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ABSTRACT
Movement is one way herbivores respond to their host plant, yet the movement of yelativel
immobile insects has received little attention. We studied how the movement ang densit
apterous soybean aphids responds to a resistant soybean variety and diffgrerattges. In
Chapter One, we examined aphid movement both within and between soybean plaatseithat
in their resistance to aphids. Aphids on resistant plants had a wider dispersahthpgaesto
greater aphid movement. Consequently, aphids on resistant plants could move to neighboring
susceptible plants, thereby increasing their density. In Chapter Twogagured aphid density
and dispersal on resistant and susceptible plants when insects and plants wedetexpase
different temperatures. Here, movement behavior was affected by bothesiatdnce and
temperature. Moreover, temperature and plant resistance interacted tocaffyshid density.
Our results indicate the important role that movement can play in an herbivopseseso

plant resistance.
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RESISTANT PLANTSALTER THE MOVEMENT AND DISTRIBUTION
OF SOYBEAN APHIDS
Abstract
Herbivorous insects can move and distribute according to the quality of the plaatehey
on, and this behavior may help determine the effectiveness of resistant plamisuttuzal
systems. However, when an insect is normally considered sedentarys thierehiless known
about whether any movement behavior is important. We performed experiments torgeifeam
resistant soybean variety alters the movement and distribution, both withinteeeh@lants,
of the soybean aphifiphis glycines Matsumura (Hemiptera: Aphididae). We did this by
counting apterous (wingless) aphid populations on plant leaves of resistant and sesceptibl
soybean plants for several days. In individual plant tests, aphid distribution feasrdif
between susceptible and resistant soybeans, most notably aphids were quickly fthumd off
original leaf they were placed on when on resistant plants. Aphids were widakyudest
throughout resistant soybeans after a week, while aphids on susceptible pjactpstaarily
on their initial leaf of placement. Follow up experiments indicate that therelfte was
primarily based on the movement of individuals and not differential demography on various
plant parts. In experiments where aphids were able to walk from theil phétrd to an adjacent
plant there was a net movement of aphids off resistant plants and on to adjacenibéeisce
plants. Consequently, aphid populations on susceptible plants were higher when the plant was
adjacent to a resistant plant than when adjacent to another susceptible plarfectiod ef
resistant plants on aphid movement and distribution could lead to unintended side-effeats suc
greater spread of plant viruses, ineffective scouting practices, odadféeetiveness by

biological control agents.



Introduction

Herbivorous insects have a range of responses to a poor quality host plant. Common
responses to less desirable plants are to move to another part of the plant (Ho@a02j ar to
move off the plant entirely (Honek et al. 1998). However, insects that are riglanweobile
may be limited in their response options. Most research on insect movement has involved
relatively mobile insects that either have wings, such as harlequin bugiskieb and Collier
1987) or the capacity to frequent a number of host plants in a lifetime, such as the polyphageous
European tarnished plant bug (Hannunen and Ekbom 2002). However, relatively sedentary
herbivores likely also respond to host plant quality in some way, but studies invegtigatin
poor quality food affects their movement behavior are relatively scarce.

Aphids are an example of an herbivore where one species can be extremelyomobile
quite immobile, depending on wing dimorphism. Both winged (alate) and non-winged (apterous
aphids must spend a great deal of time actively feeding in order to attain suffitiegen from
their host plant (Wilkinson and Douglas 1995, Dixon 1998). Movement not only uses stored
energy but can also be extremely detrimental in terms of lost feedingSthaltz 1983, Nelson
2007). Moving can also place aphids at greater risk to predators (Schultz 1983, Loseyiand D
1998, Day et al. 2006) or to the environment if, for instance, high ground temperatursagscrea
the risk of death by desiccation (Roitberg and Myers 1979). Various situationgt@pinid
movement and dispersal. For instance, movement behaviors have been linked to predator
presence (Dixon 1958), plant age (Hodgson 1978, Fernandes et al. 2012), aphid age (Honek et al.
1998) and low levels of nutrients in the phloem ingested by aphids (Harrewijn 1978).

Soybean aphid#yphis glycines Matsumura (Hemiptera: Aphididae), make good subjects

for the study of movement behavior of a small, relatively immobile insect. Theecttomove
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off its host plant may carry extreme consequences for soybean aphids, in pasebafcthe

amount of time necessary for beneficial feeding to begin. Soybean aphidsnteasteraled

period of intracellular and intercellular probing with its stylet (Diaarténo et al 2007). One

study showed that, on average, it takes more than three hours for a soybean apbld to r

phloem of susceptible soybean (Diaz-Montano et al. 2007). Therefore, movement to anothe
plant could mean hours of lost feeding time. While the precise effect of lostddede on

soybean aphids is unknown, even one hour of lost feeding time in pea aphids, a relagigely lar
and more mobile aphid, has been linked to decreased weight and lower fecundity (Nelson 2007);
for pea aphids, reproduction was reduced by 9 percent for each day it was stapvedHour.

Soybean aphids may also be considered less mobile because of limited options for
defensive behavior if predators are encountered. Soybean aphids may refiekgesalstance
secreted by its cornicles when attacked, a response common to many apédsa(BuD'Neil
2006). Another study recorded body raising, kicking and body rotation when confronted by a
parasitoid (Wyckhuys et al. 2008), but the overall effectiveness of these belavioksown.

In comparison, pea aphids have a range of defensive behaviors, which include dropping from the
plant, kicking, and attacking with frontal horns (Roitberg et al. 1979, Villagra 20@2).

It is evident that the behavioral response of an aphid to actively search foranothe
feeding site carries a number of biological consequences, although these colkksb@woérall
harm to the aphid’s longevity or fecundity than eating a poor quality plant.

Soybean plants with resistance to soybean aphids were available for purgtiasners
in the United States starting in 2010 (Ragsdale et al. 2011). In this firsyweletloped
resistant soybean variety, resistance is due to a dominantRpeAgHill et al. 2006a, b, Kim et

al. 2010). Soybean aphids restrictedRégl resistant plants have a shorter lifespan, lower
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fecundity and longer development time (Li et al. 2004) which leads to much srpéliér a
populations than those kept on susceptible plants (e.g. Ghising 2011, Ghising et al. 2012).

Soybean aphid behavioral response to resistant plants is interesting sineehlaisams
behind soybean resistance are not clear. Generally speaking, both antixenostasisehave
been reported as categories of resistance in soybeans wRaghgene (Diaz-Montano et al.
2007), however, these categories are not easily distinguishable (Smith 2005). Anitilicsites
that the plant in some way affects the biology of the aphid, including changeandifgc
longevity and development time. Antixenosis, which indicates that the plant is of poty tpuali
the aphid, can result in a behavioral reaction, including movement on or off the plantZirantali
research suggests that in a choice environment with multiple varietiestitieution of soybean
aphids between and within plants may be influenced by the presence of resisttiss\(&lesler
and Dashiell 2007, 2008). However, it is unclear whether resistant soybeans g sacis
differences, and, if so, what behavioral or demographic mechanisms migtatgesueh
patterns.

Here, we quantify the distribution of aphids on resistant and susceptible plants in choice
and no-choice situations while also examining the mechanisms underlying ttiesgspdo
investigate how plant quality affects the distribution of this herbivore, we studibdaoaphids
on high and low quality soybean plants represented by two near-isogenic sanietie
susceptible and one resistant to soybean aphids. We first compared the within piantidis
on susceptible and resistant soybeans. We then quantified fecundity on different aesds
plant variety. This allowed us to determine whether distribution patterns were diffetent
reproduction and survival on various plant parts on susceptible and resistant plantweNext

compared movement of adult aphids on susceptible and resistant plants over 48 hours. This let us
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determine if the overall distributions could be caused by differential movememirether any
difference in movement was exhibited by the majority of the population or jest mdividuals.
We then examined the movement of aphids between plants of different quality andd¢icerde
resulting size of aphid populations per plant. This allowed us to answer the question of how
soybean aphid’s movement response may affect adjoining plants of different. ialitiscuss
what our patterns of movement and distribution may tell us about the mechanismancesis
soybeans and how aphid movement might impact population growth, biological contral effort
and virus transmission.
Materials and Methods

Study system

The soybean aphid was first detected in North America in 2000 (Ragsdal2Ga4)l
and is now considered the most important pest to soybean in North America (Ragstlale
2007). The U.S. population originated in Asia and as of 2009 it had spread to 30 states and 3
Canadian provinces (Ragsdale et al. 2011). The soybean aphid can cause yield los$@%oup t
in the U.S. (Ragsdale et al. 2007). North Dakota is one of the top producers of soybeans in the
United States, with 4.2 million acres planted in 2012 (USDA-National AgriculBiegistics
Service (NASS) 2012). Scouting for aphids in soybean fields is recommended in Nkoth Da
as far west as the Missouri River. In 2002 and 2003, fields with significantaitibes were
treated for soybean aphids (NDSU Extension Service 2004).

