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Summary and outline of this thesis
Plant domestication is a co-evolutionary procesas sharts around 13,000 years ago. In this
process plants were artificial selected accordingthe human society needs. In this
framework, plant were increasing their productivaits (size, shape and color) in
detrimental to their chemical defenses. This effeas so-called domestication syndrome.
Currently, there is a native berry from Chile thttrted a domestication process near to 20
years ago. This shrub is murtillddgni molinaeTurcz.), this plant have been particularly
studied due to their higher antioxidant activityiclese flavonoid contents. In this sense,
murtilla under a domestication process can be &telby domestication syndrome. Hence,
we evaluated the effect of domestication on flavdre@mncentration and how it affects the
insect-plant interaction and the behavior of aveaherbivore insedChilesia rudisButler.
In the first step, seven ecotypes cultivated inltis#ituto de Investigaciones Agropecuarias
(INIA) and their respective wild counterparts weedected for carried out an insect survey
and sampling of leaves, stems and fruits samplioig flavonoid analysis by High
Performace Liquid Chromatography (HPLC). Furthemmdhe feeding preference G
rudis was also evaluated in choice and no-choice assayle second step, cutting from
the same cultivated and wild plants were growing acclimating for a year and then, were
established in a common garden for standarizingrg@mwental factors. In the third step, a
reciprocal transplant experiment was carried out dwaluating the plasticity about
flavonoid contents of wild murtilla plants when yheere move to a cultivated system and
visceversa. Finally, the effect of a specific eneyfiavonol synthase (FLS) was evaluated
through enzymatic assays for all seven cultivatéahtp and their respective wild
counterparts. Results obtained in the first stegpveldl a higher number of insects in wild

plants than cultivated. Furthermore, a decreadeun flavonoids —quercetin, kaempferol,
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rutin and quercetin glycoside- in all seven culithecotypes were observed. In addition,
feeding behavior o€. rudisdeveloped a preference behavior to wild plantselation to
cultivated ecotypes. Results obtained in the secgiegd (common garden experiment)
showed that the flavonoid content was lower in icated plants than wild plants.
Moreover, the insect assemblages and the feedihgvim of C. rudis were higher in
cultivated plants than wild plants. In the thirdpeximent (reciprocal transplant), we
showed an increase of flavonoid concentrations cldtivated plants when they were
transplanted to wild location. On the contrary, wheild plants were transplanted to a
cultivated system a decrease in their flavonoidtexinwas observed. Finally, a higher
enzymatic activity of FLS was observed in threedwglants than to their respective
cultivated counterparts. The first experiment shebteat the chemical defense —flavonoids-
was decreased in cultivated plants and the ins@otnities were increased. Hence, the
domestication effect can be not determined in #xperiment because of the different
environmental conditions involved in this approadevertheless, The domestication effect
was determined in murtilla plants subjected to ammon garden experiment. Finally,
murtilla plants show plasticity in the recoverinfavonoid contents in a reciprocal
transplant experiment. Becausedgni molinaedomestication is a dynamic and continuous
process, this thesis is useful for enlarge the kedge and their application in agricultural

management and breeding programs.
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CHAPTER I:

General introduction



1.1GENERAL INTRODUCION

Plant domestication is a fact that began near {60D0and 13,000 years ago, close to
the time that human have been selecting plantsrdicgpto their needs. In this sense, it has
been possible to observe two relevant facts: 1)dmsnave been able to select plants based
on their phenotypical traits, and 2) plant seletctim part, is responsible for changes in
human social structure, from hunter-gatherer ttesktagriculture societies (Meyer et al.
2012), this change was so-called the Neolithic lkgian (Childe 1949). Currently, around
2,500 plant species have undergone domesticatiomdwide according to Dirzo and
Raven (2003).

In this framework, plant domesticatias the genetic modification of a wild species to
create a new form of altered plant to meet huma&usie~or many crops, domestication has
made plant completely dependent on humans, asttlsaho longer capable of spreading
itself in nature (Doebley et al. 2006). Howeveg ttomestication is not always immediate;
several authors have indicated that it is a procesgich plants pass from their wild type
to a domesticated one in a long-term (Clement 1888/er and Purugganan 2013, Meyer
et al. 2012). According to Meyer and Purugganai82@here are several stages or degrees
in domestication process. The first one is calletlal domestication, sometimes referred to
as the improvement phase involving the spread dagtation of the domesticated species
to different agroecological and cultural environitseThis phase leads to phenotypic and
genetic divergence among domesticated populatiangd,it can be thought of as having
multiple stages that are associated with varyirlgctge pressures (Stage 1). Some key
post-domestication stages may incluihe situ amplification of populations that have

desirable alleles (Stage 2). Adaptation of a doiveststd species to different environments



and human cultural practices that accompany gebgralpradiation constitute the stage 3);
and deliberate breeding to maximize yield, easéawhing and quality is called stage 4
(Fig. 1). Stages 1-3 have been described previdasgd on domestication history of seed

crops; although these stages are often presentederstally, they may occur

simultaneously.

a Sagel: b Stage 2: C Stage3: d Stage4:
Onset of Insituincrease in frequency Formation of cultivated populationsthat are Deliberate breeding

domestication of desirable alleles adapted to new environmentsand local preferences

o @ i,@ @\,@
0 @<  ecie @O

Figure 1. Plant domestication degrees from wild origin tdediberate breeding. Adapted
from Meyer and Purugganan (2013). W = wild plafits; cultivated plants.

As soon as plant selection began, several specidsr anthropogenic selection
were modified. Hence, plants in wild areas werecell and managed in different places
under human cares. These plants grew producing rfraies, grains, leaves and/or
increasing the fruit diameter, shape or size. Harethese improvements provoked a
decrease in other aspects within the nutrient pbdhe plants, generating, according to
Hammer (1984) the “domestication syndrome”. FU{R307) indicated that this syndrome
could act in different combinations and in sevédralts -including seed retention (non-
shattering), and different changes in branchingghtereproductive strategy and in

secondary metabolites- (see review, Gross and Q8&0). Domestication syndrome may



evolve over thousands of generations, as desitedits are selected for in the agricultural
environment and become fixed within the crop genoNeverthelessthe domestication
syndrome may also evolve within a short time-fraa®ein the cases of crops domesticated
within the last 100 years or so, such as kiwi @nberry (Meyer et al. 2012). Hence, the
increase of productive characteristics in selegqikohts altering the levels of secondary
metabolites in these last ones. The decrease aubedhe pool of nutrients in the plant
systems is allocated mainly for production, asdhierno need of protecting against some

kind of biotic or abiotic stresses (Herms and Mait$992).

In Chile there are some native species that hagarba domestication process such
as, maqui Aristotelia chilensiy calafate Berberis mycrophylla and murtilla Ugni
molinag. Calafate present an interesting compositionnfi@cyanins and also reach high
values (26.13uimol/g) according to Ruiz et al. (2010). Moreovéistspecies also has been
related to several alkaloid compounds (Manosalvale®014). In this sense maqui is
nowadays starting to cultivate at low scale. Mlatihas been domesticated by INIA-
Carillanca for 20 years (Seguel and Torralbo 2084)time, murtilla have an agronomic
protocol for its cultivation elaborated by INIA amabreover there is a company involve in
the cultivation. Moreover it is in an incipient geaof domestication that includes breeding
programs from the original wild material collectbdfore years (Chacon-Fuentes et al.
2015). Hence, this species is adecuate to the sskBeof this reseach in comparison to

another.

U. molinae Turcz (Myrtaceae), an endemic plant from Chile, as highly
polymorphic perennial shrub reaching heights ofro8em (Valdebenito et al. 2003,

Hoffmann 2005). Researchers at the ExperimentaltioBtaof the Instituto de



Investigaciones Agropecuarias (INIA) in Carillané®egion de La Araucania, have been
domesticating these plants (Figure 2). They weigirally collected from 100 localities in
southern Chile. Through the process of domesticaltio molinaecuttings were first grown
in greenhouses for 10 years and then transplaatdtktfield (INIA Experimental Station-
Tranapuente in the Regién de La Araucania [Sout@hile, 38° 450 S, 73° 210 W]) until
now, generating an important number of ecotypept{ation that are often best adaptated
to local environmental conditions (Knapp and Ri&@97)-. In Chile, there is a strong

economic interest in the productionldf molinaefruit due to its high antioxidant content.

\ ! d
A
D ‘ : , b -

Figure 2. Murtilla plant. A) whole plant located at INIA-Trapuente, B) fruits, C) leaves
and, D) flowers fromJ. molinae

This antioxidant activity is attributed to the pease of flavonoid compounds
(Avello and Pastene 2005, Rubilar et al. 2006, 20&4r example, several flavonoids such
as quercetin, kaempferol, rutin, and myricetin, &neir corresponding glycosides, have
been identified fromJ. molinaefruit and leaves (Shene et al. 2009, 2012). Thezgemany

reports indicating that flavonoids can affect feedbehavior in insects (Abou-Zaid et al.



1993, Simmonds 2001, Takemura et al. 2002, Salenksd. 2005, Adeyemi et al. 2010,
Diaz et al. 2010, Onyilagha et al. 2012). Besid®=sne flavonoids found itJ. molinae
have been implied in resistance mechanism agaambivores in other plant systems (Chen
et al. 2015). For example, Todd et al. (1971) shibthkat quercetin, a constituent of barley
leaves, was toxic to greenbuddchizaphis graminunfRondani). Moreover, Dreyer and
Jones (1981) reported increased resistance of wdgaihstM. persicaealso due to
guercetin. However, the inverse mechanisms haven ldeserved with this family
compounds. For instance, Takemura et al. (2002rteg increased susceptibility @icia
angustifoliaL. against the aphiflegoura crassicauddordivilko, because of the presence
of flavonol glycosides. Specifically, Diaz et aR0{0) reported that quercetin acts as a
phagostimulant for beetl&pilachna paenulata(Germar) (Coleoptera: Coccinellidae).
Moreover, Lin and Mullin (1999) reported stimuldetding activity by quercetin 3-|B-
glucoside in the western corn rootworBiabrotica virgifera virgiferaLeConte (31.3% of
consumption). For example, rutin is a phagostimula;m many polyphagous insects
including the Lepidopter&leliothis virescengBlaney and Simmonds 1983). Wink (1988),
Nielsen et al. (1998) and Bernays (1991) also tepoistimulation of feeding and
ovipositional activity by kaempferol, rutin, andygbside compounds for other herbivores.
In addition, isoflavones are a group of secondaeyatolites within flavonoids that have
been studied due to their activity as phytoestreg€ome of these substances act as natural
antioxidants and their effects on the human orgarhiave been concerning, especially in
the cardiovascular system (Pilsakova et al. 20@yeover, these compounds have been
related to feeding behavior in insects. Sutherlendl. (1980) reported that isoflavonoids

such as genistein and biochanin A at doses of 2§@nin applied on the '3 instar of



Heteronychus arato(Coleoptera: Scarabaeidae) affected negativelyfebding behavior.
Moreover, Pluempanupat et al. (2013) reportedftiratononetin at doses of 152 ppm was

an active larvicide against th& thstar ofAedes aegyptDiptera: Culicidae).

Hence, the domestication effects on the decreadirsgcondary metabolites could
be related to the preference, performance and b@hafvinsects (Chen et al. 2015). In this
framework, to evaluate the composition of insechwnities, their diversity and damage
indexes obtained from both wild and cultivated pacould help us figure out the
following question: How is the insect assembladéscted under a domestication process?
and how is the structure and diversity of themratte (Chapter Il). Briefly Aguilera et al.
(2005, 2009) reported a preliminary list of arthwdp and insect pests associated with wild
murtilla. However, there are no reports comparimg tdifferent systems —wild and
cultivated- and how the insect communities are@it@ccording to this change. Moreover,
few studies on insect diversity and their damagiexes comparing cultivated plants with
their wild ancestors have been carried out (ChehBernal 2011, Chen et al. 2013). Once
the changes in all the variables related to inseatmunities reported in Chapter Il were
assessed, the variation in the levels of flavomohgounds (Fig 3) in wild and cultivated
plants was analyzed. Leaves, stems and fruits fnomilla were used for flavonol isolation
and quantification, this plant material was cokectfrom seven localities and were
compared with their respective cultivated one (goel. Moreover, Chilesia rudis
(Lepidoptera; Arctiidae), a native insect hostingrtiia plants, was used for studying their
preference and performance in choice and no cHma@a&ssays, comparing leaves from a

wild origin versus leaves cultivated one (Chaptdr To mitigate, the possible effect of



environmental differences on the behavioural respsna common garden was established.

Therefore, a similar experiment as described inipus chapters was developed.
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Figure 3. Flavonoid compounds detected and quantifiedJinmolinae plants. A - D,
flavonols: A) quercetin, B) kaempferol, C) myrigetind, D) rutin. E - H, isoflavonoids: E)
biochanin A, F) formononetin, G) daidzein and, Hnigtein. | - L, isoflavonoids
(glucosides): 1), sissotrin, J) ononin, K) daidaimd, L) genistin.

In Chapter IV, | considered the following questidmw is affected the insect plant
interaction in murtilla plants subjected to a dotwasion process in relation to the
flavonols and isoflavones content?

Complementarily, in Chapter V the adaptation eff@etwild and cultivated plants
through a reciprocal transplant experiment wasyaedl Finally, the activity of a single
enzyme —flavonol synthase (FLS)- involved in flagbrorigin, and particularly in

kaempferol production was studied (Chapter VI). sTnzyme has the capacity to



transform naringenin into kaempferol. Hence, wildnps that have a higher level of

flavonols related to cultivate ones should presemgh activity of FLS.

1.2 HYPOTHESES

According to the former information, a domesticatiprocess could modify secondary
metabolites such as flavonols and isoflavones. b\are changes on the composition of
these compounds could induce changes in the diyeasid behaviour of the insects

associated to murtilla plants. Hence, this workppsed the following hypothesis:

“Decreasing of murtillaW@gni molinaeTurcz) flavonoids involve in plant chemical defens
elicit an increase in both insect numbers and fegdiehavior of a native insect due to

domestication process”

1.3 GENERAL OBJECTIVE

To determine the effect ofugni molinae domestication process on flavonoid

concentrations, insect communities and the feelaivior of an herbivore insect.



1.4  SPECIFIC OBJECTIVES

1.4.1 To compare quantitatively flavonoids differencedwsen wild populations and

cultivated plants and their effect on insect int&oms.

1.4.2 To compare qualitatively and quantitatively flavahdifferences between wild and

cultivated plants and their effect on insect asdag#s in a common garden.

