractpbfoem tissue (Table 5.4) and
no proteins with TI activity were detected withimaetPAGE staining (data not shown).
The TI activity of methanol extracts was usuallg thghest of all extracts on a per mg
phenolic basis (Table 5.4). Tl activity of methaegtracts was not affected by species
(F123=2.610, P = 0.124), MeJA {kz= 0.260, P = 0.616), or their interaction §k=
1.780, P = 0.199). Tl activity of unoxidized waétracts, however, did differ between
species (E23= 18.500, P < 0.001), with the magnitude of tHéedence influenced by

MeJA induction as evidenced by a species x treatmesraction (k3= 5.680, P =
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0.028), coupled with no main effect of the MeJAatreent (k23 = 2.440, P = 0.136).
Overall, Tl Activity was about 2x higher in unoxaéid water extracts of Manchurian than
black ash (Table 5.4). Furthermore application e induced 69% higher levels of Tl
activity in Manchurian ash, but had no effect oadklash (Table 5.4). Tl activity was
negligible in oxidized water extracts, with roughigif of the biological replicates of

each species/treatment group expressing no actanty the rest of the biological

replicates expressing activity that was barely ctatde (Table 5.4).

54  DISCUSSION

Manchurian ash is far more resistant to EAB thiamiost closely related North
America congener black ash (Herms, 2015). Howegwenious studies have found that
these species share remarkably similar phloem picgrofiles (Whitehill et al., 2012;
2014; Chakraborty et al., 2014) and that drougtttaed changes in phenolic profiles are
not related to susceptibility (Chakraborty et 2014). Furthermore, EAB larvae feeding
on hosts that differ substantially in their pheagirofiles (i.e. white, green, and
Manchurian ash) showed no differences in the d&s/of major detoxification enzymes
(Rigsby et al., 2015). Collectively, these pattesnggest that variation in EAB resistance
of Manchurian and North American ashes is not dugifterences in their respective
phenolic profileper se. Furthermore, Rigsby et al. (2015) observed ti#d® Earvae
feeding on Manchurian ash had greater activitiemntibxidant and quinone-protective
enzymes. In this study, therefore, we focused erattivity of oxidative and other
defense-associated enzymes as potential resistagrteanisms that differentiate

Manchurian and black ash.
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We found substantially higher POX activities infdaurian ash protein extracts,
as well as higher activities of CHI(5, and PPO, although we did not detect unique
functional isozyme expression between these spémiesy of the measured enzymes.
LOX activity was also higher in Manchurian ash, amteased with MeJA treatment, as
did phloem HO: levels. Manchurian ash had considerably greatet-R@diated protein
cross-linking activity, and both species inhibitegpsin activityvia phenolics rather than
with proteinaceous trypsin inhibitors. Oxidativeiaation of phenolics is thought to
substantially enhance their activity as anti-hesbevdefenses (Appel, 1993) and the rapid
oxidation of phenolics associated with higher okmtaenzyme activity in Manchurian
ash, and greater MeJA inducibility of LOX and®d, could explain the higher activities
of antioxidant and quinone-protective enzymes oBH#&vae feeding on this host
(Rigsby et al., 2015). Coupled with the antinudntl effects of oxidized phenolics
(Appel 1993), this quinone and ROS stress, mediayaukidative enzyme, could explain
why Manchurian ash is much more resistant to EAd thlack ash, despite their very
similar phenolic content and profiles. Responsesach of these enzymes are detailed

below.

Protein extracts from Manchurian ash phloem exgg@substantially higher POX
activities than black ash extracts, and theserdiffees were mirrored in native PAGE
staining intensity (Figure 5.1B). These differenagse not observed in previous studies
with ash (Cipollini et al. 2011; Whitehill et al024), perhaps because those assays were
carried out at a slightly acidic pH rather than Iblasic pH used in this study, which was
used because EAB relies heavily on trypsins fotginadigestion (Mittapalli et al. 2010)

which have basic pH optima. Preliminary experiméd&a not shown) demonstrated
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that POX activities were greatest at more basicartd, that species differences were not
detectable at neutral or acidic pH. Interestinglythree isozymes detected were
expressed in both species, indicating no differemedunctional expression of POX
isozymes. It is clear that Manchurian ash is ablealymerize phenolic substrates
substantially faster than black ash on a per mtgeprdasis. What remains unclear is
whether these differences are driven by POX enzymaatity or efficiency, which
warrants further studies in species comparisoi®JX isozyme expression, substrate

specificity, and enzyme kinetics.

Lignin has been shown to reduce larval surviva growth ofDendroctonus
micans in a dose-dependent manner in Norway spruce dkd §pruce (Wainhouse et al.
1990), and of the weewissodes strobi (Coleoptera: Curculionidae) in Sitka spruce
(Whitehill, et al 2015). We found that the rateR§dX-catalyzed monolignol radical
formation and polymerization was more than an oodenagnitude greater in
Manchurian ash than in black ash extracts. Thigastg that lignin could accumulate
much faster in Manchurian ash in response to ldeetdding. Furthermore, the lack of
detectable laccase activity in these extracts sigdkat the contribution of non-POX
oxidases to monolignol polymerization is negligibled that differences in monolignol
polymerization are almost exclusively POX-mediatagnin decreased the growth of
EAB larvae in artificial diet (Whitehill et al. 2@) and lignification is a critical process in
wound periderm formation (Ginzberg, 2008), whickesisidered to be an important
defense of trees against wood-borers (Muilenbudgtéerms, 2012). Contrary to past
studies that found no difference in constitutiggmin concentration of Manchurian and

black ash bark (Cipollini et al. 2011; Whitehillat 2014), our findings support past
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observations of substantially faster tissue brogrind callus formation in Manchurian
ash relative to susceptible species in responE&Bfeeding (authors’ personal

observations).

We also observed higher PPO activities in Manamrurelative to black ash
extracts, regardless of substrate, which couldaexphe more rapid browning rates of
water extracts in this species reported by Cipioditral. (2011). This, coupled with the
findings of Rigsby et al. (2015) that larvae fegdan Manchurian ash had higlegtho-
guinone reductase activities than those feedingusceptible species, indicate that PPO-
mediated quinone production is stronger in Man@ruash than in susceptible ash
species. Increased PPO activity and quinone pramuoften contributes to increased
herbivore resistance with increased mortality aecrelased performance for many
insects (e.g. Bhonwong et al. 2009). As was the eath ash POXs, differences in ash
PPO activity required a basic pH in order to beeobesd, which is likely why species
differences were not detected in previous studi#sq(lini et al., 2011; Whitehill et al.,

2014).

POX-mediated protein cross-linking was also mudnanntense in Manchurian
ash than in black ash extracts, suggesting that-R@iated oxidative damage to
biomolecules (e.g. proteins) is a putative defensehanism that may be important in
resistance to EAB. Protein cross-linking not ordgiuces the dietary quality of protein
for herbivores (Felton et al., 1992), but enharnthescross-linking of structural
components and generates impenetrable barriepgatbogens (Dowd, 1994). If feeding
by EAB larvae on Manchurian ash results in a casohdPOX-mediated monolignol,

phenolic, and protein cross-linking, as suggestedur data, it would explain the slow
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growth and rapid encapsulation by callus of larfeseling on Manchurian ash.
Interestingly, PPO-mediated cross-linking did natywbetween species, which was
unexpected due to the significantly higher actiaty?PO in Manchurian protein

extracts.

We also detected higher activities of CBig, and LOX in Manchurian relative to
black ash extracts. Olive appears to employ CHbs ri@sistance mechanism to fruit flies
(Corrado et al. 2012), and the same defensive mesthanay be operative in ash.
Expression offG activity and staining intensity of this proteimsvhigher for
Manchurian than black ash. This enzyme could clsaeeiridoid glycosides that occur
in ash, such as oleuropein and verbascoside (Eylkas 2007; Cipollini et al., 2011,
Whitehill et al., 2012) to form toxic aglycones,@urs for oleuropein in privet (Konno
et al., 1999). Higher levels of verbascoside, alsaridoid glycoside, were induced in ash
by application of MeJA, and verbascoside mortalit}AB larvae, in a dose-dependent
manner, when incorporated in artificial diets (Vehitl et al., 2014). LOX activity was
also greater for Manchurian than black ash, whsatonsistent with the higher
expression of a LOX gene in Manchurian ash relatvelack and green ash reported by
Bai et al. (2011). LOX is often induced in plantsherbivores, and can decrease their
performance (e.g. Hildebrand et al., 1986). Thegased activity of the enzyme may also

contribute to increased oxidative stress in EABdarwhen feeding on Manchurian ash.