A soybean variety resistant to soybean aphids in the U.S. was first remo2@@#i (Hill
et al. 2004b), and a number of soybean genotypes are now known to show some level of
resistance to soybean aphid (Hill et al. 2004a, Diaz-Montano et al. 2006). The sqfudan a

resistant varieties available for purchase have a single dominaRagh (Resistance téphis
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glycines gene 1) that is known to impart resistance to soybean aphid (Hill et al. 2006a|d). Fi
studies suggest that biological control by soybean aphid parasitoids and natmiaberweild be
compromised when used in conjunction Wil soybeans (Chacon et al. 2008, Ghising 2011,
Ghising et al. 2012). There is some evidence that resistance confers lessaliuality for
soybean aphid (Chiozza et al. 2010). However, the mechanism of resistance to¢he smpytd
is still unclear, and there are few studies examining the influence stargsplants on soybean
aphid behavior. A better understanding of resistance mechanisms could helpraetermi
compatibility with natural enemies and predict differential spatialidigton, which is crucial
for controlling virus or pathogen spread.
Aphid colony

Soybean aphids were reared in a laboratory colony in the Department of Entomology,
North Dakota State University (Fargo, ND). The soybean aphids were ogginfécted from
soybean fields located at Prosper Agricultural Experimental Statrosg@&, ND), and had been
kept in culture for approximately 24 months before experiments began. The aphids were
maintained on a susceptible soybean line RG607RR in a wood and wire mesh cage 26+4°C, 60-
80% RHunder a L16:D8 photoperiodo maintain aphid colonies, older soybean plants
(vegetative stage V3-V4: three or four fully expanded first trifolisteghean growth stages are
described according to Fehr and Caviness 1@eére replaced with young soybean plants
(vegetative stage V1: fully expanded first trifoliate) every 4-5 d dependingaahlality.
Plants

The susceptible cultivar RG607RR and the resistant plant used in experimergarare
isogenic linesFor the resistant plant, soybean line Dwight was crossed with aasolybe

consisting of Loda crossed with Dowling (Brian Diers, University afdiis, Urbana-
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Champaign, IL); this resulted in the source forRagl gene, the soybean line LDXG04018-3.
Our susceptible plant, which is a common breeding line used in North Dakota, RG& ERR
then crossed with LDXG04018-3, the line which containedRttd gene. Three backcrossings
with the susceptible plant followed. This resulted in the resistant plant thatadieTiss
soybean line was tested in the field, in lab experiments using SSR markers, @@hhogse
screenings for resistance to soybean aphids (Hochalter 2009) and yidilriB, unpub. data).
The resistant plants were confirmed to be resistant using aphid growtkpeatarents
(Hochalter 2009) and confirmed to have Ragl gene using PCR (Ghising 2011).

All soybeans for experiments were grown in a greenhouse &fSD&-Agricultural
Research Service, Northern Crop Science Laboratory, Fargo, ND. Soybsamdneegrown in
the greenhouse @86C+4°C, 60-80% RHkinder a L16:D8 photoperiod, under high pressure
sodium lights, from May 2010 through September 2011. Plants were grown by planting two
seeds of each soybean lineliv2 x 10.2 cm plastic possid new plants were planted weekly.
All plants were thinned to one plant per pot before starting experinkdatds were potted in
commercial horticultural mix (Sunshine Mix LC1, Sun Gro Horticulture, VancoBY,

Effect of resistant plantson intraplant aphid distribution

We conducted a no-choice experiment to investigate the effect of soybeamnpesst
the intraplant distribution of soybean aphid. We evaluated the distribution of aphids onréach pa
of a single plant and calculated how the distribution changed off the original leatefr@nt
through time and the distribution throughout the plant at the end of the experiment. Swesceptibl
soybean plants were used as a control.

At the beginning of the experiment soybean plants were at vegetativé/atéudy

expanded unifoliate leaves and partially expanded first trifoliate leaves)aphids were placed
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on a marked unifoliate leaf of each susceptible and resistant plant using arineryst. A

random mix of late-stage nymphs and adults were used. Aphids were chosen basechtivesize
than age because differentiating between late-instar and adult apterousaaqlittisequire

every aphid in all experiments to be examined under a microscope to confirm an exéentded c
on adults (Hodgson et al. 2005). Extensive handling can harm or even kill aphids, so ves made
little contact as possible. The pot was placed in a larger 21.6 cm diameter rauBachgbot

was covered with a plastic and mesh cage (31 cm long X 19 cm length) with a nglotome

(19 cm diameter) to prevent aphids from moving between plants.

The experiment began when aphids were placed on plants (day 0). The aphid population,
per leaf and on the stem, was recorded on day 1, 2, 5 and 7. Offspring and adults were counted
separately on days 1 and 2 and were never removed. We stopped counting juvenileg after da
since it was impossible at this point to tell whether the older juvenile aphidstille¢hes
original juvenile aphids that had not developed or whether they were progenydfjthel
aphids. The experiment was conducted in three blocks between May and October 2010. For each
block 8 to 20 replicates of each treatment, susceptible and resistant, were tegatloA38
plants per treatment were used over all blocks (76 total). The experiment veampdrbn a
bench top in the greenhouse at 26C+4°C under a L16:D8 cycle.

A repeated measure analysis of variance (ANOVA) was used to detehmiefdct of
plant quality on aphid population density through time (PROC MIXED, SAS Institut8).200
The main effect was treatment and day was the repeated measure factanddm effect was
block. Means were separated using Fisher's LSD.

To quantify aphid distribution we used two different measures. The first measused

on the proportion of the aphids on the plant that were on the original leaf aphids were placed on.
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To see how this distribution changed through time on the two plant varieties we apedtad
measure analysis of variance (ANOVA) (PROC MIXED, SAS Institute 2008 .ain effect
was treatment and day was a repeated measure factor. The random effdotkvddeans were
separated using Fisher’s LSD.

We used a second, complementary measure of distribution by looking at the proportion of
aphids on different plant parts at the end of the experiment using a MANOVA (Véitkisda
criteria, PROC GLM, SAS Institute, 2009). There were four different respargables that
corresponded to the proportion of aphids on a plant that were found on the unifoliate, first
trifoliate, second trifoliate, and “rest”, which was primarily the sgerd new growth that would
become the third trifoliate. The proportion of aphids in all of these categoried aagudl one
for any given plant, therefore to ensure each response variable is an independerd orég
three independent responses can be analyzed within the model (Cisneros and Rd€98)eim
Therefore we analyzed the arc-sin square root proportion of aphids on the uridahats first
trifoliate leaves, and second trifoliate leaves as response variablédypkas the independent
variable, and block as a random effect.

Aphids per plant part on resistant vs. susceptible plants

To determine whether the distribution patterns on resistant and susceptitde plant
observed in the first experiment (Figures 2-3) could have been caused by differentia
demography, with different rates of survival and fecundity on certain plant ppesdieg on
plant variety, we counted aphids confined to individual plant parts of eithestarngsir a
susceptible plant. If differential demography is responsible for theldistn patterns observed
earlier, aphids on unifoliate leaves of susceptible plants must do better thphitleeam other

parts of susceptible plants. Moreover, aphids on unifoliate leaves on resistantigaldsis
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relatively worse than the other plant parts, but all other plant parts shoulatbeshglequally
beneficial for aphids. If we see these patterns the observed distributidrbeodlie primarily to
aphids doing relatively better or worse on certain plant parts and not by lasgerti#s in aphid
movement on resistant compared to susceptible plants.