1.4.3 To compare the effect of flavonoid variations ineaiprocal transplant experiment

and the activity of FLS in wild and cultivated pltammfU. molinae

10



CHAPTER II:

Insect diversity, community composition and damagendex on

wild and cultivated murtilla
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2.1 INTRODUCTION

Domestication is a process in which plants go franwild environment to another
environment in which they are completely dependenhuman care for their survival and
reproduction (Turcotte et al. 2014). Furthermorgais (1993) reported that there are
dramatic changes in plants after the domesticgtiocess, and these changes could alter
the interactions between insect assemblages. GE144) reported that in the
domestication process, it is possible that thera idevelopment of a "domestication
syndrome”, in which fruit size, the number of seedsl plant growth are increased
according to human requirements. Nevertheless, gtosess also decreases the natural
barriers of plants, such as their chemical deferfeesexample, those that help them cope
with herbivorous insects (Rodriguez-Saona et al420Evans (1993) indicated that the
domestication process is an anthropogenic and tdired selection, and this selection
changes the physical or chemical traits of plah&t have a strong effect on other plants,
insects and their natural enemies. Therefore, dmpestication can affect the structure of
insect assemblages (populations in an ecosystesaciaged with host-plants and their
interactions. For example, Chen et al. (2013) regbthat cultivated rice had 50% fewer
taxa of associated insects than wild rice and tihaite were losses in taxonomic species.
Moreover, in wild rice, 173 taxa were found thatrevaot found in cultivated rice, whereas
cultivated rice supported only 23 taxa. For examn@leen and Bernal (2011) reported that
the arthropod diversity was significantly highercutivated rice than in wild plants (21.52
+ 0.32 vs. 20.24 £ 0.39 species/plot) when culédatnd wild rice species were compared.
Murtilla, Ugni molinaeTurcz (Myrtaceae), is an endemic and polymorphialsHrom
Chile and is distributed from Region del Maule tegidon del General Carlos Ibafiez del

Campo (Seguel et al. 2000, Seguel and Torralbo)209Lhile, there is a strong economic

12



interest in the production df. molinaedue to the presence of antioxidant compounds,
specifically flavonoids present in the leaves amit$, and this plant has an incipient berry
used as food (Rubilar et al. 2011). Consideringéhacts, researchers at the Experimental
Station INIA Carillanca (Region of La Araucania, ilEh have been domesticating this
species for approximately 20 years, generating medtication process from wild to
cultivated conditions. There are no studies conmgatihe insect diversity associated with
wild and cultivated murtilla plants. Therefore, tsudy of insects associated with
molinae plants, both cultivated and wild, could be an droé biological tool to show
changes in the insect community associated withdtdmaestication process. According to
the aforementioned information, domestication caunlctease the taxonomic assemblage
and damage index but decrease the insect divarsigultivated plants. Therefore, the
objectives of this report were to compare inseseatwlages associated with both wild and
cultivated U. molinae plants, determine the effects of domesticationherbivory and

evaluate the effect of the domestication on indersity.

2.2MATERIAL AND METHODS

2.2.1 Sampling are&even cultivated ecotypes Of molinaeunder the domestication
process at INIA-Tranapuente, an experimental freddr Puerto Saavedra (Region of La
Araucania, Chile, 38°45°S, 73°21°'W), and their eetipe wild parents populations were
considered for the insect survey. The ecotypestselavere 08-1, 12-1, 14-4, 18-1, 19-1,
22-1 and 23-2, and their corresponding wild parevege selected from those showing a
similar size (around 1 m tall), architecture, anidemology and were sampled from

Caburgua (39°11" S, 71°49°'W), Pucon (39°17" S, 3MBJ, Manzanal alto (38°03° S,
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73°10°W), Soloyo (38°35" S, 72°34°W), Porma (39°8873°16 W), Mehuin (39°26" S,
73°12°W), and Queule (39°23" S, 73°12°W). The samgptonsidered five repetitions of a
whole plant per cultivated ecotype and wild locasio The survey and samplings were
carried out between December 2012 and October 20&8/ two months. Fertilizer was
applied annually on cultivated plants accordin@gtsoil analysis and consisted of 80, 44,
and 43 g per plant of nitrogen,@®, and KO, respectively. Pest control was carried out
using Karate (lambda-cyhalothrin; Syngenta, GreersNC, USA), at a dose of 1 to 2
mL L™ of water, or Lorsban 4E (chlorpyrifos; Dow Agro&etes, Indianapolis, IN, USA),
at a dose of 1 mL plant(one to two applications during the year), acawgdio the
incidence of cutworms. To avoid residual toxicail,samples were collected at least 7 days
after insecticide applications.

2.2.2 Insect survey and insect biodiversity indexesect specimens were collected
manually with a mouth aspirator between 900 and18@rom leaves, stems, flowers and
fruits, and each whole plant was visually and mépuexamined for 5 min. After
completing the inspection of each individual plaht soil surface below the canopy was
examined (Knott et al. 2006). The collected insestse those that used the plant as a host
and those that visited the plant at the samplimgtiThe captured insects were stored in
Khale’'s solution (water (56.6%), ethanol (28.3%9et&c acid (3.8%) and formaldehyde
(11.3%)), and the species were determined in therdéory under an optical microscope
(Olympus SD 30) using key books reported by Arti¢ge894). Furthermore, the relative
abundance index was estimated as the number ofidodis per plant (Samo et al. 2008),
and a relative abundance index was obtained fon sampled species. In addition, the
diversity indexes of both wild and cultivated plkantere calculated as follows: Margalef

index: Dng=S-1/In(N) where S = number of species in a sampl N = total number of
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organisms in the sample; the Shannon index: ¥pFLog,(pi); and the Simpson index:
D=1/%(pi)* where pi = ni/N ni = species abundance and N = toienber of organisms in
the sample (Samo et al. 2008).

2.2.3 Evaluation of leaf damagkeeaves were collected from both cultivated ecotypes
and wild locations (12 leaves per plant) from tberfcardinal directions at different heights
of the plant. The vegetal material was stored pepdags, transported to the Laboratory of
Quimica Ecoldgica of the Universidad de La Frontara stored at -20 °C until their
evaluation. The damage percentage was calculate/dlyating the foliar area using the
ImageJ 1.42 softwar@Vayne Rasband National Institutes of Health, USH)e damage
was categorized according to the methodology pregdxy Dirzo and Dominguez (1995)
as follows: 0= intact; 1= 1-6%; 2= 6-12%; 3=12-254425-50%; 5=50-100%. The index
damage by plant was calculated by means of theularmeported by Rodriguez-Auad and
Simonetti (2001): DI = ni (ci)/N, where ni= number of leaves in tH&dategory of
damage, ci= midpoint of each category, and N= tatahber of leaves.

2.2.4 Statistical analysisThe statistical software Statistix 10 (Tallaha&ssElorida,
United States of America) was used to analyze #magie index and the total number of
insects in both wild and cultivated plants. Damamgkexes were analyzed by a fully nested
hierarchical random analysis of variance, using eltination degrees as the main factor
and temporal variation as a nested factor withimelstication degree (wild and cultivated).
Posterior LSD Fischer tests were used for compasisamong groups. Finally, for
contrasting the damage indexes between cultivat@otgpand their wild counterparts,
tests were used. To analyze the number of insactkj square test was performed. The

data were natural-log transformed to meet the ag8ans of normality and homogeneity
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of variance. Values oP < 0.05 were considered significant. The resultsexgressed as

means and their corresponding standard errors.

2.3RESULTS
Insect SurveyA total of 243 insects were collected, 188 indiatfufrom wild plants

(77.3%) and 55 from cultivated plants (22.7%) (FegdA). The several insect orders
collected were Coleoptera (28.2%), Diptera (17.9¢#48miptera (10.2%), Hymenoptera
(12.8%), Lepidoptera (10.2%), Neuroptera (2.56%)th@ptera (5.12%), Homoptera
(7.69%), Blattodea (2.56%), and Phasmatidae (2.5&¥leopterans were represented by
Curculionidae (18.18%), Tenebrionidae (12.82%),aBmlae (7.69%), Scarabaeidae and
Cerambycidae (5.12%), and finally, Chrysomelidaesldtlae, Cupedidae, Bostrichidae,
Bruchidae and Coccinellidae (2.56%). Dipterans wepresented by Asilidae (30%),
Tabanidae (20%) and Cecidomyiidae, Dolichopodid&dyscidae, Tipulidae, and
Calliphoridae (10%). For Hemipterans, Lepidopterand Homopterans, the percentages
were distributed equally in the families shown ible 2. For Neuropterans, Blattodea and
Phasmidae, only one family was represented, as rshowlable 2. Orthopterans were
represented by Acrididae (66.66%) and Tettigonii{izZ&33%). Finally, Hymenopterans
were represented by Formicidae, Ichneumonidae gridag& (25%) and Pompilidae and
Vespidae (12.5%). Insect assemblages were lowerilth parents than in the respective
cultivated ecotypes, except for wild plants locatedPucon and Porma (Figure 1A). The
dynamics of both cultivated and wild murtilla plang shown in Figure 2A. The maximum
insect assemblages can be observed between OcobeDecember for wild plants. In
contrast, the assemblages were more stable thrauge year and were lower than that

found for wild plants. Moreover, based on field eh&tion (wild species), it was possible
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to identify symptoms that indicated the presence gfhytoplasm called witch’'s broom
disease. Symptoms were present in all wild location

Damage index evaluatiorin general, the wild species presented signifigahtgher
insect assemblages than cultivated plants accotditgests P < 0.05) (Figure 1A). For
instance, Caburgua, Manzanal Alto, Soloyo, Mehuimd &ueule presented insect
assemblages higher than their respective cultivedveiterparts (Figure 1B). The temporal
variation of the damage index that was calculatgdwiild and cultivated murtilla plants
showed a similar pattern throughout the year. Tteraction between months and the
domestication effect was a significant effeEix(ss46= 16.49;P < 0.001) on the damage
index in murtilla plants. Similarly, the domestiicat effect was a significant effedy(s446=
28.34;P < 0.001) on the damage index generated in murtidatp, as shown in Table 3
and Figure 2B. The highest damage index levels Yoened in December for cultivated and
wild plants (0.9 and 1.2, respectively). Howeverthis month, the damage index of wild

plants was significantly higheP (< 0.05) than that of their cultivated counterparts.
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Figure 1. Results from the insect survey: A) insect numlerszild and cultivated plants
(left) and the different agroecological areas (igdamage index in wild and cultivated
plants (left) and individual damage index comparib@tween wild and cultivated plants
based on ecotype and geographical area (rightegmsignificant differences according to
t-test P<0.05).

Insect biodiversityThe Shannon index was higher in wild plants (5.t&@n in
cultivated plants (4.40), suggesting that wild sgedave greater diversity than cultivated
species (Table 1). Moreover, in the Margalef inlExble 1), there was difference between
cultivated plants (6.98 vs. 12.98) and wild plamtsich indicated that there is greater
species richness in wild. molinaeplants. However, there was a higher number ofcisse
in wild species than in cultivated species (Figa®). Furthermore, differences were

observed in wild and cultivated plants accordingh® Simpson index (19.04 vs. 15.04).
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Figure 2. The effect of temporal variation, rainfall and teargtures on insect number (A)
and damage index (B) in wild and cultivated muatillgni molinag from December 2012

to October 2013. Temperatures and rainfall areesgad as the mean between Temuco and
Valdivia. *mean differences according to the Chu8&ge test and different letters mean
significant differences based on the LSD Fischsfr &< 0.05).
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Table 1. Diversity parameters evaluated oth wild and cultivated plants &f. molinae
from December 2012 to October 2013.

Parameters wild Cultivated
Species richneSs 69 29
Total individuals 188 55

Relative abundance (%) 77.36 22.64
Margalef index 12.98 6.98
Shannon index 5.15 4.40
Simpson index 19.04 15.04

"Number of species for wild or cultivated plants.
*Percentage of the total number of individuals foimdoth wild and cultivated

domestication stages.

2.4DISCUSSION

The phytophagous insect associated with molinae has been studied previously by
Aguilera et al. (2005, 2009). Nevertheless, theeen® specific reports about insect pests in
U. molinaerelated to the domestication process. Aguileral.e2@05, 2009) reported 22
and 10 species associated with murtilla, respdgtiiehese insects were collected in the
2003-2004 season in the Region of La AraucaniaRaglon de Los Lagos and correspond
to only phytophagous insects. Furthermore, the Z% season was also evaluated by
Aguilera et al. (2009), who added new species ® itlentified phytophagous insects
related toU. molinaeplants. In the present research, we identified@pmately 60 insect
species in wild and cultivated murtilla plants fradecember 2012 to October 2013 that
had not been reported previously (Table 2). Thalte$ound in this study could be helpful
regarding information about the variation in theseéat assemblages in crops that are
subjected to domestication or anthropogenic intgiga. Indeed, despite its short history

of domestication (< 20 years), the high numbemsetcts observed in association with

20



molinae suggests that once this crop completes its dooadisin process, it could be
affected by a wide spectrum of phytophagous insddtese insects could produce several
types of damage due to their defoliating or suckeegling behaviors, or insects may cause
damage when they oviposit, as is the case Wéttigades chilensigsmyot & Serville
(Hemiptera: Cicadidae) found in this survey. In thst 10 years, several authors have
developed a theoretical framework for understandimegevolution of plant defenses that
protect against herbivores. Bautista et al. (2012) suggested that the degree of resistance
to herbivores reflects a compromise between thesfiisnof reduced herbivory and the
costs of diverting resources from other functiansesistance. Crawley (1997) reported that
plant morphology can influence insect acceptabditgctly, either by providing a suitable
visual cue or by influencing the ability of insedts walk on or bite into the tissue.
Furthermore, most phytophagous insects are confinedertain plant parts, which is
determined by the physical and chemical attributeswhich the insects respond. In
addition, the presence (or absence) of chemicalebsr such as secondary metabolites,
determines the range of insect attacks. Howevés, ahpect was not addressed in this
investigation. Moreover, according to Artigas (139%ylamorpha eleganss one of the
most dangerous species in wheat from the RegioBiofBio to Region of Los Lagos,
Chile, generating plant losses that reach 80%.oAltih their main hosts are graminedds,
eleganscould be usingJ. molinaeas a second host. In addition, one highlight im ou
findings isProeuliaspp, which, according to Gonzalez (2003), showseigsed presence in
fruits related to anthropogenic intervention. Farthore, species such Bs chrysopteris
(Butler) are quarantined in the USA and are praédin the shipping of kiwi and grapes.
Another species that was found in the present tepas Aegorhinus nodipennisthis

curculionid has been reported mainly in associatuith blueberries, peaches, plums and
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apples (Aguilera et al. 2011). nodipennicould represent a potential threattomolinae
due to its similarity to blueberries. Furthermarethe present research, we found a specific
association between witch’s broom disease and Itayitthe most common and destructive
disease of the foliage in murtilla plants. The maharacteristic of this disease is an
uncontrolled branching associated with biotic festoMoreover, this plant disease is
characterized by a reduction in the size of sheoid overgrowth of these; the leaves
become smaller and tighten acquiring a reddish d@tbowish color, not allowing the
development of fruits and when they reach someldpy&ave a bad taste (Andrade et al.
2009). It is transmitted by Cicadellidae (Hemipjeparticularly byCarelmapu aureonitens
Linnavuori & De Long andCarelmapu ramoskLinnavuori. We found witch’s broom in all
seven wild locations, making it a decisive factodetermining the presence ©arelmapu
spp. Moreover, Aguilera et al. (2009) reported thas disease was found in some
experimental plots cultivated with. molinaein the Region of La Araucania. The Margalef
index for wild species was higher (12.98) than otieports for cultivated ecosystems. For
instance, in barley crops, this index ranged frota 0.96 (Abay et al. 2009). The Margalef
index for wild U. molinaeplants agreed with Lexerod and Eid (2006), whéee range
varied from 4.09 to 8.47. Nevertheless, the higledmess according to the Margalef index
was found in wild plants. This finding could be @gated with the loss of chemical
defenses due to the domestication process. Ovagalboth wild and cultivated plants, the
diversity indexes were higher than two consideredhaderate. This index is variable from
less than 1 (Aslam 2009) to more than 8 (Lexeratl Bid 2006). Therefore, these values
are related to a medium level of diversity for mated plants and a high level of diversity
for wild plants. The Shannon indexes were highantthose reported for farmland wheat