Tl activity was only detected reliably in methaaold unoxidized water extracts,
suggesting that unoxidized phenolics were largesponsible for the activity. Phenolic
compounds can act as protease inhibitors (e.g.v&radt al., 2012), although most

studies have focused on proteinaceous proteadstonisi(e.g. Broadway 1993; Cipollini
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and Bergelson 2000), which we did not detect ihezispecies. Plant secondary
metabolites generally act as non-competitive inbiki(Shahwar et al., 2012; 2013), and
ash phenolics may act in this way. Protein crass#ig also probably results in protein
denaturation and inhibition of enzymes, includingsins. Ultimately, the similarity in
constitutive phenolic-based TI activity between tilve species indicates that trypsin
inhibition does not explain the large differenceesistance between them. However,
Whitehill et al. (2014) reported that the additmfrsoybean trypsin inhibitor to artificial
diet decreased survival and performance of EABa@rso it is clear that larvae are
susceptible to trypsin inhibition and that trypsihibition likely plays some role as a

general defense mechanism.

Whitehill et al. (2014) found that applicationldEJA enhanced resistance of
black ash and other susceptible ash species to Baigr than to increase phloerns®d
levels and LOX activity of both species and Tl @ityiin in Manchurian ash, MeJA had
little effect on enzyme activities in this studgrpaps because the concentration we
applied was too low to induce greater activitiesl/ar because there was not adequate
time for induced responses to occur prior to haimg®f tissues. kD, has several
functions in stressed plants, including acting aka@rt-distance defense induction signal
in responses to pathogen and herbivore attackl{evine et al., 1994; Cheeseman, 2007,

Peiffer et al., 2009).

Finally, it is important to emphasize that theyene activities reported in this
study are the first to be quantified at a pH tkanbre reflective of the putative
physiological pH of EAB midguts (Rigsby et al., B)1Extensive preliminary

experimentation revealed that the activities arttdve@®AGE staining profiles of several

159



enzymes for these two species became indistingulsloamce the pH approached neutral
and became acidic (data not shown), which was lthaged in past studies (i.e. pH 6.8;
Cipollini et al., 2011; Whitehill et al., 2014). @&rticular note was POX activity, which
was essentially identical between species. In mxidib increased protein quality in our
extracts, the examination of enzyme activities iel@vant pH improved our ability to

detect differences among species.

In summary, Manchurian and black ash are phylaysaiky closely related and
share very similar phloem phenolic profiles, yetidiaurian ash is much more resistant
to EAB. The results of this study are consisterthwhe hypothesis that the higher
resistance of Manchurian ash results from the greattivities of oxidation and defense-
associated enzymes. Furthermore, these result®asestent with the observations of
Rigsby et al. (2015) that EAB larvae experience mgreater oxidative stress when
feeding on Manchurian ash than when feeding onepiidde species. Higher activities
of POX enzymes in Manchurian ash may contributeA® resistanceia cross-linking
of phenolics, monolignols, and proteins, thus desireg nutritive quality of the host.
Lipoxygenase, CHIBG, and PPO activities were also much higher in Marnian ash.
Variation in rate and intensity of phenolic metaswl may thus be a more important
determinant of EAB resistance than qualitative goantitative variation in phenolic

profiles.
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Table5.1. Results of two-way ANOVA analysis of the effectspiecies, MeJA
treatment, and their interaction on the activitype$ayed enzyme activities. # denotes
F,22) for CHI activity as one outlier was removed frame dataset. Bold F and P-values

indicate significant effects.

Enzyme Substrate Factor Fa23 P
LOX Linoleic Acid Species 54.22  <0.001
MeJA 10.88 0.004
Species x MeJA 0.493 0.491
CHI* Chitin Azure Species 6.555 0.019
MeJA 1.447 0.245
Species x MeJA 0.000 0.990
BG PNPG Species 5.016 0.037
MeJA 0.231 0.637
Species x MeJA 0.082 0.778
Oleuropein Species 6.496 0.023
MeJA 0.642 0.436
Species x MeJA 0.183 0.675
PPO Catechol Species 8.822 0.009
MeJA 1.115 0.307
Species x MeJA 0.883 0.361
Caffeic Acid Species 13.957 0.002
MeJA 2.567 0.128
Species x MeJA 0.626 0.439
POX Phenol Species 37.687 <0.001
MeJA 0.726 0.405
Species x MeJA 0.017 0.899
Oleuropein Species 25.810 <0.001
MeJA 0.150 0.704
Species x MeJA 0.180 0.677
Syringaldazine Species 27.761 <0.001
MeJA 0.148 0.707

Species x MeJA 0.020 0.889

171



Table5.2. Mean activity (= 1 SE) of defense-related enzylmespecies. CHI activity is
presented as U/hr/mfG activity is presented as nmols/min/mg, and PR®igcis

presented as U/min/mgNBG = p-nitrophenylf-glucopyranoside.

Enzyme
CHI BG PPO
Chitin Azure pNBG Oleuropein Catechol Caffeic Acid
Black 3.0(0.29) 0.08 (0.010) 4.2(0.3) 22.3(4.0) 3.8 (0.9)

Manchurian 4.8 (0.52) 0.11 (0.006) 5.8 (0.5) 44.6 (5.9) 10.5 (1.5)
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Table 5.3. Mean activity (= 1 SE) of POX is presented as W/mig using three

substrates: Phenol, oleuropein, and syringaldazine.

POX Activity
Phenol Oleuropein  Syringaldazine
Black 17.7 (4.8) 30.7 (4.6) 83.9 (14.5)

Manchurian 82.7 (9.0) 206.4 (34.4) 1,115.3 (175.1)
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Table5.4. Mean (= 1 SE) soybean trypsin inhibitor-equivalactivity of phloem
extracts from different species/treatment combametti Activity of protein extracts is
expressed per mg protein while all other extractseapressed per mg gallic acid-

equivalent phenolics.

TI Activity
Protein  Methanol Water Extracts
Extracts Extracts  Unoxidized Oxidized
Control Black 0 117.6(8.3) 42.1(9.5) 19.6 (4.2)
Treated Black 0 96.4 (15.2) 33.3(6.0) 7.0(4.6)
Control Manchurian 0 85.8(9.4) 61.0(16.5) 4.5(4.5)
Treated Manchurian 0 93.4(9.6) 103.5(9.1) 9.5(4.5)
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B (POX-10%) C (POX-6%)
BC BT MC BC BT MC

Figure5.1. (A) Polyacrylamide gel stained with catechol @aghenylenediamine to
detect PPO activity. Distinct bands are only eviderblack ash lanes (arrowheads)
though staining intensity of lanes reflects relatalues from PPO spectrophotometric
activity measurements. Control and treated blackcamtrol Manchurian ash lanes had
52%, 58%, and 90% of the staining intensity ofttieated Manchurian ash lane,
respectively. (B, C) Polyacrylamide gel stainedwgtiaiacol using 10% (B) and 6% (C)
resolving gels to detect POX activity. Arrowheaddicate bands of activity (B) and
individual isoenzymes (C). The staining intensityontrol and treated black and control
Manchurian ash lanes had roughly 47%, 59%, and &a¥e staining intensity of the
treated Manchurian ash lane, respectively (B). Baek ash controls, BT= MeJA-
treated black ash, MC= Manchurian ash controls,NMid MeJA-treated Manchurian

ash.
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A (PPO-Mediated)