Individual adult aphids were placed in clip cages on one of three locations on a resistant
or susceptible plant on day 0. Plants were at V1-stage with one plant per pot. Eaclaglant w
randomly assigned to receive one adult aphid on one of three places: stem, utetdliatethe
first trifoliate leaf. These three locations correspond to the threergleareas that were available
to the aphids at the start of the distribution experiment. The aphid was placed ongriedassi
location with a fine paint brush and confined within a 2.5 cm diameter X 1.9 cm heigrdaggip ¢
Each of these 3 placements was repeated for an equal number of resistant gtitlsyseats.
Clip cages were made from two pieces of cut celluloid tube of 1.6 mm wih#sis and 1.6
mm closed cell foam to form a tight seal between the top and bottom of the cage. Tt top a
bottom of the clip cage was covered with nylon organdy screen mesh and the two ftigces o
were held together by a 10.2 cm stainless steel hair clip. A 15.2 cm wooden staleel Wi cm
copper wire at the tip, was placed in the soil, and an alligator clip was attachedortclip to
keep the clip cage in place.

Aphids and cages were left undisturbed for three days then the clip cages wereremove
and adults and nymphs counted. There were three blocks of the experiment for a total of 18
replicates for each location on each plant type (108 total). The experimep¢si@sed on a
bench top in the greenhouse at 26+5°C under a L16:D8 cycle in June and July of 2011.

Mean difference in the overall number of aphids (adults+nymphs) on each plamapart

examined via analysis of variance (ANOVA) (PROC MIXED, SAS Instit2009). Population
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data was log(aphids + 0.05) transformed. The fixed effects were treatnaenipait, and the
treatment x plant part interaction, and the random effect was block. Plannedtsdrgtagen
the clip cage location and plant type were also performed to determine e¥felof plant
location on aphid population per clip cage. We also performed a nominal logistic model (SAS
Institute 2000) to determine if plant type and clip cage location influenced whie¢heriginal
adult aphid was alive or dead at the end of the experiment.
Effect of resistance on movement of adult soybean aphid

An alternative explanation to the distribution patterns observed in Experimetfiat is
soybean aphid movement is affected by resistant plants. To determine whathantelants
encourage the majority of an aphid population to move off the initial leaf of placement, we
performed a no-choice test in which the movement of aphids on susceptible plants wasd¢ompa
with movement on resistant plants. A secondary aim of the experiment was to gathger tiiee
distribution patterns seen previously on resistant plants were due to a few aphatsy@phids
moving off the initial leaf of placement. By taking more frequent counts, asawedimoving
nymphs, we were able to track aphids more closely and separate apparentent from the
distribution of adult and juvenile aphids. The previous experiment showed approximatelfy half
the aphids on resistant plants were found away from their initial leaf of ptacefter 24 hours.
By examining this apparent movement several times in the first 12 hours, we catgdoiig if a
majority of the aphids quickly left the resistant leaf, or if a few quicklyttef leaf and the ones
that stayed behind were the first to die.

Soybean plants were at vegetative stage V1 with fully expanded unifolastsland
partially expanded first trifoliate leaves. Plant location was randomimtthare were 13

replicates of each line (26 total). The plant pot was placed in a larger 21.&roete&l round
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pot. The round pot was covered with a plastic and mesh cage, as described in Exderfitaeh

plant and cage was then placed in a tray. The experiment was conducted over 48h in July 2011.
We placed 10 aphids onto a marked unifoliate leaf of each resistant and susceptibfppldat

were transferred to the unifoliate leaf using a fine paint brush. A random aite eftage

nymphs and adults were used. Counts of aphids and their location on each plant was recorded
over the next 48 h for a total of 18 counts. Seven counts were done in the first 12h. At each
count, nymphs were removed. The experiment was performed on a bench top in the greenhouse,
at 26x5°C under a L16:D8 cycle, over the course of two days in July 2011.

We used a repeated measure ANOVA to determine the effect of resistaaphid
movement throughout the plant (PROC MIXED, SAS Institute, 2009). The fixedsitece
treatment, location and time. A first-order autoregressive was used forartmeastructure and
least-squares means (LSMEANS) was used for mean comparisons amongntreatitime
effects.

Mean difference in aphid density between the two plant treatments at theofinawas
examined via analysis of variance (ANOVA) (PROC GLM, SAS Institute9R0he fixed
effect was treatment.

Effect of resistance on inter plant aphid density

This experiment was done to determine if differences in movement on resistant and
susceptible plants may influence the population size and distribution of adjacerarspidrgs
of different types. We evaluated the distribution, per leaf and per plant, of aphids on whole
soybean plants with a choice experiment consisting of two adjacent soybean e adjacent

soybeans were either both susceptible, both resistant, or one of each.
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Two VC (stage immediately preceding V1 and consisting of unifoliateseaxpanded
and no expanded first trifoliate) soybeans were transplanted to 21.6 cm diguetepots. Pots
were assigned to receive one of three plant combinations: two susceptibletplamesistant
plants, or one resistant and one susceptible plant.

The experiment was started when plants were at V1 stage. In each pot, a bsdge w
created between the two plants by clipping together one unifoliate leakfioh plant. On day
0, five aphids were placed on the clipped unifoliate leaf of each plant with a fine pesn tar
a total of 10 aphids per pot. A mix of late-stage nymphs and adults were used. Paisvwwierd
with a large cage, as described above. There were 10 plants per treateaeht af two
temporal blocks for 20 plants per treatment (60 total). Interplant movement expsrinsze
performed in May and June 2011. The experiments were performed on a bench top in the
greenhouse at 26£5°C under a L16:D8 cycle.

The experiment was first analyzed as a 2x2 factorial with the type of(pardtant or
susceptible) crossed by the adjacent type of plant (is it the same as thdioicar different).
ANOVA (PROC MIXED SAS Institute 2009). This was used to determine deygtaff adjacent
soybean variety on aphid population per plant. Initial plant quality, neighboring plaity quial
their interaction were included in the model. ANOVA was used to determine &ay efff
adjacent soybean variety on aphid population per pot (both adjacent plants toget®€t) (PR
MIXED, SAS Institute 2009). The main effect was pot combination and block was included as
random effect. An analysis of variance ANOVA was used to determine aty effadjacent
soybean on aphid population of susceptible plants (PROC MIXED, SAS institute, 2009). The
fixed effect was treatment, defined as two susceptible plants or one suscaptiline resistant

plant. Block was included as a random effect.
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Results
Effect of resistant plantson intraplant aphid distribution

Aphid density was higher on susceptible plants compared to resistant plants, and this
difference became larger over time (Figure 1). Even though aphid dengtesignificantly
different after just one day {F=48.1, p<.0001), the difference between treatments continued to
increase through time, leading to a significant time x treatment interg€% ;=23.8, p<.0001).
This is the expected result given previous experiments with these varigjidddehalter 2009,
Ghising 2011).

The aphids were originally distributed on just a single leaf on the plant. Howeser, thi
distribution quickly changed for aphids on resistant plants; after 24 hours, alniasdtthal
aphids on resistant plants were away from their original leaf (Figure@2gnSlays after
placement, less than 30% of the aphid population on resistant plants was on the original leaf
while 80% of aphids on susceptible plants were still on the original leaf. As with aphitydens
this difference between treatments increased with time leading to fcaightime x treatment
interaction (time x treatmentz = 4.30, p = 0.008).

To get a better sense of where aphids were throughout the plant, we looked at a finer
break down of aphid location on resistant and susceptible plants at the end of the experiment
Aphids on resistant plants were more evenly distributed throughout the plant compared with
aphids on susceptible plants, which were predominately found on the unifoliate leéves tha
included the one unifoliate leaf they were originally placed on (Figure3=E8.15, p<.0001).
About 40 percent of aphids on resistant plants were on the unifoliate leaves, while about 84
percent of aphids on susceptible plants were on the unifoliate leaves. The aphidstamt resi

plants were found to be more spread out (21 percent on first trifoliate, 16 percentrmh sec
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trifoliate, and 23 percent on the rest of the plant). The 16 percent of aphids on susceyptible pl
that weren’t on the unifoliate were on the second trifoliate (8 percent) orsthaf tbe plant (7
percent).