(Chateil et al. 2013), where the index ranged ffbghto 1.4. In relation to wild plants, the
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insect diversity of our data was lower than therfloa index reported by Bibi and Ali
(2013) in a wildlife sanctuary (Pakistan), where thdex ranged from 3.31 to 3.39 for the
fauna of this landscape. In addition, cultivatednpd have a low Shannon index (4.40),
meaning that cultivated plants are more affected dnythropogenic management
(Takhelmayum and Gupta 2015). Moreover, the Simpsdex showed values from 15.04
in cultivated plants to 19.04 in wild plants, meanthat there was high diversity in both
sites. As the first approach, the domesticationcgge and the management of a
monoculture can be responsible for the loss ofearehse in diversity in cultivated species
of U. molinae Seguel and Torralbo (2004) indicated tBatmbusspp. is the principal
pollinators of U. molinag and for this reason, the loss of diversity thtouthe
domestication process or monoculture can signdg@ease in pollination. Future research
will be focused on the effects of secondary mei&dmbn the insect assemblages on wild
and cultivatedJ. molinaeplants. We detected changes in the community amcbers of
the insect assemblages, the diversity indexes mudthe damage indexes, which could
suggest that the domestication of murtilla has@dtéhe insect community in plants under
agricultural management compared to plants in \pibgpulations. We think that further
experiments should continue to explore how domaistic can affect these parameters in a
controlled environment through a common gardens Ththe first approach relating insect
assemblages, diversity and damage indexes in wdccaltivatedJ. molinaeplants. Future
investigations will determine the effect of domeation on the chemical defenses in
murtilla plants. Nevertheless, a single locatioramarea where all ecotypes were growing
together was compared with wild parents in sevéferént locations. This setup could bias
the evaluated diversity and damage variables tectiédwer values in the single locality

condition. Currently, there are few fields in whiths crop is cultivated, and the only
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location where all the cultivated plants relatedheir original counterparts are reported is
the Experimental Station INIA-Tranapuente. Therefahis first approach is subject to
environmental factors, which will be avoided in théure through a common garden

experiment for both wild and cultivated plants.
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Table 2.Insects determined in different ecotypes and ltealon wild and cultivated.molinaeplants.

Order Family Specie Feeding Locatiorf Ecotypé
behaviot
Coleoptera - Curculionidae Tartarisius subfasciatuBl. P Pucén
Aegorhinus nodipennidope P Manzanal Alto
Hybreoleptops tuberculifer P Manzanal Alto, Queule, Mehuin, Caburgua
Boheman
Megalometis spinifeBoheman Queule
- Scarabaeidae Hylamorpha eleganBurmeistey Pucén, Manzanal Alto Eco 14-4
Brachysternus prasinusuérin Eco 22-1
- Cerambycidae Chenoderus testace@tanchard Soloyo
Callideriphus laetuslanchard Eco 12-1

- Chrysomelidae
- Meloidae
- Carabidae

- Cupedidae
- Tenebrionidae

- Bostrichidae
- Bruchidae
- Coccinellidae

Kuschelina decorat&lanchard
Epicauta pilmeMolina
Ceroglossus valdiviaelope
Helinaspp,
Ceroglossus chilensBscholtz
Prolyxoscupes latreillesol.
Oligocara nitidaGay i So)
Nycterinusspp,
Blaptinus punctulatu€urtis,
Epipedonotapp,
Heliotubusspp.
Neoterius pulvinatuBlanchard
Megacerus eulophusrichson
Eriopis connexdermar

T TUVTTUTTUTTUTDT T TUTT
IU;U;U;U;U;U;U'U'U'U'U'U'U'U'U'U;U;U;U'U'U'U'U'U'U'U

Soloyo, Porma

Manzanal Alto, Queule
Manzanal Alto
Manzanal Alto
Manzanal Alto

Manzanal Alto, Queule

Queule
Queule
Queule
Queule

Eco 19-1, Eco 22-1, Eco 23-2

Eco 12-1

Eco 19-1
Eco 18-1, Eco 23-2

Diptera - Cecidomyiidae Prodiplosis longifilaGagné Pucon, Soloyo
- Dolichopodidae Dolichopus bipunctatuMacqg Manzanal Alto
- Asilidae Lycomya germainBigot,
Eccritosia rubriventrisdMacquart Porma, Queule Eco 14-4, Eco 19-1, Eco 22-1
Araiopogon gayMacq Eco 23-2
- Calliphoridae Phaenicia sericatdeigen Porma, Queule, Mehuin
- Muscidae Hylemyiaspp Porma
- Tabanidae Scaptia lataGuérin-Méneville Eco 12-1, Eco 14-4, Eco 18-1,
Eco 19-1, Eco 22-1, Eco 23-2
Dasybasis chilensislacquart H Eco 18-1, Eco 19-1, Eco 22-1
- Tipulidae Tipulaspp. P Mehuin
Hemiptera - Pentatomidae Acledra haematopuSpinola P Pucon
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- Lygaeidae Lygaeus albornatuBl. P Soloyo
- Scutelleridae Missippus spinolabig. P Manzanal Alto
- Rhopalidae Harmostes chilensiBallas P Caburgua
Hymenoptera - Formicidae Camponotus chilensB8pinola PR Soloyo, manzanal Alto, Mehuin
Nothidris latasteEm. PR Eco 19-1
- Pompilidae Pompilus spinola&ohl PR Porma
- Ichneumonidae Chromocryptuspp PT Mehuin
Alophophion chilensiSpinola P Eco 14-4, Eco 23-2
- Vespidae Vespula germanic&abricius PR Mehuin Eco 08-1, Eco 23-2
- Apidae Apis melliferaLinnaeus PL Eco 19-1
Megabombus dalhbo@uérin PL Eco 19-1, Eco 22-1, Eco 23-2
Lepidoptera - Tortricidae Proeuliaspp. P Soloyo, Porma, Queule, Mehuin
- Saturniidae Ormiscodes cinnamomea P Porma, Queule
Feisthamel
- Arctiidae Chilesia rudisButler P Mehuin
- Noctuidae Feltia malefidaGueneé P Eco 14-4
Neuroptera - Hemerobiidae Gayomyia falcatu8lanchard in PR Soloyo
Gay
Orthoptera - Acrididae Aucacris eumer&lebard P Manzanal Alto
Trimerotropis ochraceipennil., P Manzanal Alto
Dichroplus maculipennis P Porma
Blanchard
- Tettigoniidae Dichroplus porter_iebermann P Manzanal Alto, Porma, Mehuin
Coniungoptera nothofagrentz y P Manzanal Alto
Gurney,
Heteromallus notabili®run. P Manzanal Alto
Homoptera - Cicadellidae Ribautiana terrimaHerrich- P Porma Eco 22-1
Schaffer
- Cicadidae Tettigades chilensid&myot & P Mehuin
Serville
-Diaspididae Hemiberlesia rapaxomstock P Mehuin
Blattodea - Blattidae Blatta spp. 0] Queule
Phasmatidae - Phasmidae Agathemera crassBlanchard P Queule

'Feeding behavior; P= Phytophagous, PR= Predater FRifasitoids, PL= Pollinator, O= Omnivorous, H=ntéophagous.

?Location corresponds to wild plants and Ecotypeesponds to cultivated plants.
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Table 3. Summary results of two-way ANOVAs for the effectsemporal variation of the damage index in muatillgni molinae

Parameter Variable df * F P
Damage index Domestication degrees 1, 5446 28.34 <0.001
Domesticatiorxk Months (within 12, 5446 16.99 <0.001
domestication)
Residual 5446
Total 5459

! Degrees of freedom: numerator, error
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CHAPTER lII:

Domestication in murtilla (Ugni molinae Turcz) reduced
defensive flavonol levels but increased resistanagainst a native

herbivorous insect
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3.1 INTRODUCTION

The domestication of plants is a process of amdifiselection in which wild plants
are modified to meet human needs (Meyer and Punagg2013, Cornille et al. 2014,
Gepts 2014). As a result, plant domestication mexegate a so-called “domestication syn-
drome” (Hammer 1984, Evans 1993, Abbo et al. 20dhgre the domesticated plants have
features useful for human consumption such as ase in yield, fruit size, number of
seeds, and plant growth (Wink 1988). However, aegéant traits such as those associated
with defense against herbivores can be negatividgtad (Hammer 1984). This may occur
particularly in plants domesticated for high yielthere a pool of available resources is
allocated to fruit production instead of defenserfHs and Mattson 1992, Davila- Flores et
al. 2013). Consequently, domesticated plants mdgdsedefended against their enemies as
compared with their wild ancestors (Rosenthal am@d>1997, Rodriguez-Saona et al.
2011, Chen and Bernal 2011, see review by Cheh @0&5). For example, in a recent
study, Altesor et al. (2014) found that cultivapetato Solanum tuberosuin.) plants have
lower levels of glycoalkaloids and were more susbép to attack by two generalist
herbivores, the green peach aphiMyzus persicaeSulzer, and the potato aphid,

Macrosiphum euphorbia€homas, as compared with their wild ancestors.

Flavonoids are an important group of plant defemsismpounds (Harborne 1988,
Harborne and Williams 2000), which can be affecbsd domestication. For instance,
Mikulic-Petkovsek et al. (2012) analyzed severacsps of wild and cultivated berries and
found higher levels of the flavonoid quercetin inldvplants than in cultivated ones.
Similarly, Giovanelli and Buratti (2009) analyzeduf varieties of cultivated blueberries

and a wild counterpart and showed that the totahpls and anthocyanin concentrations in
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wild fruit were two and three fold higher, respeety, than in cultivated fruit. Flavonoids
are known to affect insect feeding behavior (Hankof988). For example, Simmonds
(2001) reported that rutin, a commonly studied dlasl glycoside, is a phagostimulant to
many polyphagous insects suchSghistocerca americanBrury andHeliothis virescens
F.; however, high levels of this compound were et to the noctuidsielicoverpa zea
Boddie, Spodoptera littoralisBoisduval, Spodoptera exiguaHubner, andSpodoptera
exemptaWalker. Some flavonoids are also known to redaceal performance (Elliger et
al. 1980). For example, rutin caused 50% mortaitg reduced the relative growth rate of
Spodoptera eridani€ramer (Lindroth and Peterson 1988). Also, Beniragel Abou-Zaid
(1997) showed that rutin, quercetin, and a gluasidercetin isolated from four pine

species decrease larval mass and increase modblifynantria disparl.

Murtilla, Ugni molinaeTurcz. (Myrtaceae), an endemic plant from Chiea highly
polymorphic perennial shrub reaching heights ofro8em (Valdebenito et al. 2003,
Hoffmann 2005). Researchers at the ExperimentaltioBtaof the Instituto de
Investigaciones Agropecuarias (INIA) in Carillan&ggion de La Araucania, Chile, have
been domesticating this species for the past 2@sya high productivity (Seguel and
Torralbo 2004); these plants were originally caiecfrom 100 localities in southern Chile.
Through the process of domesticatith,molinaecuttings were first grown in greenhouses
for 10 yr and then transplanted to the field (INEXperimental Station-Tranapuente in the
Region de La Araucania [South of Chile, 38° 4503,210 W]) until now. In Chile and
worldwide, there is a strong economic interestia production ofJ. molinaefruit due to
its high antioxidant content. This antioxidant weaityi is attributed to the presence of

flavonoid compounds (Avello and Pastene 2005, Rulat al. 2006, 2011). For example,
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several flavonoids such as quercetin, kaempferotin,yr and myricetin, and their
corresponding glycosides, have been identified fthnmolinaefruit and leaves (Shene et

al. 2009, 2012).

Aguilera et al. (2009) reported, for the first tirarvae ofChilesia rudisButler
(Lepidoptera: Arctiidae) attacking. molinae C. rudisis a polyphagous, univoltine insect,
native to Chile (Vargas and Parra 2003), and onta@fmost serious pests of grasslands,
acting as a severe defoliator of several plantg@#mand Ruiz 1974). The life cycle 6f
rudis in the Regién de La Araucania, Chile, has beearibesl by Angulo and Ruiz (1974):
the larval stage lasts 6—8 months, from May ungc@mber, while the pupal stage lasts 2
months; the adults emerge in February and live8tet4 d. The larvae feed on different

plant parts but prefer the leaves.

In this study, we hypothesized that. molinae domestication has decreased
chemical defenses and resistance against herbivepesifically, we compared the levels
of four major flavonols—quercetin, kaempferol, quegin 3-D/ glucoside, and rutin—in
wild and domesticated). molinae plants. We also determined seasonal differences in
flavonol content as well as differences among vexiplant tissues. Finally, we studi€d
rudis larval growth and feeding on wild and domesticatiednolinaeleaves, and tested the

effects of each of the four identified flavonolslarval leaf consumption.

3.2 MATERIAL AND METHODS

3.2.1 Sampling AreaSeven cultivated ecotypes, i.e., geographicallgtirit
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populations, otJ. molinaefrom the INIA Experimental Station-Tranapuente evased for
experiments. These ecotypes have been maintainadiéld at the Experimental Station
for almost 10 yr, as indicated above. We seledtedd ecotypes based on their agronomic
characteristics such as size, growth, and prodtic(i8eguel and Torralbo 2004), as well as
the availability of their wild parents in the omgil collection areas. The ecotypes were
sampled from two geographical regions: five ecatypere originally sampled from the
Region de La Araucania (ecotypes 08-1, 12-1, 1884], and 19-1), and the other two
ecotypes were originally sampled from the RegiorLde Rios (ecotypes 22-1 and 23-2).
Fertilizer was applied annually according to soidlgsis, and consisted of 80, 44, and 43g
per plant of nitrogen, s, and KO, respectively. Pest control was carried out using
Karate (lambda-cyhalothrin; Syngenta, Greens- bbhi©) at a dose of 1 to 2 ml/liter of
water or Lorsban 4E (chlorpyrifos; Dow AgroScienchslianapolis, IN) at a dose of 1
ml/plant (one to two applications during the yeagc¢ording to the incidence of cutworms.
To avoid residual toxicity, all samples for chenhiaad biological assays (see below) were
collected at least 7 d after insecticide applicatidEach cultivated ecotype was paired with
its wild ancestor, which was located in the sameggaphical area where its cultivated
counterpart originated. For the wild plants, thdélofeing sampling areas were used:
Caburgua (39° 110 S, 71° 490 W), Pucdn (39° 17018550 W), Manzanal Alto (38° 030
S, 73° 100 W), Soloyo (38° 350 S, 72° 340 W), anda (39° 080 S, 73° 160 W) from
the Region de La Araucania; and Mehuin (39° 2603%,120 W) and Queule (39° 230 S,
73° 120 W) from the Region de Los Rios. Thereftre,following seven cultivated, wild
ecotypes, geographical areas were paired for cla¢raied biological assays: Eco 08-1,
Caburgua, Eco 12-1, Pucon, Eco 14-4, Manzanal Ao, 18-1, Soloyo, Eco 19-1, Porma,

Eco 22-1, Mehuin, and Eco 23-2, Queule.
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3.2.2 Plant Material and Insectéeaves, stems, and fruits (when availableYof
molinae were sampled monthly (from December 2012 untilobet 2013) from both
cultivated and wild plants. Five plants were sampte each cultivated ecotype and at each
wild site (N 24 70 plants). Samples were taken from all four cardinal directions and at
different heights of each plant, and were standattiby age to control for phenological
variation. After this, samples were stored in papags, placed in a cooler, and then
transported to the Laboratorio of Quimica Ecologidaiversidad de La Frontera (Temuco,
Chile). Samples were stored at -20°C (Zeraik 20t al. 2012) until used in chemical
analysis (see below), while samples for bioassaye wsed within 24 h after collectiod.
rudis larvae (older instars; size 30—40 mm) used foassays were collected manually in
late spring (December) from grasses in Temuco,&kds Casas, Chile (38° 460 S, 72°
360 W); thus, these larvae likely had no prior eigee onU. molinae Larvae were

deprived of food for 3 d before the experiments.