1 2 3 4 5 6 78 9

Figure5.2. (A) PPO-mediated cross-linking of soybean trypshibitor (STI) through
time. Lane 1: STI standard at 9 hrs, lanes 2-kkoesh, lanes 6-9 Manchurian ash, lanes
2 and 6: 0 hrs, lanes 3 and 7: 1 hrs, lanes 4 aBdh&, and lanes 5 and 9: 9 hrs. (B)
POX-mediated cross-linking of soybean trypsin iitbibthrough time. Lane 1: STI
standard + KOz at 1 hr, lanes 2-5: black ash, lanes 6-9: Manehnuaish, lanes 2 and 6: 0
min, lanes 3 and 7: 15 min, lanes 4 and 8: 30 faives 5 and 9: 1 hr. Arrows indicate the

formation of bands of cross-linked protein.
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6 AFFECT OF GIRDLING MANCHURIAN ASH ON PERFORANCE AND
SURVIVAL OF EMERALD ASH BORER LARVAE AND ASSOCIATED

PHYSIOLOGICAL CHANGESTO BARK TISSUE

6.1 INTRODUCTION

Emerald ash borer (EABAgrilus planipennis (Coleoptera: Buprestidae), is a
devastating pest of ashr@xinus spp.) in North America where it has killed mill®of
forest and landscape trees since its discover®2 ZHerms and McCullough 2013). If
left unchecked, the EAB infestation in North Amermould result in the elimination of
an entire genus from the continent. Buprestid pafpais are generally thought to be
bottom-up controlled by the availability of susdbfg hosts (Muilenburg and Herms
2012; Herms and McCullough 2014). Furthermore réhatively low rates of success of
biocontrol programs dictates that multiple apprascto pest management and host
conservation must be pursued. For example, thecéssful” and “controlled” rate of
biocontrol agent releases combined is roughly 3é¥invasive forest pest and 9% per
biocontrol agent released in Canada since 1882 Quarie et al. 2016). The fact that
native North American ashes experience high meytedtes when planted in China (Wei
et al. 2004; Liu et al. 2007) in the presence ofired enemies lends credence to this
hypothesis and suggests that introduced biocoagehts will likely not prevent

widespread ash mortality in North America (Hermd 8tcCullough 2014). However,
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ash species that share an evolutionary histotty BB such as Manchurian agh (
mandschurica) express relatively high levels of resistance @keét al. 2008; Whitehill
et al. 2012) and provide a reservoir of resistagerees that could be introgressed into

North American ashes (Herms and McCullough 2014).

Putative resistance mechanisms of resistant asthiesphave been difficult to
elucidate, but recently certain chemical compouwfdaterest and defense-associated,
enzyme-catalyzed processes have been identifiedpfiloem phenolic chemistry of
Manchurian ash and its most closely-related NomieAcan congener which is highly
susceptible to EAB, black ash.(nigra), are remarkably similar (Whitehill et al. 2012;
Chakraborty et al. 2014). However, the phenolic goumds verbascoside (Whitehill et
al. 2012), oleuropein (Whitehill et al. 2014), gridoresinol and its derivatives
(Chakraborty et al. 2014) are of interest as theayeteither been found in higher
concentrations in Manchurian ash or concentratiocreased in induced trees.
Additionally, larvae fed on Manchurian ash haveatge enzyme activities and functional
expression of antioxidant and quinone-protectiveyares than those fed on white (
americana) and green ash-( pennsylvanica) (Rigsby et al. 2015). Furthermore, host
defense-associated activities and functional esprasof oxidative and defense-
associated enzymes reported by Rigsby etraRéview) support earlier results, showing
that Manchurian ash had significantly higher lipgagase (LOX), polyphenol oxidase
(PPO), protein cross-linking, and especially pestage (POX) activities than black ash
(F. nigra). Together these studies suggest that the resestagchanisms of this co-
evolved species are associated with not only therskary metabolites, but theirvivo

pro-oxidant activity.
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Verbascoside and oleuropein are structurally sinphenylpropanoid glycosides
(secoiridoids), and both have reported proteins:timking and/or insecticidal activities
(Konno et al. 1998; 1999; Mufioz et al. 2013; Whitedt al. 2014). Bark verbascoside
concentrations were consistently increased upohyhgtsmonate (MeJA) application in
common garden experiments and had deleterioustefd@darvae in artificial diet assays
(Whitehill et al. 2014). Oleuropein was found agjistly greater concentrations in
Manchurian ash than black ash (Whitehill et al. 20nd has been shown to be an
excellent substrate for Manchurian ash POX ugtlcosidasefiG) enzymes relative to
black ash enzymes (Rigsby et al. 2014; Rigsby.éh&eview). Alternatively,
pinoresinol derivatives are unique to Manchuriam @8hitehill et al. 2012) or
accumulate to a greater degree in Manchurian ashitnaesponse to EAB attack than
black ash (Chakraborty et al. 2014). Ultimately bHark phenolic profiles of Manchurian
and black ash are remarkably similar despite tiposite resistance phenotypes of these
species, but the importance of bark phenolics @3triikely stems from their
involvement in enzyme-catalyzed reactions (i.edaton into reactive, pro-oxidant

qguinones), and (2) their usefulness as potentmhharkers of resistance.

Of primary interest are reactions mediated by asé$ and other defense-
associated enzymes such as POX and PPO since taedirg on Manchurian ash show
signs of quinone and oxidative stress (Rigsby.e2@l5). Investigations into oxidase
reactions and activities have revealed significaecies differences in phylogenetically
and chemically similar ash species with opposisestance phenotypes (Rigsby etlal.

Review; D.N. Showalter, Unplublished Data). Other studiage detected few qualitative
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differences in phloem phenolic profiles, but sel/preenolic species are thought to

potentially influence resistance such as verbadedhitehill et al. 2014),

In this study we attempted to build on previousknavestigating host resistance
mechanisms (Rigsby et &h Review) and insect counter-adaptations (Rigsby et al5p01
We attempted to isolate putatively-important fastiorresistance by compromising the
defense mechanisms of the resistant Manchuriaaraglcomparing them to Manchurian
trees where defenses were not compromised (igdledivs. not girdled trees). We
guantified bark phenolic compounds, with partic@tention to oleuropein, pinoresinol,
and pinoresinol derivatives. In addition, we quigedi defense-associated and monolignol
synthesis enzymatic activities, nutritional atttés) oxidative damage, and POX-
mediated cross-linking activities of host barkussOur hypothesis was that these
putative defense mechanisms will be attenuateddteg trees, allowing for their further
identification, as well as increases in survival @erformance of larvae inoculated on

girdled hosts.

6.2 METHODS

6.2.1 Girdling, Inoculating, Harvesting, and Processing of Treesand Larvae

The same ash common garden described by Rigshly (Bt Review) was used in
this study. Briefly, the planting consisted of 2&nthurian cv. ‘Mancana’ ash and 24
black ash cv. ‘Fallgold’, established in April 20ai.The Ohio State University’s Ohio
Agricultural Research and Development Center (OARDGNooster, OH. Trees were
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planted in a randomized complete block design withe blocks with 16 trees per block
(eight of each species). Trees were obtained asyfar-old bare root saplings from
Bailey Nurseries, Inc. (St. Paul, MN) and were apgpnately the same size in May 2014
at the time of experimentation. Eleven Manchurisim tiees that had not previously been
girdled were selected for experiments in this stdige of these were left as controls and
six were girdled. To girdle, a 3 cm section of Bphtoem tissue directly below the first
branch line was removed, which took place approtetg® months prior to inoculating
trees with EAB larvae. Epicormic sprouts were reatbfrom the base of the tree

whenever they appeared.

EAB eggs were used to inoculate similarly to Clipoand Rigsby (2015). Ten
eggs were cut from the coffee filter in which tivegre laid (obtained by personnel at the
USDA-APHIS-PPQ EAB rearing facility in Brighton, Mand glued to a sheet of
Parafilm using non-toxic EImers glue with the filséde facing the Parafilm. Three strips
(30 eggs) were then attached to the trunk of angixee below the girdle (girdled trees)
or below the first branch (control trees) on 24¢R015. Larvae were allowed to hatch,
bore into the tree, and develop in trees for sirkse After six weeks post-estimated
hatch date, trees were cut at the soil line andsplan a cooler containing water so that
logs would not dry out. Logs were transported toaghtr State University where they
were stored in this manner for less than 48 hrgslwere debarked and phloem tissue
around larval galleries was immediately placeddoitd N, ground into a powder,
weighed, placed in individual 50 mL conical tubasd stored at -8C until required.