Figure 1. Number of aphids per susceptible or resistant plant over time (mean = 1 SE).
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Figure 2. Proportion of aphids on the original leaf of a susceptible or a resistant plant aver tim
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Figure 3. Proportion of the aphid population located on different plant parts of a resistant or a

susceptible plant at the end of the experiment.
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Aphids per plant part on resistant vs. susceptible plants

In the clip-cage experiment comparing numbers of aphids when restrictéfdterdi
parts of resistant and susceptible soybeans, we found that the type of plant did-anitwritie
plant part to influence the number of aphids (treatment x pagt¥0.20, p = 0.82; Figure 4).
However, both plant type and plant part each independently influenced aphid density. As
expected, there were more aphids on susceptible plants across all plantgzant®iit I-100=
74.69, P < 0.0001). Across both plant treatments there was also a significant difiiesgpite
numbers by location gho=14.76, p=0.0007). Contrasts across treatments showed fewer aphids
on the stem compared with other locations {§529.30, p<0.0001) but no significant difference
in aphids on trifoliates vs. unifoliates;(fo=0.26, p=0.61).

To better understand the results of this experiment we looked at whether thggadant t

and location influenced the likelihood of survival for the original adult. We found that there
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were some differences in how many of the original adults were alivef@aitedays (R

unifoliate: 13/18; R trifoliate: 10/18; R stem: 6/18; S unifoliate: 18/18, S triéolEB/18, S

stem: 14/18). However, like the measure of overall aphid numbers there was not asignific
interaction (treatment x location ky7=3.52, p=0.17), but instead significant effects of both the
plant treatment main effect{ko=27.5, p<0.0001) and location main effect (5=14.0,
p=0.001). The overall patterns for these main effects matched those seen withdheeroé
total aphid numbers per plant part with survivorship higher on susceptible plants abitopare
resistant plants and survivorship lower on the stem compared to the other plant parts.

Figure 4. Number of aphids per plant part on susceptible or resistant plant on day 3 (mean + 1
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Effect of resistance on rate of movement of adult soybean aphid
We saw a significant time X treatment interaction in the counts of aduttsaphi

resistant and susceptible plants {f5=5.16, p<.0001). This significance is due to similar aphid
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counts on resistant and susceptible plants for the beginning of the experimehewlitfetence

in aphid counts between the two treatments becoming bigger over time (Treatmeh9 B,
p=.0002). A significant difference in aphid movement between treatments waswifare
hours after aphids were placeg$2.09, p=.038) (Figure 5). Aphid populations on resistant
plants moved off their original leaf faster than aphids on susceptible plantsGafteurs, 20
percent of the original aphids had left the original leaf, while only 7 percentgofaraphids on
susceptible plants had left the leaf. After 31 hours, 30 percent of the original aphidstamte
plants had left the original leaf, compared with 8 percent of aphids on susceptilddgdaing

the original leaf @,=4.35, p<0.0001). This pattern continued until the final coytx173,
p<0.0001). The aphid population after 49 hours was significantly lower on the resistant plants
(F12431.6, p<.0001). After 49 hours, the susceptible plants had an average of 8.77 original
aphids alive, and resistant plants had an average of 5.54 original aphids alive.

Figure5. Proportion of adult aphids on original leaf of susceptible or resistant plant over time

(mean = 1 SE).
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Effect of resistance on inter plant aphid density

The aphid density per plant depended on both the variety of the focal plant being
measured and whether the neighboring plant was the same type of plant or diffeaément X
neighbor: i 75=5.22, p=0.025; Figure 6). After seven days, the aphid density of a susceptible
plant, when in a pot with another susceptible plant, was significantly lower than the aphid
density of a susceptible plant when in a pot with a resistant pige.Q7, p=.0030). This
wasn’t the case with aphid densities on resistant plants. After seven days)ithdemsity of a
resistant plant, when in a pot with another resistant plant, was low and not dsstaigeifrom
the aphid density of a resistant plant when in a pot with a susceptible pRROH1@, p=0.87).

The overall aphid density per pot was significantly different depending on what plant
were present (F55=26.6, p<.0001) (Figure 7). It was not surprising that two resistant plants next
to each other had the lowest total aphid density. However, what was surprisitigtvaksen a
susceptible plant neighbored a resistant plant, the aphid density per pot (both tet esist
susceptible plants together) was not significantly different than a gotwotsusceptible plants
(tss=1.15, p=0.25).

Figure 6. Number of aphids per resistant or susceptible plant in each pot combination on day 7

(mean = 1 SE).
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Figure 7. Number of aphids per pot (both plants added together) in each pot combination on day

7 (mean £ 1 SE).
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Discussion

We found that soybean aphids on resistant plants had a different distribution where they
quickly were found away from their original leaf and became more evenly didpbien aphids
on susceptible plants (Figure 2). We hypothesized that this difference in distribotld have
been caused by either differential demography, with aphids surviving and producing more
progeny on certain plant parts differently on the two plant types, or by diffdremdavement of
aphids when on resistant compared to susceptible plants, or by a combination of both.

The results showed that soybean aphids respond to resistant soybeans by quicidy m
to another location within the plant or off the resistant plant, and this differemdiament
likely resulted in the observed differences in aphid distribution on resistant compéred w
susceptible plants. We draw this conclusion from several lines of evidentewhRgga

individual adult aphids were confined to different parts of a plant, we saw that aphid swmber
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the unifoliate, stem and trifoliates of resistant plants were proportiagialilar to those on
susceptible plants (Figure 4). This suggests that differential fecundity wkeslyitd be the
driving mechanism behind the distribution patterns we observed. In order forrditiere
fecundity rates to produce the distribution patterns, we would have needed to see,foe,insta
low rates of fecundity on the unifoliate compared to other parts of the plant whenstantesi
plants. This could produce the observed distribution patterns we observed on our intraplant
experiments, but for reasons of demography, not movement. Our second line of evidence for the
importance of movement comes from tracking adult aphids. This data reinforcdtethat t
majority of the population, not just a few individuals, were moving soon after being placed on
resistant plants (Figure 5), and this large scale movement away fromftiimatenleaves on
resistant plants was likely responsible for the increased movement patterns

A potential consequence of differential movement on resistant and susceptitdecptant
be seen when the two plant types are placed next to each other. We found that the soybean aphi
population of susceptible plants was higher when the plant was adjacent tcaatretasit than
when it was neighboring another susceptible plant (Figure 6). This means thatyrareonl
aphids more likely to move when on a resistant plant, but if next to a neighboring plartesf hig
quality they will readily move to and thrive on that plant. Since previous experisteni®d
that aphids on resistant plants tend to move more, this strongly suggests that tleenetvas
migration off of resistant plants and on to susceptible plants when these plantsigébors.
We didn't see a big difference in aphid numbers per plant on resistant plants itregtment
(R different vs. R same). In other words, even though it seems that some aphedssliaintr
plants and walked to adjacent susceptible plants, it didn’t significantly dimiresénd

population density of aphids remaining on resistant plants.
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Our interplant movement experiment demonstrates the possible benefit to the aphid of
increased movement when faced with an inferior host plant. Aphids on resistasit \plale not
necessarily orienting themselves toward susceptible plants, appearegettoraanuch higher
quality plant. In our intraplant experiment, we saw that up to half the aphids on rgsistast
left their original leaf after 24 hours. If there was not a tendency towaghaate of movement
on resistant plants, aphids might die before finding a higher quality plant.

A recent study on the intraplant distribution of apterous and alate cotton aphids on
transgenic and non-transgenic Bt cotton plants also showed a marked increase irmhbyem
aphids when on plants that are correlated with lower fecundity and survival (Fexedhadie
2012). This result is in line with our findings of apparent increased movement on lowsr qual
host plants.

Despite a clear genetic link, the mechanisms of resistance to soybeanaaghidslear
for resistant plants. It was obvious that aphids on resistant plants performed moexyeeted
(Li et al. 2004). We found that one behavioral effect of resistance is an increpbéelin a
movement within and between plants. Whether due to poor food quality, inability to sustain
feeding, or some other reason, almost half of aphids on resistant plants moved to otbér parts
the plants after 24 hours. However, we did not find evidence that aphids went to a speaific p
the plant. This suggests that resistance per se may not be apparent to the apHekdmd site
is reached.