3.2.3 U. molinae ExtracfThroughout a year, 735 samples from leaf, stem,fauit
of both cultivated and wild plants were collect&mples were rapidly frozen in liquid
nitrogen for 5s (Mikulic-Petkovsek et al. 2012) daten milled in a grinder. After this,
samples (5g) were placed in a flask where ethafmilGgrade (Sigma-Aldrich, St. Louis,
MO) was added to the samples (50% v/v in watewesatto-solid ratio of 5:1). These
flasks were placed in a magnetic stirrer for 20 atir80 °C and 170 rpm. After this time,
samples were filtered in darkness through a Whatmamber 1 filter paper (Whatman
International Ltd., Maidstone, United Kingdom). Thiérate was concentrated in a rotary
evaporator at 45 °C and lyophilized for 8 h (Rub@aal. 2011). Finally, each sample was

suspended in 10 ml of ethanol and left for 5 mimiBranson 3510 sonicator. Samples
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were stored at -20 °C in amber flasks (25 ml) uth@ir use in High Performance Liquid

Chromatography (HPLC) analysis.

3.2.4 Chromatographic Separation and Quantificatiop HPLC Analysis The
ethanolic extracts obtained from leaves, stems,fauits were filtered through a 0.22 mm
membrane and these were analyzed by HPLC. Twentyolter of each sample was
injected into a Shimadzu HPLC (Model LC-20A Pronmoe, Kyoto, Japan) equipped with
a C-18 column (150/4.6 mm 1.D.; particle size 5 nmmgintained at 40 °C. The analysis
was performed using a linear solvent gradient ebimg of 1% formic acid (A) and
acetonitrile (B) as follows: 0—5 min, 5% A/95% B:®) min, 30% A/70% B; 10-20 min,
55% A/45% B; 20-30 min, 5% A/95% B at a flow rateloml/min (Simirgiotis et al.
2009). Flavonols were monitored at 280 nm; UV geftbm 190 at 700nm were used for
peak characterization. The identification of flastsnwas based on the peak retention time
in comparison with that of a standard. To constreglibration curves for flavonols,
standard solutions were dissolved in methanol (Sigdrich) at 1,000 mg/liter. The stock
solutions of each standard were used to preparerial €oncentration between 0.05 to
500mg/liter (Kumar et al. 2009). All the standavdsre stored at 4 °C until their injection
into the HPLC (Zu et al. 2006). To determine thmits of detection (LOD) and
guantification (LOQ), the stock solution of eachratard was diluted in MeOH to provide
serial dilutions. Each solution was injected in theLC until obtaining the 3-r signal to

noise (S/ N) ratio for LOD of each flavonol andaue of 10-r for LOQ (Olszewska 2008).

3.2.5 No-Choice Bioassayhis study evaluate€. rudis larval performance on
cultivated versus wild). molinaeleaves. On&. rudislarva was placed in a Petri dish (94

mm in diameter by 16 mm high) containing eitheruéticated or a wildU. molinaeleaf.
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The bioassay lasted 2 d, and leaves were repldted?d h. Ten replicates were performed
for each of the seven cultivated ecotypes and twddt counterparts. The amount of
feeding was measured in €imy scanning each leaf and then measuring thecaresumed
using thelmageJ 1.42j software (Wayne Rasband heltiastitutes of Health). In addition,
fresh larval mass was obtained prior to the bioassad after 48 h, as described in

Carpinella et al. (2003), and the mass gained aksilated.

3.2.6 Choice Bioassaye also conducted experiments using a leaf chtase
(Carpinella et al. 2002) to determi@e rudislarval preference for cultivated versus wild
molinaeleaves. Two leaves, one of a cultivated and one wfld U. molinaeplant, were
placed in a 10 mm diameter Petri dish, with twarlLdiameter holes on the top covered by
a fine mesh. Larvae @&. rudiswere placed in a position equidistant from botwés and
allowed to feed for 48 h. Ten replicates were runeach of the seven cultivated ecotypes
and their wild counterparts. Leaf consumption wamasured as described for no-choice
bioassays. Relative amounts (in percentages) bftea eaten for each cultivated ecotype
and wild location were calculated based on a fegdidex, FI% = (W-C) / (C+W) X 100,
where C and W represent consumption on cultivatebveld leaves, respectively (Mazoir

et al. 2008).

3.2.7 Bioassay with Individual Flavonolghis experiment was conducted to
determine if the identified flavonols act as phdgoglants, and also to rule out whether the
observed effects were due to environmental factosh as pesticides. A cultivatéd
molinaeleaf (1.2 cm) was placed on a Petri dish, as described abame0d& ml of pure
compound of quercetin, kaempherol, quercetin B-glucoside, or rutin at concentrations

of 0.1, 1, 5, 50 mg/liter were applied over eaddf lesing a micropipette. Leaves for this
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experiment were collected in January from one efdhltivated ecotypes (Eco18-1), which
contain higher flavonol levels than the other epesy(see results). To test for concentration
dependent effects, we used a range of flavonol esdrations that were comparable with
those found in the leaves. All compounds testedewdgissolved in ethanol (solvent),
purchased from Sigma-Aldrich, and had purities $%9&ontrols (0 mg/liter) had ethanol
only. OneC. rudislarva was then placed inside the Petri dish. Atteh the consumed area
was recorded using the ImageJ 1.42j software. @periment was replicated 10 times for

each flavonol concentration and controls.

3.2.8 Statistical AnalysisThe statistical software R (R 3.0.2; the R fourmhafor
statistical computing, Vienna, Austria) was usedatwalyze the data. The effects of
domestication (i.e., wild versus cultivated plarasyl location (i.e., cultivated ecotype, wild
geographical area of collection) on total flavonohtent and larval mass and consumption
were analyzed using fully nested hierarchical ram@malysis of variance (ANOVA), with
domestication nested within location and locatisedias a random effect. The effects of
domestication, time of year, or plant part, andrtirgeraction on total flavonol content
were analyzed using a two-way ANOVA. ANOVA was alssed to test for the effects of
different concentrations of individual flavonols d¢eaf consumption. Scott—Knott tests
were used for comparisons among groups. For eatitidoal flavonol,t-tests were used
for paired comparisons between wild and cultivaigdnts. Data were natural-log
transformed to meet the assumptions of normality lrmmogeneity of variance. We used
arcsine square-root transformation for percent.déatues ofP < 0.05 were considered as

significant. Results are expressed as means amcttineesponding standard errors.
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3.3 RESULTS

Chromatographic Analysi®Qverall, across all tissues (leaves, stems, ant),fthe
total amount of flavonols in wilt). molinaeplants was ~20% higher than in the cultivated
plants, showing a significant domestication effétable 1A; Fig. 1A), which was
dependent on the ecotype or geographical areadTail Fig. 1B), such that wild plants
from Manzanal Alto, Caburgua, Mehuin, and Queuld bkanificantly higher flavonol
concentrations as compared with their cultivategnterparts (Scott—Knott ted?, < 0.05),
while other sites were not significarR & 0.05). There was temporal variation in flavonol
content (significant time of year effedfsgs = 15.41,P < 0.001). For both wild and
cultivated plants, total flavonol content increasean December to April (which coincides
with adult emergence and oviposition), then de@édsom April to June (coinciding with
young larval development), and increased again fdome to October (which coincides
with older larval development; Fig. 2). Througholwe year, wild plants had higher levels
of flavonols than cultivated plants (significant idestication effectF; g4, P = 0.029; Fig.
2). There was, however, no Domestication x Tim¥edr effect Fgg4= 0.418,P = 0.865),
indicating that the differences in flavonol contéetween wild and cultivated plants were
consistent throughout the year. Within plants (gpatriation),U. molinaefruit had higher
flavonol content than leaves and stems (signifiddlant Part effectF,g165= 63.163,P <
0.001; Fig. 3). However, differences in flavonohtent between wild and cultivated plants
were significant only for leaves (significant Dortieation x Plant Part interactiofy 165=
1.869,P = 0.018; Fig. 3). The analysis bf molinaeextract showed the presence of four
flavonols -rutin, quercetin-3-[# glucoside, quercetin, and kaempferol. The amodnt o

flavonol was higher in wild plant®(< 0.05) than cultivated plants (Table 2; Fig. 4).
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No-Choice Bioassayn no-choice test€. rudislarvae gained almost twice as much mass
when fed foliage from wildJ. molinaeplants compared with those fed cultivated plants;
however, the effect of domestication on larval mgamed depended on location (Table
1B; Fig. 5A). In all cultivated and ecotype anddvdnd geographical area combinations,
except for Eco 12-1, Pucd@, rudislarvae gained more mass when they were fed Wild
molinae plants than those fed cultivated plants (Fig. 5B).rudis larvae also consumed
67% more when fed wiltl. molinaeleaves as compared with those fed cultivated kave
(Table 1C; Fig. 5C). Similar to mass gainél, rudis larvae across all cultivated and
ecotype and wild and geographical area, excedd¢or12-1, Pucon, ate more foliage when
fed wild U. molinaeplants as compared with those fed cultivated pléfable 1C; Fig.

5D).

Choice BiossayC. rudislarvae consumed 61% more of the wildmolinaeleaves than the
cultivated leaves (Table 1D; Fig. 5E). As in theamwice test, there was a significant
domestication nested within location effect (TaldlB), indicating that the effect of
domestication oi€. rudisleaf area consumption was affected by ecotypegaodraphical

area (Fig. 5F).
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Table 1. Summary results of nested models for the effectioafestication and location on
flavonol content in murtillaUgni molinag andChilesia rudislarval mass gained and food
consumption in no-choice and choice tests.

Parameter Source of Variation df F P
A Flavonols (mg/L) Domestication 1,476 33.66 <0.001
Location (within 12,476  4.69 <0.001
Domesticatiorf)
Residual 476
Total 489
B Mass Gain (g) Domestication 1,126 153.32 <0.001
Location (within 12,126 40.23 <0.001
Domesticatiorf)
Residual 126
Total 139
C Consumed leaf area (%) Domestication 1,126 159.02 <0.001
No-choice test Location (within 12,126 28.23 <0.001
Domesticatiorf)
Residual 126
Total 139
D Consumed leaf area (%) Domestication 1,126 22.47 <0.001
Choice test Location (within 12,126 1420 <0.001
Domesticatiorf)
Residual 126
Total 139

! Degrees of freedom: numerator, error.
2 Location was used as a random effect in the model.
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Top: Chilesia rudidife cycle.

Assays with Individual Flavonol<C. rudis larval consumption increased with
increasing concentrations of all tested flavonéisesf= 38.207,P < 0.05). However, there
was no effect of flavonol type§es4 = 1.454,P = 0.235) or interaction between flavonol
type and concentratiorr{ 4= 0.243,P < 0.987), indicating that the effect of all flavdso
on larval consumption was similar instead of alh@entrationsC. rudisconsumed 40% of
cultivatedU. molinaetreated with a concentration of 0.1 mg/liter of dlavonol; however,
when higher concentrations were applied to lea¥@s,rudis larvae increased their

consumption to 80-90% with increasing concentrationdicating that these compounds

acted as phagostimulants (Fig. 6).

41



m \Vild
500 1 [ Cultivated

400 -

300 -

200 -

100 -

Total Flavonol Concentration (mg/L)

Leaves Stems Fruit
Fig. 3. Spatial variation in flavonol concentration (mearSE) among leaves, stems, and
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3.4 DISCUSSION

Crop domestication can affect plant defenses asidtegce against herbivores in
unpredictable ways (Meyer et al. 2012). For examplea recent study, Turcotte et al.
(2014) found that domestication across 29 cropispeesulted in reduced resistance to a
generalist leaf-chewing herbivor8, exiguabut had no effect on the generalist aphid,
persicae In this regard, our study demonstrates higheeltewf flavonols in wild as
compared with cultivatetd. molinaeleaves. However, the performance and preference of
the native caterpilla€. rudis a generalist folivore, was higher on wild as canagl with
cultivated U. molinae despite the fact that the former plants have dngiimounts of
flavonols, indicating that these chemical compoumds/ be acting as phagostimulants in

this insect—plant interaction.
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Table 2. Concentrations of individual flavonols from wild cgreultivated murtilla,Ugni
molinae.

Compound RT (m) Compound Mean + SE (mg/L) LOQ LOD
number? Name wild Cultivated (mg/L) (mg/L)
1 13.793 Rutin 23151 +7.11* 190.73+7.44 0.05 018.
2 14.112 Quercetin- 316.12 + 10.72* 238.77 £9.97 0.025 0.0075
3-D-3-
Glucoside
3 16.680 Quercetin 2.34 +0.12* 1.93+0.10 0.05 018.
4 17.916  Kaempferol 1.01 £ 0.05* 0.87 £ 0.06 0.05 .016

LOQ: Limit of quantification.

LOD: Limit of detection.

RT: Retention time.

* Significant differences between wild and cultiedtplants tttest,P < 0.05).
& See Figure 4 for compound names.