Additionally, larvae were extracted and larval sualand mass were recorded. Each
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larva was considered a technical replicate anidmaiae were pooled from a single host

tree and considered a biological replicate.

6.2.2 Equipment, Reagents, and Protein Concentration Estimation

Round-bottomed 96-well polystyrene plates usedpactrophotometric enzyme
activity assays (BD Bioscience, Billerica, MA) agdantified using a SpectraMAX 190
microplate reader (Molecular Devices, Sunnyvale).@ABio-Rad (Hercules, CA) mini
PROTEAN® 3 system was used for SDS-PAGE. Images of gels taien using a
FUJIFilm Las-3000. Purified oleuropein (98%) andgyesinol (98%) standards used in
UPLC analysis was purchased from Sigma (St. L&d@) and Apin Chemicals (Milton,
UK), respectively, and all reagents used were HBta&dle. Protein was estimated using
concentrated Bradford reagent purchased from Bb{Ra&rcules, CA) and bovine
serum albumin (Sigma) as standard. HPLC grade mellaad acetic acid were
purchased from Fisher Scientific (Pittsburg, PA)).cher reagents were purchased from

Sigma.

Quantification of known and unknown phenolic compds was performed using
a Waters Acquity H-class 1200 series ultra higligserance liquid chromatograph
(UPLC) equipped with a temperature-controlled aanasler, and a photodiode array
detector (PDA) (Waters, Milford, MA). Separationtbe analytes was carried out on an
Acquity BEH C18 2.1x100 mm column, 1.7 um partdi@meter (Waters). Liquid
chromatography-diode array detection-mass spectrgriesC-DAD/MS) was employed

to identify pinoresinol derivatives and confirm mtepein and pinoresinol identity and
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separation was performed using an Agilent 129MityflUPLC system (Agilent
Technologies, Inc, Santa Clara, CA) and metabolter® detected with an Agilent 1260
DAD in line with a hybrid Triple Quadrupole/lon paMS QTRAP 5500 from AB Sciex

(Framingham, MA).

6.2.3 Metabolite Extractions, Identification, and Quantification

Phenolics were extracted following the methodgyiés et al. (2007). Ground
bark tissue (100 mg) was extracted for 24 hrs,dwét 2C in 500 pL HPLC-grade
methanol containing 500 pg/mL butylated hydroxyal@gBHA) as an internal standard.
The two extracts were then pooled into a fresimiL.5microcentrifuge tube and stored at

-20°C until analysis.

The autosampler and column temperatures werd 8étand 50 °C, respectively,
and the injection volume was 0.8 pL. The binary iteophase consisted of 0.1% acetic
acid in water (solvent A), and 0.1% acetic acidniethanol (Solvent B), with a flow rate
of 0.5 mL/min. Total run time was 11.14 min. Thédwing linear gradient [cumulative
run time (min), % solvent A] was used: 0.0, 95.0;01 85.0; 3.97, 70.0; 4.53, 60.0; 5.67,
40.0; 6,23, 10.0; 6.80, 0.0; 7.03, 95.0; 11.14093.he scanning range was 210-400 nm.
Data acquisition was performed using the Empowssf8vare (Waters), and peak areas
at 280 nm were integrated using the apex-trackrgihgn. Minimum detectable peak area
was set to 11,000 peak area units, and peak aeschbfcompound was corrected by
dividing it by the peak area of the internal staxdd&inoresinol and oleuropein were

identified using retention time and UV spectral ohass to authentic standards, and
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guantified using standard calibration curves. Rasmrol derivatives, identified as
described below, were quantified as pinoresinohedents. Six-point and seven-point
standard curves @R> 0.999) and relative standard error (< 3.2) vggneerated for
oleuropein and pinoresinol, respectively. In badndard curves, three technical
replicates were averaged for each concentratiomnBare consistency, standards and
samples were run in the same session. Sample =parere quantified only if their
peak area fell within the linear range of detecamid peak areas were converted to mg/g
FW. Unknown phenolic compounds were quantifiedésrnal standard-equivalent peak
area.

The same column, instrumental conditions and tigeadient used in the Waters
UPLC analyses were used for the LC-DAD/MS idendifion of pinoresinol, pinoresinol
derivatives, and oleuropein and a 0.8 pL phenaoticaet sample from a pool of samples
was injected. First, UV spectral data were recoffdeah 210 to 400 nm at a sampling
rate of 5 Hz with phenolic compounds being deteete2BO nm. Then, metabolites were
detected through the mass spectrometer using tiaine ion mode. MS parameters
values, including curtain gas (30 psi), ionizat{db00 V), temperature (550°C),
nebulizer gas (60 psi), heating gas (60 psi), sioli activated dissociation (high),
declustering potential (80 eV), and entrance pak(0 eV) were kept constant for the
different surveys. The enhanced full-scan (EMSyesymwas conducted for masses
ranging from 100 to 1,00@vVz with a collision energy of 10 eV and a scan rdt&0y000
(m/2)/s. Information dependent acquisition (IDA) wagdi$o obtain MS/MS spectra with
a scan range from 100 to 1,00x. IDA threshold was set up at 500,000 cps, and a

dynamic exclusion was set to 10 s after two appeasin order to permit the detection
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of co-eluting substances. Once a metabolite wageati@ IDA threshold, after EMS
survey, its exact mass was determined by enhaesetution (ER) survey at a scan rate
of 250 fw2)/s. In the meantime, the MS/MS spectrum of thepaumd was accessed by
enhanced product ion (EPI) survey using a collignargy of 60 eV and a collision
energy spread of 30 eV. The EPI scan rate waspsat 10,000r(Vz)/s. Both UV spectral
and mass spectrometry data were acquired and gextesing Analyst 1.6.1 software.
Spectral match and multi-level fragmentation padervere used to identify pinoresinol
derivatives and confirm oleuropein and pinoresidehtity (Chakraborty et al. 2014)
(Table 6.1). Retention times and PDA data of idex@ticompounds were then compared

with the Waters UPLC chromatogram, to match theesponding peak.

6.2.4 Bark Tissue Protein Extractions and Defense-Associated Enzyme Assays

The bark protein extraction procedure describeRiggby et al.lfy Review) was
modified slightly. Briefly, 2 g powder tissue wastected at ZC for 1 hr in extraction
buffer (50 mM Na-P@ pH 6.5, 10% [v:v] glycerol, 7% [w:v] PVPP,10 mpA
mercaptoethanol, and 1 mM each L-ascorbate, EDARMSF; PMSF was added
immediately prior to extractions and every houth® extraction buffer as required).
Homogenates were then centrifuged at 29@02C for 10 min, the supernatant
transferred to fresh tubes, centrifuged again@dg at 2C for 20 min, and the
supernatant was acetone precipitated. Proteintpeliere then resuspended in 20% of the
volume and these extracts were used for enzymétgicssays. Protein concentrations
were immediately estimateda the Bradford (1976) method using bovine serumraibu

and extracts were then stored at®@0The slightly acidic pH of the extraction buffeas

185



chosen because PVPP is more effective at binditygppenols at acidic pH (Makkar et

al. 1995).

The activities of CHIBG, and PPO were quantified as described by Rigshly e
(In Review) using chitin azureNAbsszs/hr/mg), p-nitrophenylB-glucopyranosidesgos =
18.5 mM! cntl), and catechokgoo = 3,450 M' cnT?) as substrates, respectively. POX
activity was quantified with guaiacalsgo= 26.6 mM! cntt) (Cipollini et al. 2011) and
syringaldazinegszo = 27 mM?! cn1l) (Rigsby et alln Review). The capacity of host
protein extracts to synthesize lignin monomers gueemtified by assaying the activity of
coniferyl aldehyde dehydrogenase (CAD; a key enzintkee monolignol synthesis
pathway) by monitoring the conversion of conifemidehyde €200= 6.27 mM! cn1?) to
coniferyl alcohol (Mansell et al. 1974). BrieflyQ pLL protein extract and 100 pL
coniferyl aldehyde solution (in PAB; 500 uM finarecentration) were allowed to
incubate at 3T for 2 min, then the reaction was initiated with|5. NADPH solution
(in Milli-Q H20; 750 uM final concentration) and the decreassbsorbance at 400 nm
was followed for 5 min. Enzyme activities were natimed on both a per mg protein and

a per g fresh weight (FW) basis.