The differential movement and distribution of aphids on resistant plants could be in
response to many proximate factors. We didn’t find evidence that soybean aphisistantre
plants detected neighboring susceptible plants and we can’t say they movesidyilbe the

susceptible plant. Few studies have investigated the relationship of host plareés/aladil
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soybean aphid behavior, though one olfactometer test showed no preference by e soybe
aphid when resistant and susceptible plants were close to each other (Lamontr2€i®). |
vegetative stageRagl soybeans have a lower concentration of amino acids associated with high
nutritional quality for aphids than susceptible soybeans (Chiozza et al. 201@pdsible that
aphids may be able to detect this type of nutritional difference while fgadiich could explain
why aphids aren’t prone to staying and feeding at the initial site otarggsants like they are
on susceptible plants. We do know that aphids on resistant plants have different probing patter
and make at least some contact with phloem upon initial investigation (Diaz-Moh&no e
2007), which indicates that movement probably isn’t due to a waxy surface or triclhaines t
make it impossible for stylet penetration. Dense trichomes on soybeans bashben to
prevent feeding by other herbivores (Bernays and Chapman 1994). Since we havenue @fide
aphids on resistant plants moving in any particular direction, plant architectieensdf
trichome density or leaf wax, doesn’t appear to be influencing their movementtéNdéafnd
aphids on the stem, which was entirely covered in trichomes. There are muttipte that are
known to prompt aphid within-plant movement including stress by drought (Dickson and Laird
1962) plant pathogens (Fereres et al. 1999) plant injury (Delaney and Macedo 2001) physical
disturbances (Ferrar 1969, Schotzko and Knudsen 1992) and predator presence (Dixon and
McKay 1970). It is not clear how any of the factors operating in these instana&sapply to
resistant plants in particular. However, it does suggest that soybean apkilava some sort
of a general response to environments that are relatively detrimental.

Our study focused on the effects of resistance on soybean aphid movement behavior. Our
experiments were designed to get a clear picture of the plant-inseicinshgs with little

variation due to outside influence, such as predators or plant disease. This plaictidmsen
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the length of time experiments could be run and where they could be performed. Foejnstan
our research focused on aphid movement during the early to mid-vegetativeo$smdsean
growth, although soybean aphids will occupy almost any stage of growth. Ssistamce is
thought to stay constant as soybeans in vegetative stages grow olderdHR0®4b) our
results should hold with older plants, however we did not test this. Experiments wermpdr
with small groups of aphids, so the movement response of a single aphid was not tested. Si
soybean aphids on susceptible plants generally didn’t leave their originahérafs no
evidence that a group of 10 aphids would have lead to more movement on resistant plants. We
performed all experiments in a greenhouse, so our results could vary in diffétiagssén the
field, the combination of factors including other herbivores, predators, parasvmidis make it
difficult for us to target the aphid’s movement specifically in response to th@laostWe
focused on aphid movement in 1-2 week periods. It would be interesting to see how movement
patterns change over the course of a season, and in periods of drought, frequent rain or high
wind.

A poor quality plant can have greater impact than simply decreasingrttienof a
given insect on the plant. Even a small, relatively immobile insect such as an dptedati
differently depending on its host plant. This reaction, whether it be within-gdistribution
(Kennedy et al. 1950) or movement onto other plants (Knudsen and Schotzko 1999, Underwood
et al. 2011), interacts with a range of other ecological functions, including @ratatactions
(Turchin and Kareiva 1989) and effectiveness of parasitoids (Honek et al. 09@3)est
management tactic involves the intercropping of resistant and susceptitite(plg. wheat,
Wang et al. 2009). Moreover, the interplant movement could have implications for the

effectiveness of seed mixes of resistant and susceptible plants usedrtdfystiseeptible and
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resistant varieties are equally susceptible to a plant virus, transmissidratso be higher
across resistant plants due to increased aphid movement (Kennedy 1976). Splylusaona
resistant plants have been shown to probe the plant before deciding its unsuitabiiy (D
Montano et al. 2007), so there is the possibility of virus transmission, when the aphid thexides
plant is unsuitable, moves, and the virus in the resistant plant now continues to be spread to other
plants (Kennedy 1976). There is also the possibility of the virus affecting agsnstance, such
as the loss of aphid resistance in sugar beet lines infected with certaiis yBaker 1960). An
increase in interplant movement by a given population in a resistant field couldnbmens
important to virus spread than in a susceptible field (Irwin et al. 2007, Van Emden and
Harrington 2007). As is shown in our interplant movement experiment, aphids initially on
resistant plants are able to locate, move to, and thrive on a susceptible plant. Whaag
mechanism is, we didn’t find evidence that it immediately kills aphids thatlipited on it. If a
disease can be transmitted to the aphid in a few probes, which can happen with nampersiste
viruses (Kennedy 1970) there’s a possibility the aphid could then transmit thsedise

Host plants can directly affect insect movement behavior (Schotzko and Smith 1991).
Our experiments indicate an example of lower plant quality being responsibleifmrease in
aphid movement, and one consequence of this movement is the possibility of emigration to
neighboring plants. Aphid distribution on agricultural plants has been linked to manyesriabl
including parasitoid presence (Gonzales et al. 2001) age of plant (Hodgson 1978gepoésen
other aphids (Turchin and Kareiva 1989) and cultivar in the case of cotton (Ferniaaides e
2012). We've shown that initial movement and distribution of soybean aphid depends on
resistance, and the trend toward higher aphid populations on susceptible soybeanswhen ne

resistant soybeans. Future research could attempt to link intraplamgviaéhavior with finding
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a higher quality neighboring plant, hence the rapid and relatively random distribuéiphid$

to all parts of a poor-quality plant.
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TEMPERATURE ALTERSTHE INTERACTION BETWEEN AN HERBIVORE AND
A RESISTANT PLANT
Introduction

Environmental factors are well known to affect the behavior, demography, and overall
fitness of individual organisms, especially poikliotherms such as insectsryft@ti 1957,

Gullan and Cranston 1994). More recently, increased attention has been given to undgrstandin
how these environmental factors can also influence the ecological interdsttoresen two

species (Dixon 2003, Tylianakis et al. 2008). One such environmentally-sensitiaetioters
between plants and herbivores. Previous research has shown that plant-herbivotmmtera
may change depending on temperature (Gingery et al. 2004, Post and Pedersen 2008)
precipitation (Suttle et al. 2007), and £@lunter 2001). The quality of a host plant, specifically
how resistant it is to an herbivore, is also critical in shaping plant-herbivoradtiv&s (Bennett
and Wallsgrove 1994, Bernays and Chapman 1994). Despite the known importance of each
factor independently, there has been little work to understand if changing an enwit@inme
factor such as temperature may interact with plant resistance to irltrenoutcome of a plant-
herbivore interaction.

Temperature is known to influence such life aspects as fecundity, longevity and
development rate in herbivorous insects (Uvarov 1931, Schowalter 2006). Tempesature al
affects other rate-based processes like movement in aphids (Harringtoh3£15). Extreme
temperature has been linked to differential distribution of aphids on plants (\Wki&IB7) as
well as major possible shifts in aphid ecology and evolution (Harmon et al. 2009).

The effects of temperature on host plant and herbivorous insect interactions haven’t bee

as widely studied, however there are some examples. Temperature was foyrahtbtbg
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number of host species and the parts of each host exploited by an arctic psylédniaGal
(Hodkinson 1997). Fossil evidence shows an increase in herbivore diversity and herbivory
intensity with rising temperature in a past global warming intervéf @d Labandeira 1999).
A recent study showed that locusts experiencing food shortage will move to lowper&tures
to maximize nutrient use (Coggan et al. 2011). The locust chose to prioritizédiemey of the
limited ingested food at the expense of a slower growth rate, which in mareectsts
associated with lower temperatures. This suggests a differenéiel effhost plant quality on
grasshopper movement depending on temperature. The study also points to the idea that
temperature change can influence insect movement decisions and how movement carmobe use
offset an environmental change. These studies demonstrate the complexity of fsot-der
interactions that need to be investigated when determining how an inseespihd to abiotic
factors.