Domestication and breeding for high-yielding craps expected to reduce chemical
defenses in plants because of potential trade{wétsveen growth or reproduction and
defense (Wink 1988, Herms and Mattson 1992, Rodmgbaona et al. 2011).
Domestication irJ. molinaefocused mainly on selection of traits associatét imcreased
productivity, such as bigger plants, more fruitddarger fruit size (Seguel and Torralbo
2004). As a result, we would expect that cultivatedmolinae might allocate resources
toward defense, growth, and reproduction diffesetiian wild plants because they are
more vigorous, productive plants, they may be tkefended against their enemies. Indeed,
despite its short history of domestication (< 2} gur study shows that domestication in
U. molinae has led to decreases in flavonol levels, an ingmoriclass of defensive
secondary metabolites in plants. This is in acamedawith our hypothesis that

domestication has reduced chemical defensed.imolinae In fact, amounts of four
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flavonols—rutin, kaempferol, quercetin, and quarc&-D-£ glucoside—were lower in
cultivatedU. molinaethan in their wild ancestors. Although the trendswthe same, i.e.,
reduction in flavonol levels in cultivated plantse strength of the effect of domestication
varied among populations (Fig. 1B), with some papahs responding more strongly than
others. Future common garden studies from our gvali@im to separate the genetic from
the environmental factors responsible for this paipan level variation. If cultivated plants
are less defended (Chen et al. 2015), we predtbegddomestication ikJ. molinaewould
make plants more susceptible to herbivores. In e flavonols found k). molinae
have been implicated with resistance against heress in other plant systems. For
example, Todd et al. (1971) showed that quercatognstituent of barley leaves, was toxic
to greenbugs,Schizaphis graminum(Rondani). Moreover, Dreyer and Jones (1981)
reported increased resistance of wheat agMngtersicaealso due to quercetin. This was,
however, not the case for the herbiv@erudis an important defoliator in the ecosystem
(Angulo and Ruiz 1974), which showed lower perfonoeand preference for cultivated
molinaeplants than their wild counterparts. In fact, study shows that flavonol content
stimulates feeding i€. rudis Takemura et al. (2002) also reported increasedegtibility

of Vicia angustifoliaL. against the aphitMegoura crassicaudordivilko, and attributed

it to the presence of flavonol glycosides.
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45



Diaz et al. (2010) reported that quercetin acta phagostimulant for the beetgpilachna
paenulata(Germar) (Coleoptera: Coccinellidae). Moreoven and Mullin (1999) reported
stimulant feeding activity by quercetin 38®-glucoside in the western corn rootworm,
Diabrotica virgifera virgifera LeConte. Wink (1988), Nielsen et al. 989, and Bernays
(1991) also reported stimulation of feeding andoositional activity by kaempferol, rutin,
and glycoside compounds for other herbivores. Etleugh C. rudis is a generalist
herbivore, preference for wild. molinaemight be due to the fact that both plant and ihsec
are native to the region and it has likely evolteexploit its host plant’s defenses. In the
future, it will be interesting to test the effedfsdomestication on other native as well as on
non native herbivores. There was substantial teahforonthly) and spatial (within plant)
variation in flavonol content ifJ. molinae(Figs. 2 and 3). Concentrations of flavonols
peaked in April and were lowest in June, and theyavhigher in the fruit and leaves than
in the stem. Based . rudislife cycle (Angulo and Ruiz 1974), larvae are présfrom
May until December, which coincides with an inceeas flavonol levels (Fig. 2). They
also prefer to feed on leaves, which contain higlangties of these flavonols. This
evidence suggests that the herbivBreudisis well adapted to feed on host plants at times
of the year when concentrations of these secondatgbolites in tissues are high. This is
further supported by the fact that wild plants, ethare preferred b§. rudis have greater
amounts of these compounds throughout most of t& yand in the leaves. The
performance and preference®©f rudiswas, in general, consistent across nthsmolinae
populations the herbivore grew and ate more foligen wild hosts than in cultivated
hosts except for one geographic site (corresponairiige Eco 12-1, Pucon cultivated, wild

pairing; Fig. 5),
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where the opposite was observed, i@.,rudis gained more mass and consumed more
foliage from cultivated (Pucén region) plants ampared with its cultivated (ecotype Eco
12-1) counterpart. Many factors, both physical ahdmical, often contribute to resistance
of plants against herbivores, which may act alonénteract with each other (Agrawal
2007). In our study, we tested a single class odisgary metabolites, the flavonols, and the
individual effects of some of them — rutin, kaempfe quercetin, and quercetin 38-
glucoside — on the feeding behavior@f rudis and found that all are feeding stimulants
(Fig. 6). It is possible that other factors of st@nce, unmeasured in this study, were
responsible for the small inconsistencies repadneze on the effects of domestication®@n
rudis. The effects of domestication on other classeseobndary metabolites ih. molinae
and their interactive effects on herbivores regfutare examination. It is worth noting that
we only tested older instars in our study and yloainger larvae could be more susceptible

to higher flavonol levels.

In conclusion, although domestication and selectiveeding have had great
positive influences on food availability throughcieased crop yield and quality (Wink
1988), it has often had a cost for resistance agierbivores (Chen et al. 2015), which
may lead to increased use of pesticides. While mumber of crop plants, domestication
had reportedly led to lower levels of defensive poomds and therefore lower resistance to
pests (e.g., Rosenthal and Dirzo 1997, Rodriguen&#®011, Chen and Bernal 2011,
Altesor et al. 2014), in the system studied hemmektication has led to lower levels of
chemical defenses in the Chilean native dibpmolinaebut increased resistance against
one of its native herbivore§. rudis In fact, C. rudis uses these compounds as feeding

stimulants. These findings show that we cannot igdize the effects of crop domestication
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on resistance to herbivores from a number of pépeicies studied so far to all systems.
Moreover, our study highlights the fact that thevxesome specificity in the response of
herbivores to domestication and that not only henta identity does matter in these types

of studies, but also the measured type of defense.
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Fig. 6. Chilesia rudisconsumption on cultivated murtillelgni molinag leaves treated with
different concentrations of pure flavonol compoun8sirs with different letters were
significantly < 0.05) based on the Scott-Knott test.

The results reported here have important implicatidor the cultivation ofu.
molinae a crop that is highly valued due to the antiomidactivity of flavonols in its fruit
(Rubilar et al. 2011, Alfaro et al. 2013). In otudy, we showed that the levels of flavonols
in the leaves were reduced due to domesticatiothimiprocess did not affect levels in the

fruit; thus, domestication should not have jeopaediits economic value. However, if the
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focus of domestication ib). molinaeshifts from higher productivity, i.e., increaseyield,

to higher levels of antioxidant compounds, theseid® could become more susceptible to
certain native herbivores lik€. rudis Altogether, the reported findings provide thestfir
insights on the impact of domestication on plariedses and resistance against herbivores
in U. molinae It may also guide future breeding programs byhlgiting the potential
risks of breeding or high flavonol content on sysidelity of fruit against native, adapted

herbivores.
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CHAPTER IV:

How the insect plant interaction in Murtilla (Ugni molinae
Turcz.) subject to a domestication process is affea in relation

to the flavonoids content?
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4.1 INTRODUCTION

Plant domestication is a process in which plantscate their nutrients for
production or improvement of some characteristicsoeding to human needs. In this
framework, the selection and breeding for reachigh-yielding plants have been a
priority for farmers (Cock et al. 1979, Peng et1899). Therefore, artificial selection is a
principal factor in this process (Bautista et aD12). However, the anthropogenic
improvements can be negative generating a decreasther physiological traits, such as
the secondary metabolism (Bazzaz et al. 1987, HamdsMattson 1992, Rosenthal and
Dirzo 1997). Hammer (1984) proposed that this cbanghe nutrient allocation within the
plant (domestication syndrome) could be a usefal tor studying the trade off between
wild and cultivated systems in the domesticatioacpss. Research about domestication
process and its consequences on plants with highdomestication degrees (Clement
1999) have been important for linking informatiatated to pest management or breeding
programs in the field as well as developing a nedeustanding about production, defenses
and their insect plant interaction. Furthermorendes in the secondary metabolism are not
the only result of the domestication effect. Inséistersity, community composition and
damage index in plants are aspects that can beeatigi affected by plant domestication
(Rosenthal and Dirzo 1997, Chen and Bernal 201®&nGH al. 2013). Hence, secondary
metabolites act directly in the feeding behavioriosects, and the domestication effect
could be associated with it as follows; wild plartgth higher level of secondary
metabolites must be more resistant to cope withspigsn cultivated plants with lower
levels of secondary metabolites. Currently, there &ew studies comparing insect

community and biodiversity in wild and cultivategstems (Chen and Bernal 2011).
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Murtilla, Ugni molinae Turcz (Myrtaceae), an endemic plant from Chile,aishighly
polymorphic shrub reaching heights of over 3 m (Rwuket al. 2006, Shene et al. 2012)
with significant antioxidant activity attributed tbe presence of flavonol compounds, such
as quercetin, kaempferol, rutin, and myricetin, #melr corresponding glycosides in fruit,
steams and leaves (Rubilar et al. 2006, Rubilat.€2010, Rubilar et al. 2011, Shene et al.
2012, Augusto et al. 2014, Chacon-Fuentes et 4bR2@here are many reports indicating
that flavonols can affect the feeding behaviomisects (Abou-Zaid et al. 1993, Simmonds
2001, Takemura et al. 2002, Salunke et al. 200®yAnhi et al. 2010, Diaz et al. 2010,
Onyilagha et al. 2012). For example, rutin is aedent to many polyphagous insects at
1x10° pg/mL including mothHeliothis virescengLepidoptera: Noctuidae) (Blaney and
Simmonds 1983). In addition, isoflavonoids are augrof secondary metabolites within
flavonoids (Hegnauer and Gpayer-Barkmeijer 1993)l #mese compound have been
studied because some of these substances actuaal rmattioxidants and their effects on
human organism have been concerning, especiakbaidiovascular system (Pilsakova et
al. 2010). Moreover, isoflavonoids have been rdiate feeding behavior in insects
(Sutherland et al. 1980, Pluempanupat et al. 20%8)eral isoflavonoids as daidzin,
genistin, ononin, daidzein, sissotrin, genisteiormfononetin and biochanin A, among
others, have been detected and identified in plaelsnging to family Myrtaceae such as
Acca sellowiangPsidium guajavaandP. littorale (Lapcik et al. 2005) and the evidence of
isoflavonoids in non-leguminous taxa has also &tadied (Mackova et al. 2006, Lik
2007). Researchers at the Experimental Station hef Ihstituto de Investigaciones
Agropecuarias (INIA) in Carillanca, Region de La a@icania, Chile, have been
domesticatingd. molinaefor the past 20 years (Seguel and Torralbo 2084éhce,U.

molinae could present levels of isoflavonoids in theindes, stems or fruits according to
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chemotaxonomy and their concentration and phytositye could be affected by
domestication process affecting the insect plat@raction. The same author reported that
leaves, stems and fruits obtained fram molinae collected in wild areas were 20%
significantly higher in flavonol concentration thancultivated ones, showing a significant
domestication effect. However, the same authordhtitat in each one of the locations the
main disadvantage of this approach is related ¢odifferent environmental conditions
where the plants were growing. The environmentaktdity presented within wildJ.
molinaespecies reported in Chacon-Fuentes et al. (2018 de influencing the variation
in the analyzed flavonoids (Losos et al. 2000). ¢¢emleveloping a common environment
for evaluated these parameters could find a newnam@ precise answer to the flavonoids
variation between cultivated and wild plants. Themmon garden allows avoid the
environmental plasticity, comparing flavonoid véoa under same environmental
conditions. In this study, we carried out a comnganden for growing and analyze the
effect of domestication inU. molinae plants. We hypothesized thadt. molinae
domestication decreased chemical defenses andares#sagainst herbivores and affected
the insect diversity, community composition anda@obdamage index. Finally, we studied
Chilesia rudislarval feeding on wild and cultivated. molinaeleaves. This insect is a
polyphagous, univoltine insect, native from ChN&afgas and Parra 2003), one of the most
serious pests of grasslands, acting as a seveodiatief of different plants (Angulo and

Ruiz 1974) among them, murtilla (Aguilera et al0202009).
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4.2 MATERIAL AND METHODS

4.2.1 Collection Zoned-or the establishment of the common garden two kihd
sampling for the cutting obtaining were develop&te first one was carried out from
sevenU. molinae ecotypes (08-1, 12-1, 14-4, 18-1, 19-1, 22-1, p3dtivated at the
Experimental Station-Tranapuente of the Institigdrd/estigaciones Agropecuarias (INIA)
in the Region de La Araucania (south of Chile, 88°S, 73° 21'W). The second was
carried out from the respective wild plant, whichsassampled in the original geographical
area where its cultivated counterpart had beerect@d. The following sampling areas
were used for the wild cutting collection: Caburd@811" S, 7249°W), Pucén (397" S,
71°55°W), Manzanal Alto (3®3° S, 7810°W), Soloyo (385" S, 7234°W), and Porma
(39°08" S, 7816°W) from the Region de La Araucania; and, Mel@8126° S, 7812°W)
and Queule (323" S, 7812°'W) from the Regién de Los Rios. Both kinds atiogs were
grown in a greenhouse at INIA Tranapuente for ceer YMarch 2013) until their use in the
common garden experiment.

4.2.2 Common Garden ExperimeAfter one year of acclimation in a greenhouse,
all the plants (cuttings) were transplanted to anmon garden established at INIA
Experimental Station-Tranapuente in the Regidn deAtaucania, south of Chile. Both,
cultivated and wild plants were putted in eigredipots and maintained under a greenhouse
during the experiment. Only cultivated plants weadilized annually, with 80 g/plant of
nitrogen (calcium ammonium nitrate-27), 44 g/ples®s and 43 g/plan KO.

4.2.3 Plant Material and Insectéeaves ofU. molinaefrom both cultivated and
wild plants kept in the common garden were samphedhthly (March 2014 to January

2015). Five plants were sampled for each cultivaeded wild plants = 70 plants).

55



Samples were collected from all four cardinal diets and the samples were placed in a
cooler and transported to the Laboratorio of Qudmiecoldgica, Universidad de La
Frontera (Temuco, Chile). Samples were stored @G2intil their use (Yi et al. 2012).
Chilesia rudislarvae (30-40 mm) used for bioassays were collectanually in late spring
of 2014 from grasses in Temuco, Chile. Larvae wieygived of food for 3 days before the
experiments

4.2.4 U. molinae Leaf ExtracLeaves material of both cultivated and wild plants
were collected every two months from March 201ddouary 2015. Samples were rapidly
frozen in liquid nitrogen for 5 s (Mikulic-Petkouseet al. 2012), and then milled in a
grinder. Later, 0.5 g of each one was placed ifaskfwhere methanol HPLC grade
(Sigma-Aldrich, St. LouisiMO) was added (50% v/v in water, solvent-to-solidaati 5:1).
These flasks were placed in a magnetic stirreR@min at 3°C and 170 rpm. After this,
samples were filtered in darkness through a WhatriNdh filter paper (Whatman
International Ltd., Maidstone, U.K.). The filtrateas lyophilized (Rubilar et al. 2011).
Finally, each sample was suspended in 10 mL of amethand left for 5 min in a Branson
3510 sonicator. Samples were stored at°@@n amber flasks (25 mL) until their use in
High Performance Liquid Chromatography (HPLC) asisly

4.2.5 HPLC ESI-MS/MSEFhe chromatographic separation was carried outgusin
RP-C18 ODS-3 column (2.1 x 150 mmu#), injecting 10uL at 0.2 mL/min and 35 °C.
The chromatographic separation was performed uainimear gradient solvent system
consisting of 0.1% formic acid/water (A) and 0.186nic acid/methanol (B). The linear
gradient was composed of 0-10 min 5% B, 10-40 na% B, 40-50 min 95% B, 50-55
min 5% B, and finally, 55-60 min 5% B. Each sampigs injected with an electro spray

ionization (ESI) source into the mass spectrom@€rMS MS Shimadzu Prominence LC-
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20AD coupled at mass spectrometer Applied BiosystedS Sciex3200 Qtrap,
Massachusetts, USA). The ion source temperaturesebst 380° C, and the capillary
voltage was 4500 v (positive polarity) and -4500(negative polarity). For phenolic
compounds determination, data were collected agiywsand negative ion spectra by
means of Enhanced Mass Scan (EMS) over/a100-1000 Da range at 1000 Da/s and
Enhanced Product lon (EPI) ovenm#z50-1000 Da range at 4000 Da/s. The CUR gas was
20 psi, GS1 60 psi and GS2 30 psi. The ion intErssivere extracted at tme/zvalues of

the molecular (M+) or pseudo-molecular (M¥Hipns of the corresponding detected
compounds. The relative ion peak area of each camgpérom the sample was compared
with the relative ion peak area of the total phenocbmpounds.