6.2.5 Bark Nutritional Attributes, Oxidative Damage, and Protein Cross-Linking

Activity

Tissue powder (100 mg) was extracted on ice forih 500 pL 50 mM Na-P©O
buffer (pH 8.0) with 5% PVPP. The 10,00@ supernatant was used to estimate glucose

concentratiorvia the glucose quantification procedure describe&ibynens and
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Mitchell-Olds (1998) and the Bradford (1976) aseap used to estimate protein
concentrations. Total soluble sugars and starclke estimated using the
spectrophotometric protocol described by Hill e(2012) using concentrated$; and
phenol. Conjugated dienes were quantified in a@mwrd with Summers and Felton
(1994) by extracting 100 mg bark tissue in 1 mL ¢hlbroform:methanol and recording
the absorbance of the supernataspis 29,500 M cntl). Total protein disulfidesegzo =
13,600 M! cnT!) contents were also quantified according to Sursraad Felton (1994)
using the same 10,000psupernatant that was used for glucose and protein

concentration assays.

The cross-linking activity of ash extracts waseased using a modified method to
that described by Rigsby et din Review). A 1 mL volume of buffer (50 mM Na-RPO
pH 8.0) containing 1 mg/mL purified soybean trypsihibitor (STI) and 5 mM kO-
was used to extract 100 mg of powdered tissueséatiples). A volume was immediately
removed (0 hrs) and reacted with SDS-sample bafidrheated to 96 for 5 min, then
placed on ice. Another volume was removed aftensZzahd also prepared for SDS-PAGE
via the same procedure. A parallel reaction solutias warried through the procedure
containing no host material as an additional cdrf@@nd 2 hrs), and 15 pg of protein
from each reaction solution was separated in SIES(§&6 stacking, 15% resolving).

Protein cross-linking was denoted as describediggidy et al. kn Review).

6.2.6 Statistical Analyses
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A logistic regression was used to assess theteaffeqirdling treatment on the
proportion of surviving larvae and a linear regi@ssvas used to assess the girdling
treatment on the endpoint mass of surviving lardaetest was used to test the effect of
girdling host enzymatic activities, nutritionalrdtutes, and markers of oxidative damage
in addition to the concentrations of pinoresinad #s derivitives and oleuropein.
Principal components analysis (PCA) was performegltenolic profiles to using the
internal standard-equivalent peak areas of chrognamo peaks. Data were confirmed
normal and outliers were identified and removeadgshe Shapiro-Wilk normality and
Dixon tests, respectively (‘Outliers’ package in(Rbmsta 2011). All statistics were

performed in R (R Core Team 2016).

6.3 RESULTS

6.3.1 Survival and Performance of L arvae

Larval survival increased by approximately 57% wimatulated below the
girdle of girdled trees (37% surviving), which waasignificant increase from controls
(16% surviving) £= 3.339,P < 0.001). Additionally, larval performance incredsas the
mean mass of surviving larvae (13.63 + 1.60 mg) nwaghly 63% greater than that of
surviving larvae from control trees (5.09 £ 1.78)mghich was statistically significant (

= 3.407,P = 0.014) (Figure 6.1).

6.3.2 Phenolic Metabolites and Profiles
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A total of 40 individual peaks were identified tway of UPLC-PDA (Table 6.2).
However, no clustering of treatment groups wasdetein PCA ordination of phenolic
profiles (Figure 6.2). Oleuropein, pinoresinol, and pinoresinol derivatives
(pinoresinol hexoside and pinoresinol derivativeAye identified from extracts, but
there were no differences in tissue levels of drthese metabolites (P > 0.05) (Table

6.3).

6.3.3 Activity of Host Defense-Associated Enzymes

The girdling treatment had a significant effect@l activity on a per mg protein
with activity being higher in girdled trees (Tal@el), but was not affected on a per g FW
basis (Table 6.5). The activities @ and PPO were not significantly affected by
girdling regardless of how activities were normatiZ Tables 6.4 and 6.5). Girdling had a
significant effect on POX activities quantified mgiboth substrates on a per mg protein
basis (Table 6.4), but only when using syringaldezin a per g FW basis (Table 6.5).
No effect of girdling was detected when quantifyP@X activity using guaiacol on a per
g FW basis (Table 6.5). Finally, CAD activity wagrsficantly increased in girdled than
in control host extracts on both a per mg proteid per g FW basis (Tables 6.4 and 6.5,

respecitvely).

6.3.4 Nutritional Attributes, Oxidative Damage, and Protein Cross-Linking

Activity of Bark
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Tissue glucose levels were significantly increasegirdled host extracts than in
extracts of controls while there were no girdlirifigets on total soluble sugar levels
(Table 6.6). However, both total starch and totatgin levels were significantly
decreased in girdled relative to control trees ([@#&b6). Concentrations of conjugated
dienes were not affected by girdling treatmentugiolevels were slightly higher in
controls (Table 6.6). Protein disulfide concentmas were also not significantly affected
by girdling on a per g FW basis but were highegindled host extracts on a per mg
protein basis (Table 6.6). Additionally, there wgamlitative differences in the POX-
mediated cross-linking activities between treatrsamtd protein appeared to cross-link to

the same extent (data not shown).

6.4 DISCUSSION

The purpose of this study was to further iderttify resistance mechanisms of
Manchurian ash to EAB by directly inoculating hbgland compromised hosts
girdling. We were able to show that girdling resuit the approximate doubling of larval
survival and performance. We were unable to detedffect of girdling on the tissue
levels of the putatively important phenolic metatesl pinoresinol, pinoresinol A,
pinoresinol B, and oleuropein and we were also lentmbdetect major phenolic profile
differences by treatment. The activities of severalymes including CHI, POX, and
CAD were increased by girdling on a per mg protesis, but these differences were no
longer detected when activities were expressedmer g FW basis, save for
syringaldazine-POX and CAD activities. Tissue ghketevels were significantly

increased by girdling, but girdling did not afféctal sugar levels and significantly
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decreased tissue starch and protein levels. Addiliyy tissue disulfide levels were not
affected by girdling, but disulfide levels per m@igin were significantly increased by

girdling.

It is not surprising that girdling Manchurian asisults in increased survival and
performance for EAB larvae as this insect infegtaddand dying trees in its native range
in Asia (Wei et al. 2004; Liu et al. 2007; Barari@v et a. 2008). However, we have
observed that larvae that have fed on Manchuribngsiled or not, are still
substantially smaller with fewer survivors tharvke that have fed on susceptible North
American species (e.g. Muilenburg et al. 2011; Bygst al. 2015; Author’s unpublished
data). We hypothesized that girdling the main teuokthese trees would result in the
defenses of the tree to be compromised and thisdvadow for increased survival and
performance of larvae. However, we were unablested clear evidence that putative
mechanisms of resistance (i.e. PPO- and POX-melptenolic oxidation,
polymerization, pro-oxidant activities, and reaetoxygen species [ROS] generation)
were compromised in girdled trees. This could iatidhat though conditions of the host
have been altered to allow for increased larvatess, the basic structure of Manchurian

defenses are still functioning.