Plant resistance can have many of the same effects on insect herbivoreagdiyag
temperature. For instance, green peach aphids have decreased fecundityamm pesishes
(Sauge et al. 1998). Lettuce root aphids have much lower population on many resiatant lett
cultivars (Ellis et al. 2002) and spotted alfalfa aphid has a significantly lotvmsic rate of
increase on resistant alfalfa cultivars (Ruggle and Gutierrez 1995gtdRee, like temperature,
is also known to affect insect movement (Underwood et al. 2011, Fernandes et al. 2012) (Chapter
1). The study of resistance and its affect on plant-insect interactions isagrie telp us better
understand how insects respond to poor quality resources.

Since temperature and resistance are each known to affect movement, the study of both
factors together may give important insights in to how temperature can dmamgect’s

reaction to plant resistance. The reaction in terms of movement of insects t@gistance can
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help us with predicting when and where a population will thrive. For instance, sonts insec
respond to plant resistance by moving to a different part of the plant (Pascabla0£t7), while
some insects respond to plant resistance by moving to another plant entiret @tlo998).
The movement behavior of an insect, thus, has implications for the resistant ptavittiee
interaction and its response to temperature. Likewise, both temperature andgttabce may
affect many of the same aspects of aphid demography, and therefore may prtevedzing
effects on plant-herbivore interactions when the two factors are allowettact.

The goal of our study was to examine how temperature alters a plant-insessttioh,
specifically whether temperature interacts with plant resistancérmatgly affect an
herbivorous insect. For our first experiment, we compare soybean aphid performaecas of
total population density, adult survival, nymph density, and per capita fecundity aeriffe
guality host plants while exposed to either a warm or a cool temperature. We thenecapina
distribution on resistant plants vs. susceptible plants in each of those two tenegetatar
second experiment we quantify aphid longevity and fecundity when aphids are exposgd to ve
nutrient-poor conditions in different temperatures. This allows us to better amgkest
unexpected result from our first experiment. Together these experimentsialtodook at how
plant resistance and temperature may interact to ultimately dfeedetmography and movement
of an important herbivorous insect.

Materialsand Methods
Study system

Soybean aphid is the principle pest of soybeans in the US, and was firstdlgttdeth

America in 2000 (Ragsdale et al. 2004). The phloem-feeders were introduced fegranéls in

part because of insufficient biological control from predators and parasitomdsazh outbreak
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proportions. Soybean aphid is known to be influenced by both temperature and resistant host
plants. For example, soybean aphid reproduction on susceptible plants increaspsrasuiem
increases until 25°C and aphid longevity decreases when above 20°C (McCornack et al. 2004).
These results on soybean aphid demography and population dynamics are similah@swhat
been seen in other plant-aphid systems (e.g Morgan et al. 2001). Soybeans bred to include
resistance to soybean aphid were available to farmers in 2010 (Ragjsala2011). Direct
effects ofRagl resistant soybeans on soybean aphid fitness include reduced survival, longevity
and fecundity (Li et al. 2004). Behavioral effects include changes in the disnimitaphids
and aphid movement (Chapter 1). IndirecRsigl soybeans can have negative effects on
soybean aphid parasitoids in terms of fithess (Ghising 2011), and later-season densit
dependence (Chacon et al. 2012). Because of the recent commercial avaiiabigtant
soybeans, the effectiveness of resistant soybeans at different temggeimnhot well studied.
Aphid colony

Soybean aphids were reared in a laboratory colony in the Department of Entomology,
North Dakota State University (Fargo, ND) and were of the same origin &déssribed in
Chapter 1. The aphids were maintained on susceptible soybeamsranand mesh cage,
26+4°C, 60-80% RHinder a L16:D8 photoperiodphid colonies were maintained by replacing
older plants (vegetative stage V3-V4) with younger plants every 4-5 days.
Plants

The resistant and susceptible soybean plants used in this experiment wengeths sa
those described in Chapter 1. Susceptible and resistant cultivars were neacisoge Plants
were grown in the Department of Entomology, North Dakota State Universityo(HdiD.)

from August 2011 through November 2011. Soybeans were gro28x2tC, 60-80% RHinder
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a L16:D8 photoperiod, under fluorescent lights (t5 bulbs).The soybean growthastages
described according to Fehr and Caviness (Fehr and CavinessRIan?.were potted in
commercial horticultural mix (Sunshine Mix LC1) and were planted on a weekk; Pats
contained two seeds of either resistant or susceptible soybeans and were thinngdbia pee
pot before beginning experiments.

Effects of temperature and plant resistance on aphid dynamics and distribution

We wanted to test whether aphid dynamics and behavior were temperature dependent
resistant and susceptible plants. We also evaluated the aphids’ distributiorstamr@gants at
different temperatures. We looked at an aphid-plant-temperature trdarg analyzing groups
of treatments as 2X2 factorials. The four treatments are as follows: tlsaphsusceptible
plants in warm chambers, 2) aphids on susceptible plants in cool chambers, 3) aplsdtar re
plants in warm chambers, 4) aphids on resistant plants in cool chambers. For bashk of t
treatments, we looked at the effects of plant quality and temperature on aphatipaite,
adult survival, per capita fecundity, and within-plant distribution.

Soybean plants at the start of the experiments were at late VC stiygélestage, with
fully formed unifoliates and partially expanded first trifoliate leavesadom mix of 10 aphids
that were either adults or late instar nymphs were placed on a markedatmitdif of each
susceptible and resistant plant using a fine paint brush. Each pot was covered agtit ampd
mesh cage (31 cm long X 19 cm length) with a nylon mesh top (19 cm diametes. @zg
used to ensure aphids didn’t migrate to neighboring plants.

The experiments were conducted in climate-controlled growth chambers. A chambe
assigned to a cool treatment held an average temperature of 18.6°C and a waren bbkhan

average temperature of 26.8°C, both with a photoperiod of L16:D8. These temperatures
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correspond with the extreme average temperatures for a cool or warm weeggardéring July
and August. These temperatures are well within the upper and lower develapestold for
soybean aphid (McCornack et al. 2004). Three growth chambers were used for timezkpe
and the assignment of warm or cool temperature was switched for each block toherisamg t
observed differences in temperature treatments was due to temperature arahypdatitferences
between chambers. Plants were randomly assigned temperature treatdealtshambers
held a mix of resistant and susceptible soybean plants. The plants were apf@ig»@h cm
from the lights. Cages were placed on a wire rack approximately 46 cntifednottom of the
growth chamber to promote airflow within the chamber.

Aphid placement was done on day 0 and the experiment ran for 7 days. Aphid
populations and location on each plant were counted on days 1, 2, 4, and 7. Plants were removed
to do counts, then replaced in their original location and chamber. Nymphs were recorded
separately for the first two days. By day 4, it was impossible to discern wihasavere
originally placed on the plant and which were born on the plant. Therefore, the combinedl total
adult and immature aphids was counted on day 4 and day 7. Nymphs were not removed during
the experiment.

The experiment was conducted in three temporal blocks between October andsilovem
2011. There were 13 resistant and 11 susceptible plants in the warm treatment, antha# resis
and 13 susceptible in the cool treatment (51 plants total).

Differences in aphid population size over the 7-day experiment between the four
treatments were examined via a repeated measure analysis of@dAAIOVA). The fixed
effects were plant treatment, temperature, and their interaction. The rafidoimvas block and

the repeated measures factor was day (PROC MIXED, SAS Institute, 2009).dgvariance
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structures are available for performing a repeated measurgsiamalusing PROC MIXED. We
chose a first-order autoregressive for the within-subject covarianotust. We used this type
of analysis because our correlation matrix showed relatively common varrahceraelations
getting smaller as time progressed. Means were compared using tisgjleass mean
difference test adjusted by Fisher’'s LSD.

We also compared differences in adult survival between the four treatments on day 2
using an analysis of variance (ANOVA) (PROC MIXED, SAS Institute, 2009¢wimicluded
plant treatment, temperature, and their interaction as fixed effects andablaaglandom effect.
We also compared differences in the number of juvenile aphids on day 2 using an analysis of
variance (ANOVA) (PROC MIXED, SAS Institute, 2009) which included plagdtment,
temperature, and their interaction as fixed effects and block as a randomleféeictition, we
compared a measure of per capita fecundity across the four treatmentécWéterh“per-adult
fecundity” by dividing the nymph count on a plant on day 2 by the sum of the number of adults
alive on that plant each day over the course of two days. We chose to use thig wieadults
to account for not only how many adults were on each plant but also how long they lived. We
did this because previous research indicated that adult survival on resistant andbse ptapis
can differentiate very quickly (Chapter 1). We compared mean differempes-adult fecundity
between four treatments on day two using an analysis of variance (ANORAMIXED,
SAS Institute, 2009) which included plant treatment, temperature, and theirtinteescfixed
effects and block as a random effect.