4.2.6 Chromatographic Separation and Quantificatlmn HPLC. The methanolic
extracts obtained from leaves were filtered thro@gP2 pm membrane and then were
analyzed by HPLC. 20 pL samples were injected anehimadzu HPLC equipped with a
C-18 column (150 x 4.6 mm 1.D.; particle size 5 mmgintained at 40°C. The analysis was
performed using a linear solvent gradient conggstih1% formic acid (A) and acetonitrile
(B) as follows: 0-5 m, 5% A/ 95% B; 5-10 m, 30% 8% B; 10-20 m, 55% A/45% B, 20-
30 m, 5% A/95% B at a flow rate of 1 mL/m (Simirgget al. 2009). Flavonols and
isoflavonoids were monitored at 260 nm and UV gpeltom 190 at 800 nm were used for
peak characterization. The identification of flastsand isoflavonoids was based on peak
retention time in comparison with the respectivandards. To construct calibration curves
for flavonols and isoflavonoids, standard were aigsd in methanol (Sigma-Aldrich, St.
Louis, MO) for obtaining a concentration of 1000 /mgThe stock solutions of each
standard were used to prepare a serial concemta¢ioveen 0.05 and 500 mg/L (Kumar et

al. 2009).
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4.2.7 Insect Survey and Insect Biodiversity Indelxasgct specimens were collected
manually between 09:00 and 18:00 from the wholentplaestablished in the common
garden. Each plant was examined for 5 min. Aftengleting inspection of each individual
plant, the soil surface below canopy was examin@wit et al. 2006). Captured insects
were stored in Khale solution and determined inl#mratory under optical microscope
(Olympus SD 30) using key books reported by ArtiEe@94). In addition, for both, wild
and cultivated plants diversity indexes were caltad as follow; Margalef index: J§g=S-
1/In(N) where, S = Number of species in a sampbk ldr= Total number of organisms in
the sample. Shannon index: HEpi Log, (pi), and Simpson index; D=3/pi)*where, pi =
ni/N ni = Species abundance and N =Total numbergdénisms in the sample (Samo et al.
2008).

4.2.8 Leaf Damage Evaluatiobeaves were collected from both cultivated and wild
plants (6 leaves per plant) using all the four melddirections at different heights of the
plants established in the common garden. The viegetterial was stored and transported
to the Laboratorio de Quimica Ecoldgica of the @ndidad de La Frontera and stored at -
20 °C until analysis. Damage percentage was caémlavaluating the foliar area using
Imagej 1.42 softwaréWayne Rasband National Institutes of Health, USA)e damage
was categorized according to methodology proposebBitzo and Dominguez (1995), as
follows: 0= intact; 1= 1-6%; 2= 6-12%; 3=12-25%+26-50%; 5=50-100%. Damage
index by plant was calculated by means of the féammaported by Rodriguez-Auad and
Simonetti (2001) DI =% ni (ci)/N, Where: ni= number of leaves in tH& dategory of

damage, ci= midpoint of each category, N= total benof leaves.
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4.2.9 Choice Bioassay leaf choice test experiments was developed (Gellp et
al. 2002) to determin€. rudis larval feedingpreference for cultivated versus wild.
molinaeleaves Two leaves, from a cultivated and a wild molinaeplant were placed in a
10-mm diameter Petri dish with two 1-Erdiameter holes on the top covered by a fine
mesh. Larvae ofC. rudis were placed in an equidistant position from bathves and
allowed to feed for 48 hr. Ten replicates were fameach of the 7 cultivated ecotypes and
their wild counterparts. Leaf consumption was mesasisimilar to no—choice bioassay
Relative amounts (in percentages) of leaf areanelayeeach cultivated ecotype and wild
locations were calculated based on a feeding inBE%, = (W-C)/(C+W)x 100 where C
and W represent consumption of cultivated and welaves, respectively (Mazoir el.
2008)

4.2.10 No-choice Bioassayhis experiment evaluated. rudislarval preference of
cultivated versus wildJ. molinaeleaves. On€. rudislarva was placed on a Petri dish (94
X 16 mm) containing either a cultivated or a widd molinaeleaf. The bioassay lasted two
days and leaves were replaced after 24 h. Ternceded were performed for each of the 7
cultivated ecotypes and their wild counterpafitse amount of feeding was measured in
cn? by scanning each leaf and then measuring the owetbltarea using ImageJ 1.42j
software (Wayne Rasband National Institutes of the&lSA).

4.2.11 Statistical AnalysiThe statistical software Statistix 10 (Tallahas$éerida,
United States of America) was used to analyze #meadje index, insect biodiversity index
data, flavonoids comparison am@ rudis consumption. Damage indexes, the effects of
domestication, time of year or plant part, andintgraction on total flavonoids content

were analyzed using an analysis of variance (ANQVAlkey test was used for
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comparisons among groups. For each individual berdity index, two Samplestests

were used for paired comparisons between wild atiivated plants. Finally, chi square
test was performed for analysis of total inseceagsages between wild and cultivated
plants. Values oP < 0.05 were considered as significant. Results apeessed as means

and their corresponding standard errors.

4.3 RESULTS

Analysis through HPLC-ESI-MS/MS of wild and cultteal murtilla plants showed
the presence of phenolic compounds in each oneltated plants. 16 compounds were
found for cultivated and wild plants (Table II, Tablll). An important number of
compounds in these tables belong to flavonols ssdtaempferol, quercetin, myricetin and

rutin. Moreover, and isoflavonoids, daidzin wadsund.

Flavonoids ContentEight isoflavonoids and five flavonols were idéetd and
guantified in both cultivated ecotypes and theesponding wild parents of murtilla plants.
Daidzin was the most abundant flavonoid found ithbweild and cultivated plants with
335.59 £ 8,79 and 374.35 + 23.Qd/g, respectively (Table IV). There was a significa
variation of flavonols and isoflavonoids contenpeeding on location @436#28.81;P <
0.001); domestication degree:(k3s449.90; P < 0.001); months & 43s41245.13;P <
0.001), and compounds 16F43671225.56;P < 0.001). Furthermore, interactions among
location x domestication §F 436722.00; P < 0.001); domestication x months s(F
436~23.41; P < 0.001); and domestication x compounds; (f3676.08; P < 0.001) were

significant according to analysis of variance (Eabl
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Table I. Summary ANOVA results for the effects of domedima, location and months in
flavonol content and damage index in murtillh, molinaeand consumption in no-choice
and choice test b§. rudis

Parameter Source of variation df? F P
Flavonols @g/g) Domestication 1,4364 49.90 <0.001
Location 6,4364 28.81 <0.001
Months 5,4364  1245.13 < 0.001
Compounds 12,4364 1225.56 <0.001
Domestication x Location 6,4364 22.00 <0.001
Domestication x Months 5,4364 23.41 <0.001
Domestication x Compounds 12,4364 6.08 <0.001
Residual 4364
Total 5459
Damage Index Domestication 1,332 118.37 <0.001
Location 6,332 1.94 =0.074
Months 5,332 52.21 < 0.001
Domestication x Location 6,332 2.26 =0.037
Domestication x Months 5,332 11.75 <0.001
Residual 332
Total 419
Consumed leaf area Domestication 1,117 18.01 < 0.001
(%) No-choice test
Location 6,117 2.39 =0.032
Domestication x Location 6,117 0.52 =0.78
Residual 117
Total 139
Consumed leaf area Domestication 1,117 14.62 < 0.001
(%) choice test
Location 6,117 2.32 =0.037
Domestication x Location 6,117 0.66 =0.68
Residual 117
Total 139

® Degrees of freedom: numerator, error

P Estimate population variance
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Moreover, daidzein (55.28g/g), genistin (114.47.9/g), myricetin (62.63.9/9),
guercetin (124.3%ug/g) and quercetin 3-[F-glucoside (85.91ug/g) were significantly
higher in wild plants than the respective cultichtmes (Table IV) according tetest P <
0.05). In Figure 1A wild plants showed significantiigher amounts of flavonols and
isoflavonoids (78.99/g) than cultivated counterparts (6 u@g) P < 0.05). The flavonoid
amounts for Pucon (99.41g/g), Caburgua (82.8g/g), Soloyo (79.9ug/g) and Manzanal
Alto (72.2ug/g) were significantly higher than in cultivatelhmts @ < 0.05). On the other
hand, ecotypes 22-1 (72u8y/g) and 23-2 (77.89/g) were higher compared with their wild
relatives (Fig. 1B). Flavonoid content had a simitanporal variation from March 2014 to
January 2015 in both wild and cultivated murtillamgs (Fig. 1C). The highest total level in
flavonoids was observed in March for wild (221.6/g) and for cultivated ones (180.8
ug/g) (Fig. 1C). From May to November, the tempaaliation was similar through time.
Regarding the content of flavonols between wild.889g/g) and cultivated (75.29/9)
plants, significant differences were observéd < 0.05). Nevertheless, there were no

differences between isoflavonoids in wild or cudtied plants (Fig. 1D).
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Table Il. Mass spectral data and retention time (Rt) of pherrompounds identified frord. molinaecultivated leaves by HPLC-

ESI-MS/MS.
Cultivated Cultivated
Compounds Rt Molecular Molecular Precursor ion m/zfragment ion References
(min) formula weight [M+H] © [M-H]"
(g/mol)
Quinic acid 3.160 GH1206 192.17 - 191 173, 109, 136, 126, 84, Abu-Reidah et al.
92, 109, 107, 110, 80, (2015)
86, 70
Quercetin 3.433  GiH20012 464.38 465 - 303, 429, 285, 277, 235,respect PT104650
glycoside 218, 176, 238, 259
Procyanidin B1- 20.938 Cj3gH2¢012 578.52 579 - 409, 127, 427, 435, 287,reSpect PS045802
B2 247, 301, 291, 271, 259,
139, 151
(+)- Epicatechin  22.411 Ci5H140e 290.26 - 289 161, 245, 203, 205, 10%tintzing et al. (2004)
136, 122, 151, 121, 162
Levoglucosan 29.130 Cy3H1409 314.07 315 - 153, 193, 171, 125, 109 Abu-Reidadl. et
gallate (2015)
Myricetin 3- 31.523 CyoH1g012 450.34 451 - 319, 415, 385, 290, 273,reSpect PS093001
xyloside 245, 165, 153, 115, 343,
331
Myricetin 31.723  Ci5H100s 318.23 319 - 273, 245, 179, 165, 153, Biesaga and
137, 111, 301, 290, 263, Pyrzynska (2009)
217,127, 109, 69, 147,
189, 161, 177, 199, 221,
219
Myricitrin 31.859 Cz1H20012 464.37 - 463 316, 317, 271, 319, 320, Michodjehoun-
325, 329, 321 Mestres et al. (2009)
Quercetin 3-  32.093 C21H20012 464.09 - 463 300, 271, 319, 321 MassPa100948
beta-O-
galactoside
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Quercetin 3-
arabinoside
Quercetin

Quercitrin

Kaempferol

Rutin

Caffeic acid

N.A.

33.123

33.590

34.110

34.429

35.544

36.609

46.917

CaoH18011

C:15H 1007

C21H20011

C15H1006

Co7H30016

CgH 804

Ca2H22010

434.36

302.23

448.38

286.23

610.52

180.16

446.40

303

287

181

447

433

447

609

300, 301, 271, 255, 302,reSpect PT209320
305, 255
285, 229, 153, 137, 165, Biesaga and
257, 247, 201, 173, 239, Pyrzynska (2009)
219
301, 300, 284 Hvattum and Ekeberg
(2003)

153, 121, 258, 231, 213, Biesaga and
203, 197, 165, 163, 153 Pyrzynska (2009)

608, 463, 300 Abu-Reidah et al.
(2015)

163, 145, 135, 121, 107Parveen et al. (2008)
105, 9379, 91, 77, 81,
67
151, 152, 149, 121, 85, reSpect PS086806
71

N.A.: No assignated

* Mean information compared with the following spatttatabank: Respect for phytochemicals (Spectaiksn.jp).
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Table Ill. Mass spectral data and retention time (Rt) of phercompounds identified from. molinaewild leaves by HPLC-ESI-

MS/MS.
Wild
Compounds Rt Molecular Molecular  Precursorion  m/zfragmention References
(min) formula weight [M+H] © [M-H]"
(g/mol)
(+)- Epicatechin ~ 21.509  GsH140s 290.26 207 - 139, 123, reSpect PS045604
147,161,119
Daidzin 26.167  GiH2000 416.38 - 415 414 reSpect PS043807
Kaempferol 26.311  GsH100s 286.23 287 - 167 reSpect PT104020
Levoglucosan 28.740  G3H1409 314 315 - 153 Abu-Reidah et al.
gallate (2015)
Myricetin galloyl-  28.910  GgH2g016 632 - 631 317 Abu-Reidah et al.
hexoside (2015)
Gossypin 30.447 GiHy013  480.38 481 - 319 reSpect PT108480
Myricetin 3- 31.225 GoH1g012  450.34 - 449 316 reSpect PS093008
xyloside
Myricitrin 31.956 GiH20012  464.37 - 463 464, 316, 317 Hvattum and
Ekeberg (2003)
Ellagic acid 32.187  G4HeOs 302.19 303 - 257,229, 201, Abu-Reidah et al.
173 (2015)
Quercetin 32.347  GiH20012 464.38 465 - 303 reSpect PT104650
glycoside
Quercetin-3-D- 32.716  GoH1g011 434.35 435 - 303 reSpect PT111670
xyloside
Luteolin 33.512  GsH100s 286.24 287 - 153 Biesaga and
Pyrzynska (2009)
Quercetin 33.802  GsH1007 302.23 303 - 285, 257, 247, Biesaga and
229, 195, 165, Pyrzynska (2009)
153
Myricetin 33.911  GsH1¢0s 318.23 319 245, 273, 153, Biesaga and
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165
Hesperetin 33.912  GeH1406 302.07 303 - 153, 137
Quercitrin 33.969  GiH20011 448.1 - 447 448, 300, 301
Linarin 50.593  GgH3:014 592.17 594 - 447

Pyrzynska (2009)
reSpect PS078003
Sanchez-Rabaneda
et al. (2003)

reSpect PS085202

* Mean information compared with the following spatttatabank: Respect for phytochemicals (Spectaikesn.jp).
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Table IV. Flavonoid concentrations in wild and cultivatedrtitka plants. Different letters in columns indieagignificant differences

according to ANOVA and post-hoc Tukey teB&(0.05).* Indicates significant difference {test,P < 0.05) between cultivated and

wild plants per compound.