Several enzyme activities were increased by gigdin a per mg protein basis,
but when normalized on a per g FW basis most dietswwere not differentiable by
treatment, save for syringaldazine-POX and CADvéas. CAD is not a defense-
associated enzynper se, but it is an important enzyme in the monoligngitbesis
pathway where it catalyzes the conversion of cinylaatdehydes to alcohols that are

monomeric precursors of lignin (Trabucco et al.20The increased activity of CAD on
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both a per mg protein and per g FW basis indidht@sthese trees are likely responding
to the girdle wound which is typically reported &ythors assessing CAD activity and
expression and lignin deposition in wounded pléHtswvkins and Boudet 2003; Deflorio
et al. 2011; Cheng et al. 2013; Choi et al. 2008)nchurian ash has a very strong wound
healing response and most Manchurian ashes thagirdied one season are able to
completely heal the girdle over with callus tistyethe next growing season (author’s
personal observation). In the lignin synthesis waththe activity of syringaldazine-POX
represents the final step of monolignol oxidatigpyntaneous polymerization into lignin,
and lignin deposition (e.g. Quiroga et al. 2000) BOX gene expression also typically
increases in due to wounding or pathogen infedigog. Deflorio et al. 2011). This
activity was also significantly greater in girdlzdes than controls on both a per mg
protein and per g FW basis. With both control aindlegd trees being inoculated (and
therefore having live, actively feeding larvae)stimdicates that the plant could be
targeting wound healing rather than larval encaigu with the increased activity of

CAD and syringaldazine-POX.

Reductions in bark starch levels in girdled treefow the girdle are typically
reported (e.g. Li et al. 2003; Maier et al. 2010) ave detected an approximately 27%
reduction in available starch in girdled trees. &&» found increased glucose levels but
a lack of difference in bark soluble sugar levedsaeen control and girdled trees. One
possible explanation for these findings is thadlgu trees are mobilizing their starch
reserves, equilibrating sugar levels for metabplaresses and utilizing glucose for
primary metabolism below the girdle. Jordan andibl§b996) reported this process in

peach trees, where the mobilization of carbohydra&tow the girdle was used to
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maintain soluble sugar content below the girdle.Wdeld hypothesize that once starch
resources are exhausted trees would no longerlbembse those reserves as a sugar

source and glucose and sugar levels would begiledrease as well.

We could find no other studies reporting redudiontotal soluble protein levels
below a girdle, but these findings could also bel@xed the reduction in resources
below the girdle. Bark tissue contains decreaseeldeof nitrogen during the growing
season (Wildhagen et al. 2010) and though protgithssis does occur in the phloem
tissue of angiosperms (Lin et al. 2009; Ham andakw2013), phloem protein essentially
adheres to traditional “source/sink” dynamics ma#eher et al. 1992). It is conceivable
that phloem tissue further away from the canopicglfy acts as a protein and nitrogen
sink and without access to protein, amino acidd,ratmogen from sources above the
girdle, these resources would eventually diminidtis reduction in protein levels, not
only total protein but also damaged protein asciai@id by total disulfides/mg protein,
also demonstrates that increases in defense-atesbelazyme activities on a per mg
protein basis are, for the most part, canceledgpueductions in protein when
normalized on a per g FW basis. Because of thiga¢awould be experiencing
essentially the same levels of host defenses pssge consumed in both control and

girdled trees.

It is clear that without changes in phloem phenptifiles or levels of specific
metabolites between Manchurian and black ash (\WHiet al. 2012; Chakraborty et al.
2014) or between girdled and control Manchuriareagthis study), direct toxicity of
phloem phenolics and phenolic composition doesaotribute to interspecific variation

in resistance and does not appear to contributerspecific variation in resistance in
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Manchurian ash. We detected few differences inrdefeassociated enzyme activities
between treatments on a per g FW basis which gldatinguished Manchurian and
black ash in past experiments (Rigsby etraReview). These findings suggest that
reductions in host defenses in stressed and wedké¢aerchurian ash were not
contributing to increased larval survival and perfance in these experiments. Rather,
increased survival and performance appears todweiased with other physiological
changes to the host tissue. However, we were umaliited evidence for a specific
mechanism for increased larval success. While geidevels in host tissue were
significantly increased by girdling, total sugaréés were unchanged, and starch and
protein levels decreased. Together, this wouldsoggest that increased nutritional
guality of tissue, allowing for larvae to accessogrces that allow them to overcome host

defenses, would be occurring.

One factor that we did not address in these exjyaeris, however, was the relative
levels of ROS of the host tissue. ROS accumulggpecifically HO>) typically occurs
at and around wound sites in plants and can fumetsoa signal for the expression of
defense-associated genes (Orozco-Cardenas eDal. @heeseman 2007) and there is a
reasonable expectation that®4 will accumulate near larval feeding and girdlesit
There is indirect evidence of this as catalasei#gof larvae feeding on Manchurian ash
was significantly greater than that of larvae fegdin white and green ash (Rigsby et al.
2015). Catalase is responsible for the degradafié#O> to H.O and its increased
activity in Manchurian-fed larvae suggests greatedative stress due to:B- in these
larvae. If host tissue 2D levels or HO. generation were decreased or impaired in some

way by girdling, it would represent the removakddignificant hurdle for larvae to
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overcome. One interesting observation that hasrrimen explained is the substantially
greater tissue levels of tyramine in Manchurianrasditive to North American ashes

(Hill et al. 2012). Tyramine could have a role taypin H:O. generation as it could be a
substrate for monoamine oxidases and its oxidatiaud produce KO- (e.g. Zhang et

al. 2012). If tyramine is in fact used to genetdi®:; it is possible that girdling could
result in the depletion of this resource as welt,this hypothesis would certainly need to

be addressed.

To summarize, we hypothesized that girdling wattdnuate putative host
defenses and allow for increased larval survivdl performance. We were able to
successfully increase larval survival and perforceaon Manchurian ash by way of
girdling and inoculating larvae on host tissue fbetbe girdle. However, phloem
phenolic chemistry was not significantly affectetul@alefense-associated enzyme and
protein cross-linking activities were not substaltyidifferent on a per g FW basis.
Furthermore, the nutritional quality of phloem tislid not appear to change for the
benefit of larvae. These data suggest that meamg)other than a girdle-produced
reduction in defense levels are responsible fare®eed larval success. Future research
should address other potential mechanisms ofeigased larval success in girdled

Manchurian ash such as a reduction in tissue R@3sland/or ROS generation.
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Table 6.1. Chromatographic, UV, and mass-spectral data afrofgein, pinoresinol and

two pinoresinol derivatives isolated from phloenfoéxinus mandschurica.

Ejrilfoe% RT [M=H]~ Main fragmentswz? Amax (nm)  Assigned identity

18 4.718 357 151.1; 136.1; 91.9; 162.2 226,276 or@sinol hexoside

26 5.526 357 151.1; 136.1; 91.9; 162.2 228,278 oie@sinol derivative B
377.2; 307.2; 275.2; 403.1; .

36 6.020 539 121.0: 139.0 232, 280 Oleuropein

38 6.184 357 151.1; 136.1; 91.9; 162.2 276 Pinnatsi

! peak numbers correspond to the numeration repinrf€able 6.22 Main fragments are reported in
order of decreasing abundance; RT = Retention (ime)
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Table 6.2 Chromatographic and UV data of all phenolic comptsuisolated from

phloem offFraxinus mandschurica. RT = retention time (min) and (sh) = shoulder.

Peak number RT Amax (Nm)

1 2.080 279

2 2.465 290 (sh), 334
3 2.648 221, 275

4 2.721 221, 275

5 2.943 224,290 (sh), 334
6 3.054 257

7 3.175 224, 290 (sh), 334
8 3.228 279

9 3.458 255, 299

10 3.517 219, 265

11 3.582 232, 346

12 3.744 325

13 3.891 231, 325

14 4.045 292,334

15 4.180 267

16 4.221 266

17 4.451 250, 325

18 4.718 226, 276

19 4.781 284

20 4.900 221, 273

21 5.013 277

22 5.098 279

23 5.168 229, 315 (sh)
24 5.219 220, 248 (sh), 328
25 5.439 223,324

26 5.526 228, 278

27 5.620 296 (sh), 329
28 5.665 285 (sh), 329
29 5.700 279

30 5.744 219, 248 (sh), 328
31 5.795 266, 324

32 5.837 286 (sh), 328
33 5.864 330

34 5.907 282 (sh), 328
35 5.954 280 (sh), 327
36° 6.020 232, 280

37 6.077 278

38 6.184 276

39 6.315 225, 248 (sh)
40 6.369 231, 280 (sh)

!ldentified as pinoresinol hexosididentified as pinoresinol derivative
B; 3ldentified as oleuropeirjdentified as pinoresinol
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Table 6.3. Mean (= 1 SE) Manchurian ash bark tissue levelsutdtively important

phenolic metabolites (mg/g FW) by treatment.