A repeated measures analysis of variance (ANOVA) (PROC MIXED, I8stgute,
2009) was used to analyze the effects of plant resistance and temperature orsafiutan,

specifically the proportion of aphids on the original leaf of placement over theeaafissven
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days. Proportion data was arcsine transformed. Means were separatedsimgrig ESD. The
fixed effects were plant treatment, temperature, and their interachemahdom effect was
block and day was the repeated measures factor. A first-order ante-dependeunsedifar the
within-subject covariance structure. We used this type of analysis bemausarrelation matrix
showed no pattern in variance and correlations getting smaller as time peogres

Effect of temperature on aphid survival

To investigate the effect of temperature on aphid survival we conducted a camiaigm
experiment using aphids in Petri dishes placed in one of two growth chambers. Weaflgec
wanted to test for effects of temperature on aphid longevity under an extremely dteahaut
situation where a water-only diet was the only available food source. Thisnespetested
whether temperature can change survival under poor nutrient conditions.

One diet (water only) was used for both temperature treatments. One-h&0ohm
Petri dish was covered with parafilm. Onto each parafilm-covered dish wasl @awl distilled
water. The water was then covered with another layer of parafilm. Five apéreshen
transferred to the dish using a fine paint brush. We used a random mix of late-st@geamyg
adult aphids for the experiment. The Petri dish was then covered with an identical &rof a P
dish and bound with parafilm (method developed by Wille and Hartman 2008).

Dishes were placed in one of two chambers. Each chamber had a wire shelf onto which
the dishes were placed. The shelf was located approximately 46 cm from the difatbem
chamber to ensure air flow and minimal heating from the overhead lights. A ahassigned to
a cool treatment held an average temperature of 18.6°C and a warm chambeakietdge
temperature of 26.8°C, both with a photoperiod of 16L:8D. These settings were th@ same i

temperature experiments that used whole-plant treatments.
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Aphids were counted daily, with day of placement in the chamber considered day 0.
Nymphs were removed daily. The experiment ended when all aphids were deadvdieenso
blocks of the experiment for a total of 40 replicates in the warm chamber and 38aeplidae
cool chamber (78 total). The experiments were performed in January 2012.

To determine whether aphid survival differed between the two treatmentaloutated
the mean time until death for the 5 aphids in each Petri dish in warm and cool chambers. We
used an analysis of variance to analyze the effects of temperature on meantitlaphid death
(PROC MIXED, SAS Institute, 2009). The fixed effect was temperature amdridlem effect
was block.

Results
Effects of temperature and plant resistance on aphid dynamics and distribution

Overall density When we looked at aphid density over the course of the seven day
whole-plant experiment, there was a significant plant treatment X tampeX day interaction
(Fs,186=5.22, p=0.0017). This interaction with time was primarily due to the differences betwee
treatments becoming larger throughout the course of the experiment (Figuseusing on the
end of the experiment when treatment differences are most pronounced, weysdeanti
interaction between plant treatment and temperature on d7 (treatment X tenepgra=14.3,
p=0.0005). The interaction at the end of the experiment is due to a difference in how ti@mpera
affected aphids on the two types of plants. Aphid populations on susceptible plants were higher
in warm temperature than in cool temperatugf.56 p<.0001) (Figure 1). Conversely, aphid
populations on resistant plants were higher in cooler temperature than in warmatenege
(t45=2.18, p=0.031). This means that for some reason, warmer temperature was more conducive

to higher aphid populations on susceptible plants, but cooler temperature was more coaducive t
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higher aphid populations on resistant plants. Given that aphid populations on resistant plants
showed very limited growth, it can also be said that the significant intevdsgttween plant
treatment and temperature came from cooler temperatures slowing ttieapsity increase that
happens on susceptible plants, and simultaneously slowing the aphid density dedrease tha
happens on resistant plants.

Adult survivorship, nymph density, and realized fecundi8iree we delineated nymphs
from adults during counts on days 1 and 2, we decided to look at adult and nymph densities to try
to better understand the overall density results. Just as occurred at the encpéringeat,
there was a significant plant treatment by temperature interactiostdbaphid density on day 2
of the experiment (F5=15.5, p=0.0003), with all of the treatments in the same relative order as
there was at the end of the experiment (Figure 1).

To better understand this overall pattern in total aphid density, we first looked at the
number of adults that were alive at day two of the experiment (Figure 2). Asovat aphid
density, there were more adult aphids in the susceptible treatments than irsthetres
treatments (F44~=10.5, p=0.0023). There was a trend toward more adults in the cool than in the
warm (R 44=2.71, p=0.11), and there was no interaction between plant treatment and
temperature (F44= 0.21, p=0.65).

We also looked at the number of nymphs in each treatment after 2 days (Figure 3). We
saw at least double the number of nymphs on susceptible plants in the warm chambemthan in a
other treatment. This led to a significant plant treatment by tempenateradtion (f44= 16.8,
p=0.0002) for nymph density.

A difference in the number of nymphs can be caused by either differences in the number

of adults producing those nymphs or by a difference in per capita fecurtkefore, we also
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calculated a measure of per-adult fecundity on day two (Figure 4). Although therenly an
average of 6 adult aphids per susceptible plant in the warm chamber, the per capdgyfe
after two days (1.1) was more than twice that of any other treatmestgresvarm: 0.50;
resistant cool: 0.48; susceptible cool: 0.49) (Figure 4). Accordingly, an ANOVA shbigklg
significant treatment X temperature interaction=13.82, p=0.0006) on per capita fecundity
for day 2.

The extreme fecundity advantage for susceptible plants in warm chandmsumfor
slightly fewer adults in terms of total aphid population compared with susceptildelirSince
the other three treatments showed very similar per capita fecundity,atieeiglminor
differences in total nymphs between these other three treatment&eiasllie to small
differences in numbers of adults alive in warm vs. cool chambers.

Distribution —As in previous experiments (Chapter 1), the within plant distribution of
aphids quickly differed between aphid populations on different plants and then changed to some
extent over the course of the experiment (Figure 5). Therefore, we fksttitioe repeated
measures analysis over seven days to get a sense of how the proportion of aphidsginahe ori
leaf of placement changed across the different treatments through timeuNddliat there was
no plant treatment X temperature X day interactior¢0.88, p= 0.45) on the proportion of
aphids on the original leaf. There was, however, a significant plant traaxnakery interaction
(F1,60=4.15, p=0.0097) and a main effect of temperaturg,#4.94, p = 0.03). As in previous
experiments (Chapter 1), on susceptible plants, most of the aphids on a plant heréhstil
original leaf in which they were placed, whereas on resistant plants, tlis agre quickly

found throughout the plant, and this difference tended to magnify across time.
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To better understand the role of temperature we did a separate ANOVA faorahaafy
7 when treatments had the longest amount of time to differentiate. We saw ndiorteric
treatment and temperature (&= 0.57, p=0. 45), a marginally significant effect of temperature
(F1,45= 3.50, p=0.068), and a significant effect of treatments( £21.1, d.f.=1,45, p<0.0001) on
the proportion of aphids on original leaf. Taken together, these results sewhcabe that the
effect of temperature was fairly constant and relatively weak through®etperiment, whereas
the effect of plant treatment changed through time. Over the course ofiteesgpériment, we
found that in the cool treatments, aphids tended to be found on the original leaf more whereas
the warm treatment they were more likely to be found in other places. Since/dsene
interaction of plant treatment and temperature, either across time or ostthayait is likely
that plant treatment and temperature worked in an additive fashion such that aphidgogpulati
the cool, susceptible plants were the most likely to be found on the original legfracdid a
populations on the warm, resistant plants were most likely to be found elsewhergl@amthe
Figure 8. Number of aphids on resistant and susceptible plants in warm and cool temperature

over time (mean + 1 SE).
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Figure 9. Number of adult aphids on resistant and susceptible plants in warm and cool

temperature on day 2 (mearl SE).
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Figure 10. Number of nymphs per plant on resistant and susceptible plants in warm and cool

temperature on day 2 (mearl SE).
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Figure 11. Per adult rate of fecundity on resistant and susceptible plants in warm and cool

temperature on day 2 (mearl SE).
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Figure 12. Proportion of aphids on original leaf of susceptible and resistant plants in warm and

cool temperature over time (mean + 1 SE).
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Effect of temperature on aphid demography