Compounds Flavonoid Retention Cultivated plants Wild plants
group time (m) (ng/g) (ng/g)

Rutin Flavonol 11.024 138.58+7.81 b 175.60 + 4907
Daidzin Isoflavonoid 11.406 335.59+8.79 a 37438.01 a
Genistin Isoflavonoid 12.010 92.31 £ 3.77 bcd 174:410.64 cd *

Myricetin Flavonol 13.406 48.89 + 4.12 def 62.63.30 def *
Ononin Isoflavonoid 13.924 27.80 +1.39 ef 26.356.63 fg
Daidzein Isoflavonoid 14.417 43.07 £ 2.37 def 55t2B77 efg *
Quercetin 3-05- Flavonol 14.627 75.99 £ 1.22 cde 85.91 £ 3.55 cde *
glucoside
Quercetin Flavonol 14.797 112.24 + 3.38 bc 124.36598 bc *
Sissotrin Isoflavonoid 15.384 0.49 £0.09 f 0.46.10 g
Genistein Isoflavonoid 15.568 1.10+0.09f 1.30.61 g
Kaempferol Flavonol 16.752 0.55+0.01f 0.74 100
Formononetin Isoflavonoid 16.937 2.66 £0.20 f 38005 g
Biochanin A Isoflavonoid 18.461 2.57£0.02f 166.01¢g
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Insect survey and Biodiversity Indexéstotal of 65 insects were collected from wild (14;
21.53%) and cultivated (51; 78.46%) murtilla plagifsble V; Table VI, Fig 2A). Five
different insect orders for cultivated plants swashColeoptera, Lepidoptera, Orthoptera,
Homoptera and Diptera were determined, whereasdolers were found for wild plants
(Coleoptera, Lepidoptera, Orthoptera, and DipteFag high level of insect was found for
ecotypes 08-1 (16) and 14.4 (12), and for wild f@aRAucon was the location with the
highest number of insects (7) compared with theeotbcations (Fig 2B). Moreover, the
temporal insect variation showed a high number vidd plants (35) compared with
ecotypes (6) in January (Fig. 2E). Simpson (10.8Rhgnnon (3.75) and Margalef (4.32)
indexes were higher in cultivated plants (Table VI)

Damage Index EvaluatiorDomestication effect was significant(ks,= 118.37;P <
0.001) on damage index according to ANOVA. Thesta ddnowed that domestication
effect is involved on damage d&h molinaeplants, in contrast to location. Moreover, the
interaction between domestication x locations slibwaesignificant difference §Fs3.=
2.26;P = 0.0377) on damage index. The effect domesticatimonths was significant {F
33=11.75; P < 0.001) on damage index in the year (Table I). FgAC shows that
cultivated plants were more affected by herbivaiten their wild parentsP( < 0.05),
according to a-test with a damage index of 1.72 + 0.31 vs 0.40.@9, respectively.
Moreover, all seven cultivated ecotypes were sigaiit higher than the wild plant®
0.05) according td-test (Fig 2D). Temporal variation through the yedso showed a
significant difference (£33 52.21;P < 0.001) among the months on the damage index
(Fig. 2F). Finally, temporal variation on damageer reached their maximum levels in

November for both cultivated (4.27 + 0.09) and wild41 £ 0.12) plants (Fig. 2F).
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Table V. Order, family and species of insects found on aiid cultivatedJ.molinaeplants, and their geographical distribution.

Order Family Species Location Ecotype
Coleoptera Meloidae Epicauta pilmgMolina) Pucon 14-4
Chrysomelidae ND 18-1, 23-2
Elateridae ND Queule 19-1
Carabidae ND Pucon 22-1
Coccinellidae Eriopis connexgGermar) Pucén 23-2
Cerambycidae Callisphyris macropus 23-2
(Newman) Pucon
Scarabaeidae ND 08-1
Lepidoptera Hesperiidae Hylephila fasciolata Caburgua
(Blanchard)
Noctuidae ND 14-4
Nymphalidae Vanessa caryéHubner) 08-1
Diptera Muscidae ND 14-4
Tipulidae ND Pucoén 14-4
Orthoptera Gryllidae Acheta assimiligFabricius) Soloyo, Pucdn 08-1, 12-1
Homoptera Cicadellidae Carelmapu ramosi Caburgua 14-4

(Linnovuori)

ND: No determinated
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Table VI. Biodiversity parameters evaluated in both wild aotlivated plants o). molinaeTurcz from March 2014 to January 2015.

Parameters Cultivated wild
Species Richness 18 10
Number of individuals 51 14
Relative Abundance (%) 78.46 21.53
Simpson Index 10.97 7.53
Margalef Index 4.32 3.41
Shannon Index 3.75 3.12
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No-Choice TestANOVA test showed that domestication; (7= 18.01;P < 0.001) and
location (F, 117= 2.39;P = 0.032) had, independently, a significant effeat@ rudis
preference. Nevertheless, domestication x locatias not significant onC. rudis
preference (§ 117= 0.52; P = 0.789) according to ANOVA test (Table I). Figus&
indicate that cultivated plants were more consuingdC. rudis 46.17% compared with
their wild relatives (21.12%). Furthermore, ecotyd®-1, 22-1, 18-1 and 19-1 were more
preferred byC. rudisthan their wild plants with 62%, 37%, 40% and 3f4pectively (Fig
3B).

Choice TestSimilar to no-choice test, domestication and laratffects were significant
(F1,117= 14.62;P < 0.001 and k 117= 2.32;P = 0.037 respectively) o@. rudispreference
(ANOVA). Nevertheless, domestication x location wex significant on preference Gf.
rudis (Fs, 117= 0.66;P = 0.683) as is shown in Table I. Similarly to n@id® assays, Figure
3C shows that cultivated plants (23.4%) were maedepred byC. rudisthan their wild
plants (5.7%). Ecotypes 08-1, 22-1, and 23-2 waghdn than their wild plants with 15%,

24% and 40.7% respectively (Fig. 3D).
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Figure 1. Comparative amounts (mean = SE) of flavonols anflagones between wild
and cultivated murtillaJ. molinae (A), amounts of flavonols and isoflavones based on
ecotype, geographical area (B), temporal variation flavonol and isoflavones
concentration in leaves of wild and cultivated nilarfplants from March 2014 to January
2015 (C), and amounts of flavonols and isoflavopesveen wild and cultivated murtilla
plants (D).* = significant differencet(-test,P < 0.05). Different letters indicate significant
differences (Tukey tesk < 0.05).
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Figure 2. Comparative amounts (mean) of insects betweenamitticultivated murtillalJ.
molinae (A), amounts of insects based on ecotype, geogralphrea (B), Comparative
amounts (mean = SE) of damage index between witdcaitivated murtilla,U. molinae
(C), amounts of insects based on ecotype, geographrea (D), temporal variation in
insects of wild and cultivated murtilla plants frawarch 2014 to January 2015 (E), and
levels of damage index between wild and cultivataadttilla plants (F).* = significant
difference { -test,P < 0.05). Different letters indicate significant @&ifences (Tukey tes®,
<0.05).
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Figure 3. Results from no-choice bioassays (A-Bhilesia rudisfood consumption (A)
when fed wild and cultivated murtill&Jgni molinae leaves. And, food consumption (B)
based on ecotype, geographical area. Results frmieces bioassays (C-DE. rudislarval
food consumption (C) when fed wild and cultivatédmolinag leaves. Food consumption

(D) based on ecotype, geographical area significant difference t{student testpP <
0.05).

4.4 DISCUSSION

Crop domestication can affect plant defenses a@id tesistance against herbivores
in unpredictable ways (Meyer et al. 2012). Morepdamestication and breeding for high-
yielding crops are expected to reduce chemicalndefe in plants because of potential
trade-offs between growth/reproduction and defe(\s@nk 1988, Herms and Mattson
1992, Rodriguez-Saona et al. 2011, Altesor etGl42 In this context, domesticationlih

molinae has focused mainly on selection of traits assediatith increased productivity,
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such as bigger plants, more fruit, and larger feige (Seguel and Torralbo 2004). We
could expect that cultivated. molinaemight allocate resources towards defense, growth,
and reproduction in a different way to wild planisdeed, despite its short history of
domestication (< 20 years), Chacon-Fuentes eR@lLY) showed that domesticationln
molinaehas led to decreases of flavonol content, an itapbclass of defensive secondary
metabolites in plants present in this species. Hewethat work did not consider the
possible role of environmental factors in the congmm of wild locations (seven different
areas) with cultivated plants (a unique area).He turrent research and in order to
determine the flavonoid variations minimizing eivimental effects, we carried out a
common garden experiment. Overall, common gardeeraxents have been used as a tool
for analyzing diversity, assemblages of insectgnubal defenses and yield comparing
different plant domestication degrees as was reddoly Rosenthal and Dirzo (1997). In
this sense, common garden experiments offer a aatahdardize biotic and abiotic factor
for wild and cultivated plants. Comparative anayserformed here showed that the same
environmental factors contrasted with the previoeport from Chacon-Fuentes et al.
(2015). Moreover, in this research all seven wadaltions presented domestication effects
on cultivated plants, contrasting with the previogigort where four wild localities and two
ecotypes were affected by domestication procesthignwork, the concentration of both
rutin (138-175ug/g) and kaempferol (0.55-0.74)/g) were no different between cultivated
and wild plants (Table V), respectively. Spitetemporal flavonoid variation observed in
cultivated and wild plants established in a commgarden was different from that reported
by Chacon-Fuentes et al. (2015), wild plants showgtier amounts of flavonoids than
cultivated ones. The contrasting environmental diactinvolved in the investigation

developed by Chacon-Fuentes et al. (2015), sutheasomparison between different wild

75



locations with a unique cultivated area, coulduafice the flavonoids production in the
time. For that reason, in the present researchnamom garden design experiment was
established for avoiding biotic or abiotic presstifeerences that could affect the flavonoid
production. Overall, both studies were agreed with hypothesis that domestication has
reduced chemical defenseslh molinae In fact, amounts of flavonoids were lower in
cultivated U. molinae than their wild parents. Therefore, if cultivatgthnts are less
defended (Chen et al. 2015) we predicted that dbcagisn in U. molinaewould make
plants more susceptible to herbivores foraging.fdat, some flavonoids found ik.
molinae have been implicated in resistance mechanism stgharbivores in other plant
systems (Chen et al. 2015). Todd et al. (1971) sllavat quercetin, a constituent of barley
leaves, was toxic to greenbudgi;hizaphis graminuniRondani) (Hemiptera: Aphididae)
interfering with reproduction, weight gain and sua} at doses of 3.75 X T0M. However,
the inverse mechanisms have been observed withamigy of compounds. For instance,
Diaz et al. (2010) reported that quercetin actec @hagostimulant for beettEpilachna
paenulata(Germar) (Coleoptera: Coccinellidae). Moreover, amd Mullin (1999) reported
stimulant-feeding activity elicited by quercetinD35 glucoside at doses of 9ymol/g
from western corn rootwormpDiabrotica virgifera virgifera LeConte (Coleoptera:
Chrysomelidae) (31.3% of consumption). Wink (1988iglsen et al. (1998) and Bernays
(1991) have also reported stimulation of feedind awipositional activity by kaempferol,
rutin, and glycoside compounds for other herbivor@hese results suggest that
domesticated plant could express or inhibit thedpotion of a particular compound
resulting plants more attacked by insects. In &mdito the flavonols reported in murtilla

by Chacon-Fuentes et al. (2015), we detected ferfittst time the presence of eight
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isoflavonoids compounds id. molinaeleaves trough HPLC analysis. In general, berries
do not have higher amounts of these compounds (M&288). However, according to
studies of Lapcik (2005, 2007), it is possibleitwfisoflavonoids in Myrtaceas. Therefore,
the presence of these compounds Un molinae —Myrtaceae- is according to the
chemotaxonomy reported for this species (Lapcik52@D07). Furthermore, the presence
of these kinds of compounds is important due t@r e as phytoestrogens and for coping
to insect pests (Mackova et al. 2006).

The results reported here have important implicatitor the cultivation ofJ. molinag a
crop that has been highly valued due to the ardan activity of flavonols in its fruit
(Rubilar et al. 2011, Alfaro et al. 2013). In otudy, we showed that the levels of flavonols
in the leaves were reduced due to domesticatioregsd However, if the focus of
domestication inU. molinae shifts from higher productivity, i.e., increases yield, to
higher levels of antioxidant compounds, these bsroould become more susceptible to
certain native herbivores such @s rudis Altogether, the reported findings provide first
insights on the impact of domestication on plariedses and resistance against herbivores
in U. molinae It may also guide to future breeding programshighlighting the potential
risks of breeding for high flavonol and isoflavodsicontent on susceptibility of fruit
against native herbivores. Furthermore, we detedtatdges in community and numbers of
the insects, biodiversity and damage indexes, sigpwiltivated plants a significant insect
numbers and damage by herbivores in leaves inioelad their wild counterpart. It is
suggesting that domestication has elicited a deerefidefense secondary metabolites such
as flavonols and isoflavonoids in murtilla plankor example, Chen and Bernal (2011)
reported that all herbivores have a response toedtication effects, finding more insects

in cultivated plants than cultivate ones. Howetleose authors did not found differences in
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the total of arthropods between wild and cultivatede species, suggesting that
domestication has altered the arthropod capacitycémtrolling herbivores. Moreover,
Chen et al. (2013) reported nearly 50% lower taxeuiltivated rice plants than wild plants,
173 unique taxa were found in wild plants, whermaly 23 were found in cultivated plants
establishing that changes in the arthropod commuaniid structure are associated with
plant domestication. These data agree with ourlteeseporting 51 insects for cultivated
plants and only 14 for wild). molinaeplants. In addition, our results indicated thadrén
were 6 unique insect families in cultivated plant€icadellidae, Chrysomelidae,
Cerambycidae, Noctuidae, Muscidae and Nymphalidad, there was only one unique
insect family for wild plants —Scarabaeidae- (Tablg Besides, Margalef index for
cultivated species was higher (4.32) than otheontspfor cultivated ecosystems such as
barley crops whose index ranged from O to 0.96 yAdtaal. 2009). Margalef index for wild
U. molinaeplants is lower than Lexerod and Eid (2006) wheeerange varied from 4.09
to 8.47, showing that cultivated plants have a &ighsect abundance than wild plants.
Moreover, Simpson (10.97) and Shannon (3.75) inslexere higher in cultivated plants,
indicating a major number of insect assemblages ¢bald be related to a decrease of
chemical defense —flavonoids- in cultivated plariisr a better understanding of insect
assemblages on murtilla plants subjected to dooa#&in process is necessary a detailed
study of each one of the insect reported. Fin&lyrudisshowed to be a proper biological
indicator of the negative effect of domesticationamemical defense in murtilla. Moreover,
we observed that the feeding behavior@frudis was increased in murtilla cultivated
ecotypes. However, Chacon-Fuentes et al. (2015)esthahat theC. rudis preferred wild
plants than cultivated in no-choice (80%) and chdiest (45%) bioassays. Nevertheless,

these results could be explained due to the effeenvironmental variation in that study.
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In the present study, the environmental factorsevaxoided because the common garden
experimental design developed, where cultivated #radr respective wild ones were
subjected to the same environmental conditionghis a product of flavonoids content
decreasing? To state this is risky, but our resthengly suggest that the answer goes in
that direction.