Metabolite Levels (mg/g FW)
Pinoresinol  Pinoresinol
Treatment Hexoside Derivative B Pinoresinol Oleuropein

Control 1.67 (0.29) 4.55 (0.20) 0.53 (0.06) 3.88 (0.58)
Girdled 1.80 (0.14) 4.67 (0.26) 0.44 (0.04) 3.46 (0.27)
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Table 6.4. Mean (+ 1 SE) activities of CHBG, PPO, POX (both substrates) and CAD of

control and girdled Manchurian ash on a per mgegandtasis with results d¢ftests { and

P values).
Activity (mg protein)

Enzyme  Substrate (Units) Control Girdled t P
CHI Chitin Azure AAbssz5hr/) 1.59 (0.14) 3.72(0.57) 2.964 0.018
BG Oleuropein (umoles/min/) 11.03 (1.57) 15.60 (1.971..757 0.113
PPO Catechol (umoles/min/) 1.61 (0.40) 1.78 (0.3®).252 0.807
POX Guaiacol (umoles/min/) 16.43 (1.80) 33.38(2.51) 268. <0.001

Syringaldazine (umoles/min/) 130.95 (52.38) 878ZBU.09) 2.838 0.019
CAD Coniferyl Alcohol (pmoles/min/) 0.43 (0.06) 2.1028) 4.924 0.001
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Table6.5. Mean (x 1 SE) activities of CHBG, PPO, POX (both substrates) and CAD of

control and girdled Manchurian ash on a per mgegandtasis with results d¢ftests { and

P values).
Activity (g FW)

Enzyme  Substrate (Units) Control Girdled t P
CHI Chitin Azure AAbsszs/hr/) 2.69 (0.42) 4.36 (0.95) 0.060 0.954
BG Oleuropein (umoles/min/) 20.04 (3.26) 17.79 (2.650.102 0.921
PPO Catechol (umoles/min/) 2.77 (0.33) 2.16 (0.660.256 0.804
POX Guaiacol (umoles/min/) 28.31 (3.11) 38.43 (5.38) 820. 0.102

Syringaldazine (Lmoles/min/) 303.74 (113.59) 1,887323.51) 2.199 0.056
CAD Coniferyl Alcohol (pmoles/min/) 0.71 (0.11) 2.4937) 3.732 0.006
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Table 6.6. Mean (= 1 SE) Manchurian ash bark tissue levelufose, soluble sugars,
starch, soluble protein, conjugated dienes, arad tisulfide bonds by treatment with
results oft-tests { and P values). Total disulfide bond levels ares@néed on both a per g

FW and a per mg protein basis.

Substance Units Control Girdled t P
Glucose mg/g FW 5.61 (0.54) 8.87 (1.09) 2.516 0.033
Sugars mg/g FW 69.52 (4.30) 67.28 (4.92) 0.335 ®.74
Starch mg/g FW 147.23 (9.13) 107.95(7.06) 3.46100D.
Protein mg/g FW 1.65 (0.16) 1.13(0.11) 2.728 0.023
Dienes mmoles/g FW 0.72 (0.07) 0.53(0.09) 1.614 0.141
Disulfides mmoles/g FW 0.31 (0.05) 0.43(0.08) 1.229 0.250
mmoles/mg protein 0.20 (0.03) 0.41 (0.08) 2.237 5P.0
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Figure 6.1. Mean proportion of surviving larvae (+ 1 SE) afiterubation period

(primary y-axis, dark gray bars) and mean endpoeds of surviving larvae in mg (x 1
SE; secondary y-axis, light gray bars) by treatngeotip. Different letters indicate
significant differences. Treatment effects on prtipa surviving larvae was analyzed via
a logistic regression and treatment effects on eimdlpnass of surviving larvae was

analyzed by way of atest.
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Figure6.2. The first (x-axis) and second (y-axis) principafrgonents of a PCA model
fit to bark phenolic profiles of control and girdi®élanchurian ash, explaining 30.1% and
28.2% of the variation in phenolic profiles, regpely. Open squares are control and

closed squares are girdled trees.
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7 CONCLUSIONSAND SUGGESTIONS FOR FUTURE RESEARCH

7.1 INTERSPECIFIC VARIATION IN ANTIXENOSISAND MECHANISMS

The primary goal of this research was to furtkdentify and characterize the
mechanisms of antibiosis as well as to shed light@aential antixenosis mechanisms of
Manchurian ash. In chapter 1 (Rigsby et al. 20d4)demonstrated a clear ovipositional
preference of emerald ash borer (EAB) adult fem@esrds susceptible native North
American hosts over the co-evolved, resistant Mariah ash. Along with the finding
that EAB adults prefer to feed on these same stibte®posts over Manchurian ash
(Pureswaran and Poland 2009), these data are sivggbat an antixenosis mechanism
could be actively expressed in resistant speciaix@nosis mechanisms can be
expressed via olfactory, tactile, gustatory, ouglscues (Smith 2005), however, since it
is believed that olfaction is likely the most imfaont for long-range host-finding for
herbivorous insects (Bernays and Chapman 199Qhapter 2 we focused on the
differential emissions of volatile organic compoarfff OCs) between black and
Manchurian ash. We found that the VOC profileshefse two species, unlike bark
phenolic profiles, are extraordinarily unique ahdugh several individual compounds
were differentially emitted by species from the @ayand bark, few individual
compounds stood out. However, a handful of antéyaative compounds were

differentially emitted by species.

211



Relatively little research has attempted to diyeatidress putative antixenosis
mechanisms of ash to EAB and therefore this isdewpen and potentially fruitful area
of research. It is clear that resistant Manchuasim is much less preferred for host use by
EAB adults, but without a characterized mechani§antixenosis it is unclear as to
whether this non-preference stems from a traiheflant (i.e. antixenosis) or if non-
preference stems from the recognition by adultsMenchurian ash is a poorer quality
host for larvae. In this context, differential VQ@ofiling of resistant and susceptible
species should continue. In addition to this, dafaweter experiments could shed light on
the attractiveness of whole-profiles or individualatiles. Compounds found to be
differentially emitted by black and Manchurian astChapter 3 could be tested in
olfactometer assays to evaluate their attractaremellent activities. Furthermore, non-
volatile antixenotic mechanisms should be evalyatsgecially adult gustatory cues.
Existing data show that adult feeding and oviposéi hierarchies essentially mirror
each other, but no evidence exists that impliesusal relationship between adult feeding
and oviposition. Additionally, volatile compoundave been shown in several systems to
have roles in antibiosis and this is perhaps woothynvestigation. For example, cotton
emission of caryophyllene oxide inhibkliothis virescens larval growth (Stipanovic et

al. 1986).

72 MECHANISMSOF INTERSPECIFIC VARIATION IN ANTIBIOSIS

These studies were able to make significant grnd@ur understanding of
interspecific variation in antibiosis and the meaubes that drive this variation. We

clearly demonstrated in Chapter 5 (Rigsby elraReview) that relative to black ash,
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Manchurian ash is able to oxidize phenolic subssrand polymerize lignin monomers
significantly faster. The oxidation of phenolicsxdze problematic to insects for two
reasons: first, oxidized phenolics (i.e. quinorresct with biomolecules (Summers and
Felton 1994). For instance, quinones covalently bprotein, inhibiting their activity
and reducing their nutritional quality for the inséAppel 1993). Indeed, protein cross-
linking assays qualitatively showed that the POXdmaied protein cross-linking activity
of Manchurian ash is stronger than black ash. SHgptihe process of phenolic oxidation
can produce reactive oxygen species (ROS) thathesminitiate deleterious redox cycles
(Barbehenn 2002). For instance, the intermediatledrpolyphenol oxidase (PPO)-
catalyzed oxidation reaction is the phenolate itwctv can donate an electron to
molecular oxygen (&) to form the highly reactive superoxide anion catli0;) and in

the presence of hydrogen peroxide@g) can, in turn, form reactive hydroxyl radicals
(*OH). Hydroxyl radicals can oxidize biomoleculegk as lipids which will catalyze
self-perpetuating cycles of lipid oxidation (Bi aRdlton 1995). Without adequate
guinone-protective and antioxidant mechanisms ¢évqumt the deleterious effects of
guinone and ROS generation, damage to the midgusaecifically the peritrophic

matrix ensues, which can result in lesions andizlidamage (Barbehenn 2002).