Aphids in cool chambers lived a mean of 4.5 days, significantly longer than apthés i
warm chamber, which lived a mean of 2.9 daysA4= 122.7, p<0.0001) (Fig. 13). Two days
after aphids were placed in either the cool or warm chamber, there was iaaigdlifference in
the number of aphids alive per dish (Cool = 4.34, Warm = 3£5,5.23, p<.0001) (Figure 14).
From whole-plant temperature experiments, we found that aphids in cool chamberstantres
plants had, after 7 days, a higher population than resistant plants in warm chaimbassinT
line with the Petri dish experiments, which showed that under stressful situphads s a
cooler environment tended to have survived longer. However, total aphid populations on
susceptible plants in the warm chamber were consistently the highéighefteeatments. Since
we saw in Petri dish experiment was the opposite, in terms of warm vs. cold,atésditat
higher populations on susceptible plants in warm chambers was likely prichagikp increased
fecundity, not differences in the longevity of adults.

Figure 13. Days until aphid death (dish average) in warm and cool temperature (mean = 1 SE).
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Figure 14. Number of aphids per dish in warm and cool temperature over time (mean + 1 SE).
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Discussion

Our study was performed to investigate whether plant resistance to hesbiteracts
with temperature to influence herbivore populations and behavior. We found that aphid density i
influenced by the interaction of plant resistance and temperature (Figaredl) did so in an
unexpected way. Within a range of acceptable conditions, aphid populations areynormall
expected to be greater when on susceptible plants compared to resistant plantsiand whe
warmer temperatures compared to cooler temperatures (e.g. Moja@G£1, McCornack et
al. 2004, Chiu et al. 2012). We did find more aphids in susceptible plants than on resistant plants,
and when the aphids were on susceptible plants in a warmer temperature they dier diodmett

the aphids on susceptible plants in a cooler temperature. However, we saw the offpcisite e
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temperature on aphid density for resistant plants. Aphids on resistant plants anrtiex w
temperature actually did worse and were almost completely gone within ¢atapsred to the
aphids on resistant plants in the cooler temperature where we saw on avendgeantant
population size throughout the experiment.

A closer inspection of adults and nymphs two days into the experiment provided
additional demographic information that helped produce this overall pattern. Overdall, adul
survival was higher on susceptible plants than resistant plants and slightlyihitifeecooler
temperature compared to the warmer (Figure 2). While adult survival mayxipédinethe effect
of temperature on resistant plants, it doesn’t explain the pattern on susceptilsle ptabetter
understand this pattern, we can look at the number of nymphs after two days (Feyuleo8)
measure of juvenile production (Figure 4). We saw twice the number of nymphs qotiblesce
plants in the warmer temperature than in the cooler temperature. So despiteitigefewss
adults in the warm susceptible treatment, each adult in that treatment wasng dalumore
nymphs than any of the adults in other treatments. Therefore, it appears thatralipattern
of aphid density was produced by both differential effects on survival, particafahg original
aphids as well as differential nymph production, especially for aphids on suseefsittls in the
warmer temperature.

Previous experiments have shown that soybean aphids (McCornack 2004) and other
aphid species (Morgan et al. 2001, Chiu et al. 2012) tend not to live as long in warm
temperatures compared to cooler temperatures. Yet those experimentsrioenegoeon good
quality, susceptible plant hosts. To get a better sense of what may happen oemaelgxioor
host we looked at survival when aphids had no access to food. We found that for aphids under

extreme diet conditions, adult aphids had a longer lifespan when in a cool environment than in a
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warm chamber (Figure 6). This corroborates the idea that aphids on resistaninalgiie able

to live longer and help better maintain the aphid population than those aphids in warmer
conditions, leading to overall higher aphid populations on resistant plants in the coolesbmpar
to resistant plants in the warm temperature.

We did not find synergistic effects of plant resistance and temperature dn aphi
movement. Instead, we saw an additive effect of temperature on aphid distribigioe &j. As
expected from previous results (Chapter 1), aphids on resistant plants distributselteem
more widely than on susceptible plants. Here we found that this differentidbutisin seemed
to be amplified by temperature. Aphids in warm temperatures on resistastyéstslightly
more likely to be found off of the original leaf than the other treatments and aphatd in c
temperatures on susceptible plants were least likely to be found off the ldegin8ased on
previous results (Chapter 1), it is likely that the observed distribution patteraprmarily
caused by differential rates of movement.

Differential insect movement, even by a relatively sedentary aphid, coal@diecern in
agricultural crops. Aphids were slower to spread out on the plant when in cooler temepera
which could aid in decreasing the spread of virus (Harrington 1994). Another potential
consequence is in the interaction between aphids and biological control agents. A wide
distribution of prey can make predators less effective in biological colftiola certain region
the soybean aphid’s dominant predator has trouble locating aphid between patches of prey
(Casas and Djemai 2002) or is only attracted to a certain density of prey (Wigde and Oneil
1992), there could be trouble using resistant plants in combination with predators,ligspecia

early in the season. For example, randomly distributed soybean aphids do notsitific
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decline as numbers of their primary pred&ornsidiosus increased, while clumped aphids did
decline, in summer field experiments (Desneux et al. 2006).

We found that temperature does play a role in determining the effectivenesstafnt
plants in terms of aphid density. On resistant plants, cooler temperatures showetféspgsn
for adults, and we saw no difference in fecundity rates in cool or warm tempsratiiheugh
we looked at aphid demography over a short period of time, this could mean a retagkiely
initial aphid populations on resistant plants might persist through thens¢tswmever, there’s a
chance this may be balanced by a potential increase in predators, or an att@saiat
considered. We used soybeans in the early vegetative stages, which are shapstagehave
been known to infest the plant (Ragsdale 2004). Learning about herbivores on young plants i
important since soybean aphid populations may double in size in less than two daykeinder
right temperature conditions (McCornack 2004). A few days can make a l@gedife in
management decisions. Soybean aphids even at low density can impair photasyrabesises
in soybeans (Macedo et al. 2003), and knowing the rate of population growth in different
temperatures on resistant plants will be valuable for pest management.

The effect of temperature on the effectiveness oRHtE gene is not clear, in part
because the exact mechanism behind its effect on soybean aphid populations is unknown.
Exposure to warm or cool temperature could affect resistance to soybean apthidrédate no
generalizations as to how temperature affects plant defense, espadeliyis of changes to
plant secondary chemistry (Bidart-Bouzat and Imeh-Nathaniel 2008). petrature was directly
influencing how resistant the plants were, the aphids could be responding negatiredgtt
effects of warmer temperature, direct effect of poor plant quality, andcheéifect of

temperature’s affect on plant resistance. If warmer temperaturasesréhe concentration of
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certain secondary compoundsRagl soybeans, for instance, it could give us results similar to
what we found when comparing aphid populations on resistant plants in warm and cool
temperatures. Certain secondary chemicals, such as tannin in some tree Gupeaiesease or
decrease in concentration with temperature (Dury et al. 1998) but this eftectpdrature
seems plant species and chemical specific, making it difficult to predicheviibere are any
temperature affects on soybean resistance. Further research of aplogrdenétime, a known
physiological process affected by temperature, on resistant angtsoiscglants could give
insight to impacts of temperature Bagl operation.

Our study demonstrates that host plant resistance and temperature eahimter
influencing herbivorous insects, but the nature of the interaction depended on the gaimogra
characteristic being measured. This work helps demonstrate that the effelanate change
and other altered abiotic factors might not only have the potential to influenceluadispecies
and interactions between species, but these abiotic changes can alsoviiieranious factors
to substantially alter the species, sometimes in unexpected ways. Thissattothier piece of
evidence for the idea that we will need fairly detailed information about partsysdtems, their
species, and their interactions in order to make meaningful predictions abouéthe affuture
climate changes.
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