Data from Chapter 4 (Rigsby et al. 2015) on thgspilogical responses of EAB
larvae to feeding on phenotypically different hostgpport the hypothesis that variation
in resistance phenotype can be explained by treegrability of Manchurian ash to
cause a quinone and oxidatively-stressful dietdorae than susceptible hosts.
Differences in other enzyme activities were detd¢eeg.p-glucosidase), however the

significantly higher activities and functional eggsion obrtho-quinone reductase
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QR), superoxide dismutase (SOD), catalase (CAT ghumathione reductase (GR) of
those larvae that fed on Manchurian ash relatitedse that fed on susceptible species
(white and green ash) are what stood out in thegeraments. Though direct measures of
oxidative stress were unable to be performed antherefore cannot speak to the levels
of damage and stress experienced by these latuae]ear that quinone-protective and
antioxidant mechanisms are induced to a much greatent in larvae feeding on
Manchurian ash. Thus, the conclusion that thesadaare under substantially greater
amounts of stress is supported by observationgtieahduction of quinone-protective
and antioxidant mechanisms is often reported iguration with increases in oxidative

stress (e.g. Micheal and Subramanyam 2013).

The two studies described above provide solidengd for linking the
interspecific variation in resistance to differesi@e the host’s ability to generate
guinones and oxidative stress. However, furtheestigation of ash oxidase enzymes and
genes are warranted. Our native PAGE experimeiiésl feo detect isozyme differences
between black and Manchurian ash, but this teclenegumnot differentiate increases in
staining intensity being due to greater amountsnafyme present in the gel from
increases due to enzyme efficiency. In order terdaine this, Manchurian and black ash
PPOs and POXs can be purified and thoroughly cteniaed (e.g. Michaelis-Menten
kinetics, isoelectric points, amino acid sequencegtal structures, phenolic substrate
affinities, etc.) and antibodies can be raisedresigurified ash oxidases and western
blots performed. The purpose of these experimeantgdibe to determine if Manchurian
oxidases are more active because there is simply emzyme present or increased

activity stems from more efficient enzymes. Infotima from these experiments can be
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directly applied to the genetic modification of oAmerican ashes for replanting

efforts. For example, the alteration of transcaptfactors can be performed so that PPOs
and POXs are overexpressed which would likely iaseeresistance in North American
species. As a notable example, transgBojmilus that overexpresses PPO has been
shown to more resistant to certain species of tggerans (Wang and Constabel 2004,
Barbehenn et al. 2007). Additionally, peroxidaseeageshould be identified and
characterized so that techniques like RNAI couldibed to assess the defensive function

of POXs in Manchurian ash.

7.3 MECHANISMSM OF INTRASPECIFIC VARIATION IN ANTIBIOSIS

Intraspecific variation in resistance, howevegvad to be more complicated than
interspecific resistance. The experiments for Céraptattempted to draw relationships
between larval success and host chemical and enbgsedl defenses as well as
nutritional factors of the bark tissue by inocuigtgirdled and control trees and
guantifying larval survivorship and performance faftunately no clear patterns
emerged for any of the factors that were quantifival differences were detected in bark
phenolic profiles and few differences were deteéteednzymatic defenses and
nutritional attributes. POX activities were sigodntly greater for girdled trees on a per
mg protein basis, but these differences were \lgt@diminated when activity was
expressed on a per g fresh weight (FW) basis. Whssbecause girdled tissue had
significantly lower levels of soluble protein thasulted in similar activities when they
were normalized on a per g FW basis. Glucose levets increased in girdled tree tissue

which could have been due to the mobilization afdt, which was reduced in girdled
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tree tissue, but total sugar levels were not dfierOne activity that remained
significantly increased in girdled tissue regardlesnormalization was that activity of
cinnamyl alcohol dehydrogenase (CAD) which conveitsamyl aldehyde to cinnamyl
alcohol immediately prior to polymerization intgtiin polymersia POX (Choi et al.
2016). However, the higher activity of this enzyooelld be interpreted as being
consistent with a wound healing response as oppodael a response towards the insect.
Manchurian ash, in fact, has a very strong wouradiing response as trees that were
girdled in the previous year had completely heahegt girdles the next year (personal

observation).

Addressing intraspecific variation in resistanaaf here will be more
complicated than interspecific variation becausi#s not appear to be as clearly
defined as interspecific variation. Two things that were not able to address in Chapter
5 were bark ROS-generatiomvivo and the physiological responses of larvae to fegdi
on girdled and control Manchurian ash. It is pdssibat though oxidase enzyme
activities were not significantly different by tte@ent, ROS generation by other
mechanisms may be inhibited by girdling. The folilogvis speculative, but | believe
these experiments actually warrant further invesimgs into tyramine. Bark tyramine
levels have been shown to be higher in Manchusartlaan susceptible species (Hill et
al. 2012) and the activity of monoamine oxidase ()Avas found to be significantly
greater in Manchurian ash-fed larvae relative teda that fed on susceptible species

(Rigsby et al. 2015).

There are three hypothesized defense-associatgtamems that tyramine can

have a major role: first, tyramine can be direttlyic to larvae, secondly, tyramine in ash
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bark tissue could be involved in the formation @fund periderm, and third, tyramine
itself could be a source for ROS-generation inntiégut of larvae as one of the products
of the oxidation of tyramine by MAO isJd®. (Holt et al. 1997). Girdling severs the
connection between the canopy and the lower pattedree, eliminating
photoassimilate transport and if the limited amaafritark nitrogen is mobilized and re-
allocated to protein and/or lignin synthesis atwloeind site, little to no nitrogen (in the
form of tyramine) would be available to serve aethsfve functionia one or more of
the three above hypotheses). Therefore, | suggdakef investigations into the potential
role of tyramine in the form of diet bioassays #uking for ash genes responsible for
incorporating tyramine into cell walls. Additiongllintraspecific variation in resistance
could also be explained by differences in volatigpenoid synthesis. Preliminary
experiments (Chapter 3) showed that bark VOC eomssivere substantially reduced
below the girdle of Manchurian ash. Constituentbark VOC profiles below the girdle
have yet to be identified but it is possible thextain volatiles could have roles in

antibiosis.

74  CONCLUSIONSFOR FUTURE RESEARCH FOCUS

From a more general perspective, while both anbges and antibiosis warrant
further investigation, | do believe that a partasutmphasis should be placed on
antibiosis. First, since the very definition of irdsis implies deleterious effects on the
herbivore (Smith 2005), the existence of antibiasighe North American landscape
would have the added benefit of increasing the rarrobtree-killed larvae and therefore

help reduce populations. It is also hypothesized tlatural selection cannot result in an
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organism that has both strong antibiosis and ambisis (Abrahamson and Weis 1997,
Mauricio et al. 1997; Wise et al. 2008). An organithat has evolved strong antixenosis
would therefore have no selection pressure fongtamtibiosis because relatively few
herbivores would choose to use it as a host. Ligewhere would be no selection for
individuals with strong antixenosis on those orgars already expressing strong
antibiosis because herbivores choosing to useptréitular host would have relatively
deleterious effects. Direct inoculation of larvaeManchurian ash shows that this
species displays formidable, but not complete &gib and therefore, while antixenosis
could certainly be contributing to resistance i@ North American landscape where no
antixenosis or antibiosis exists, | believe ansigas relatively more important than

antixenosis.
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