In conclusion, although domestication and selectiveeding have had great positive
influences on food availability through increasedpcyield and quality (Wink 1988), it has
often come at a cost for resistance against hersvChen et al. 2015), which may lead to
increased use of pesticides because the decrezfssegondary metabolites with defensive
role. Overall, domestication process effects aponted in this study. Flavonoid levels
were significantly higher in wild plants than thespective cultivated. We detected changes
in community and numbers of the insect assemblalgesiiversity index and also in
damage index that could suggest that the domastichbs elicited a decrease of defense
secondary metabolites such as flavonols and ismfilaids in murtilla plants. FinallyC.
rudis showed to be a proper biological indicator of tiegative domestication effect on
murtilla chemical defense. In conclusion, an experital design based in a common
garden experiment was a useful tool for the stahdation of environmental pressures that
are exposed plants in an incipient domesticatiagesversus their wild counterparts located

in several areas.
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CHAPTER V:

Chemical defense recovery is affected by ecotypediocality on

a reciprocal transplant experiment
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5.1 INTRODUCTION

Murtilla, Ugni molinaeTurcz (Myrtaceae) is an endemic and polymorphiailshr
from Chile distributed from Region del Maule to Reygdel General Carlos Ibafiez del
Campo (Seguel and Torralbo 2004, Rodriguez et @5Q In Chile, there is a strong
economic interest in the production bf molinae due to the presence of antioxidant
compounds, specifically flavonoids in their leavetems and fruits (Chacdn-Fuentes et al.
2015). Briefly, these plants were originally cotksat from 100 localities in southern Chile.
U. molinaecuttings were first grown in greenhouses for 18ryeand then transplanted to
the field (INIA Experimental Station-Tranapuentetie Region de La Araucania (south of
Chile, 38° 450 S, 73° 210 W) beginning a domesbcaprocess (Seguel et al. 2000). This
experimental field is located near Puerto Saavegrepastal area near the Pacific Ocean
and its weather is characterized as being a maderatanic climate with marine influence
(Scheuermann et al. 2008). Besides, researchéssanstitution are developing breeding
programs among the different phenotypes and ecstipen U. molinae Currently there
are two different varieties available that haverbpatented in 2008 and 2010 (USA: 21,
273P3), the former is named South Pearl INIA (Segnd Montengro 2008) and the latter
is named Red Pearl INIA (Seguel and Montenegro ROWO molinae has an average
production of 1 Kg/plant of fruits (1.1 Kg/plantri®Red Pearl INIA and 0.9 Kg/plant for
South Pearl INIA), from 1.0 cm diameter for Red fPHEIA to 1.1 for South Pearl INIA,
fruit weight from 0.8 to 0.9 g for Red Pearl INIAd South Pearl INIA respectively, °brix
degrees and ORAC were higher in Red Pearl INIAet@$ compared with South Pearl
INIA (15 °brix and 11.811 ORAC vs 14 °brix and 34y relation to reports by Seguel et

al. (2000).
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Plant domestication is a process in which planty nmerease their productive traits
according to human needs detriment of chemicalndef¢dHerms and Mattson 1992, Gross
and Olsen 2010, Meyer and Purugganan et al. 20il& &1 al. 2015). This process begins
from a wild population, where plants are selectefirst instance due to their useful traits
generating a selection of one above others. Howeker potential gene flow in a wild
conspecific population could affect the expressibrsome selected plant characteristics
(Wyngaard 1998). Plant domestication is directhaterl to defenses in plants through the
secondary metabolite production (Rosenthal and dDiif97, Benrey et al. 1998,
Rodriguez-Saona et al. 2011, Turcotte et al. 20B4jticularly flavonoids irJ. molinae
plants have been evaluated for showing changedaiorfol concentrations reaching
significant differences from 450 mg/L in cultivatéd 550 mg/L in wild murtilla plants
(Chacén-Fuentes et al. 2015). Moreover, same autheported that in different wild
locations the flavonol concentrations were highent cultivated ones. Furthermore, the
study of the temporal variation of these compouthdsugh the year indicated that during
December, January, February, June, August and @it concentration was higher in
wild than cultivated plants. The distribution okfe compounds trough the plant indicated
that in leaves the total flavonols in wild murtilidants (350 mg/L) was higher than in
cultivated plants (250 mg/L). Finally, these authtound 4 major flavonol compounds in
the extract olJ. molinaeleaves, such as rutin (231.00 mg/L), quercetircadide (316.00
mg/L), quercetin (2.34 mg/L) and kaempferol (1.01g/lby in all the cases the
concentrations were higher in wild plants thanuhicated ones. Th&). molinaeis a plant
that grows under a wide range of natural conditiang has distinguishable forms of
associating with different habitats (Hiesey 1940Je examination of local and

geographically based life history variation is app@ach to examine how different
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selective forces may have molded life histories fgaard 1998). Reciprocal transplant
experiments are an effective design for analyzirdgntp populations revealing that
environmental influences on plants could be langeneall relative to genetic (Schoen et al.
1986). The present study is built upon earlier istsiéh domestication (Chacon-Fuentes et
al. 2015). Here, we carried out a reciprocal tréargpexperiment to compare the level of
flavonoids in cultivated plants transferred to wddeas, and wild plants transferred to a
cultivated sites and how it may have molded lifgtdries. If each population is adapted to
the environment in which it has presumably evohady differences between the resident
and transferred population may reflect adaptatimnselective forces itJ. molinaeand
moreover could be an indicator of the chemical nledfs recovery against a new

environmental stresses.

5.2. MATERIAL AND METHODS

5.2.1 Collection ZoneLuttings from cultivated plants at the Experimer@tdtion-
Tranapuente of the Instituto de Investigacionesofgcuarias (INIA) in the Region de La
Araucania (south of Chile, 38° 45°'S, 73° 21°'W) webtained from two ecotypes (22-1
and 23-2) ofU. molinae Cuttings of the respective wild plants were sadpirom the
original geographical area where their cultivatedirderparts were collected originally
around 20 years ago. The following sampling areasewused for the wild cutting
collection: Mehuin (36" S, 7812°W) and Queule (323" S, 7812°'W) located in the
Region de Los Rios, Chile. All the cuttings werevgn in greenhouse in INIA for one year
and then established in a common garden in INladpaente for one year until their use

in the reciprocal transplant experiments.
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5.2.2 Reciprocal Transplant Experimedtter a year of climate in a greenhouse
and one more year in a common garden, cuttingsingatairom cultivated plants were
transplanted to the repective wild areas (Mehuth@uoeule), and at the same way cuttings
obtained from wild plants were transplated in th@&imental Station INIA-Tranapuente.
After one year, leaves of both wild and cultivateghsplanted plants were collected for
flavonoids analysis

5.2.3 Plant Material Five plants were sampled for each cultivated and plants
(N = 20 plants). Leaves were taken from all four gelddirections and at different heights
of the plant according to the methodology propdsge@€hacon-Fuentes et al. (2015). Then,
samples were placed in a cooler and transportdtetbaboratorio de Quimica Ecologica at
Universidad de La Frontera, Temuco, Chile. Samplese stored at -20°C until their
chemical analyses.

5.2.4 U. molinae Leaf Extractseaves were rapidly frozen in liquid nitrogen fos 5
(Mikulic-Petkovsek et al. 2012), and then, milleda grinder. Later, 0.5 g from milled
leaves was placed in a flask and 25 mL of meth&fLC grade (Sigma-Aldrich, St.
Louis, MO) was added to the samples (50% v/v in water). Tllas&s were placed in a
magnetic stirrer for 20 min at 3C€ and 170 rpm. After this time, the samples wdteréd
in darkness through a Whatmafi ffilter paper (Whatman International Ltd., Maidst
U.K.). The filtrate was lyophilized for 8 h. FingJleach sample was suspended in 10 mL of
methanol and left for 5 m in a Branson 3510 sobicaamples were stored at °20in
amber flasks (25 mL) until their use for High Penfiance Liquid Chromatography (HPLC)
analysis.

5.2.5 Quantification by HPLCMethanolic extracts obtained from both wild and

cultivated leaves were filtered through a 0.22 pmmbrane. 20 pL of sample were
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injected into a Shimadzu HPLC equipped with a Gz@8imn (150 x 4.6 mm |.D.; particle
size 5mm) maintained at 40 °C. The analysis wafpeed using a linear solvent gradient
consisting of 1% formic acid (A) and acetonitri®) @s follows: 0-5 m, 5% A/ 95% B; 5-
10 m, 30% A/70% B; 10-20 m, 55% A/45% B; 20-30 #% B/95% B at a 1 mL/min flow
rate (Chacdn-Fuentes et al. 2015). Flavonoids wemeitored at 260 nm; UV spectra from
190 at 800 nm were used for peak characterizafibe. identification of flavonoids was
based on peak retention time in comparison wittaadard. To construct calibration curves
for flavonoids, standard solutions were dissolvednethanol (Sigma-Aldrich, St. Louis,
MO) at 1000 mg/L. The stock solutions of each staddvere used to prepare a serial
concentration between 0.05 and 500 mg/L.

5.2.6 Statistical analysig he statistical software Statistix 10 (Tallahasd$derida,
United States of America) was used to analyzeltwoihoid levels. Total flavonoid content
was analyzed using atitest analysis, and an analysis of variance (ANOW¥gre
performed for analyses differences between ecotgpédslocalities, Fischer test was used
for comparisons among groups. ValuesPof 0.05 were considered as significant. Data
were natural-log transformed to meet the assumgtadnnormality and homogeneity of

variance. Results are expressed as means andah@sponding standard errors.

5.3. RESULTS

The total amount of flavonoids in wild plants (14@/g) was higher than cultivated
(82 ng/g) (Fig. 1) according to ANOVA tesP(< 0.05). This difference is mainly supported
by the ecotype 22-1 (Fig. 2AF{ 25,= 2.68P = 0.0473). Cultivated ecotypes reached total
flavonoid concentration of 7jig/g and 94ug/g for ecotypes 22-1 and 23-2 respectively.

However, for wild plants the total flavonoid cont@ation reached 169 and 11iib/g
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respectively. Surprisingly, the total amount of/flaoid in cultivated plants increased when
they were transplanted to the respective wild arigrea (Fig. 1) and in wild plants
decreased the amount of flavonoid when they wergechdo a cultivated area (Fig. 1)
(ANOVA; P < 0.05). Cultivated plants exposed to wild envimemts reached higher
flavonoid concentrations (120g/g) in relation with wild plants exposed to a oudted
managements (42g/g) as is showed in the Figure 1. Finally, in Feg@B two ecotypes
and localities were analyzed in relation to thealtdtavonoid concentrations showing
significative differences according to ANOVA te$t §.s6= 5.20,P < 0.001), Table I.
Original cultivated plants transfer to wild locatioeached concentrations of 10§/g and
132 ug/g for ecotype 22-1 and 23-2 respectively. Wildnpé transfer to cultivated systems

reached values of 33 and p/g for Mehuin and Queule respectively.
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Figure 1. Comparative amounts (mean + SE) of flavonoidsuhivated and wild plants,
and cultivated plants exposed to wild environmé@igdt > Wild) and wild plants exposed
to a cultivated system (Wild> Cult). Different letters show a significant difésrce
according to ANOVA test and Tukey post-hoc compari§ < 0.05).
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Additionally, Table | showed a significative difearces according to ANOVA test between
compounds and differents ecotypes and/or wild Ibeal(F 103, 416= 108.11,P < 0.001).
The major compounds found in leaves of wildmolinaeplants were rutin (78fg/g) and
daidzin (732ug/g) for Mehuin in wild plants and in the reciprbtansplant experiment the
high concentration was reached for daidzin (7tfg) in ecotype 23-2 transplanted to
Queule as is shown is Table Il. Moreover, thers am increase in daidzin amounts from
ecotype 22-1 (91.0hg/g) when it was exposed to wild environments (f4R)), the same
compound showed a decreased from 424d4 to 72.27ug/g when it was transplant from
a wild environment to cultivated one for Queulentda For genistin, ecotypes 22-1 (138.74
ug/g) and 23-2 (57.2Qug/g) showed an increase when they were exposed walda
environment (327.3lug/g and 345.01ug/g, respectively). In contrast, this compound
presented a decrease when it was exposed to tettivaanagement in both localities
Mehuin and Queule from 24.7Qg/g and 46.62ug/g to 4.94ug/g and 7.79ug/g.
Furthemore, myricetin showed the same trend Mehnth Queule reached values of 631
ug/g and 445.1219/g but, when they were exposed to a managemetensytbeir values
decreased to 125.34)/g and 87.9(wg/g respectively. Additionally, ecotype 23-2 prdsen
an increase from 7.44g/g to 190.04ug/g when it was transplanted in a wild location.
Finally, quercetin and sissotrin showed a decréaseotypes 22-1 and 23-2 when they
were exposed to their respective wild environméimms) 128.32ug/g and 122.34ig/g to
0.64 ug/g and 0.381g/g for quercetin respectively and, from 3511@#g and 562.67.g/g

to 225.62ug/g and 422.0ng/g respectively for sissotrin (Table II).
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5.4. DISCUSSION

Plant domestication is a co-evolutionary proceswhich is affected the flavonoid
concentrations according to the domestication de¢@epts 2014, Chacon-Fuentes et al.
2015). Therefore, cultivated plants could be losofgmical defenses —flavonoids- in
comparison to wild plants. In this sense, the tpta¢nolic compounds can be used as
indicator of chemical defense capacity accordinGtmg and Zhang (2014). For example,
Chacon-Fuentes et al. (2015) reported in a rededy shat domestication ib. molinae
reduced the concentration of rutin (231 vs 190 fgguercetin (2.34 vs 1.93 mg/L) and
kaempferol (1.01 vs 0.87 mg/L) from wild plants toltivated ones. In this sense,
domestication affects flavonoid concentrations. st important ecological interactions
are between plants and herbivores (Gong and Zhand)2®lant domestication is a co-
evolutionary process of selection for adaptatiorehwironmental factors (Gepts 2014).
Hence, environmental changes, for example the @&#&wog cultivated to wild systems or
conversely, can alter the chemical defense in @es¢ém improve the interaction to the
environment and particularly could be triggeringaaiation in the secondary metabolites,
in our case the amount of flavonoids. These comg®urave been studied due to their
deterrent activity in some insect pests (Simmor@s 2 For instance, Salunke et al. (2005)
reported that flavonols —rutin, myricetin, quernetiisetin and quercitrin- were toxic to
adults and eggs @allosobruchus chinensit) (Coleoptera: Bruchidae) at doses from 0.1
mg/mL to 10 mg/mL. Moreover, Onyilagha et al. (2p12sted the effects of flavonoids
from Camelina sativaon flea beetlePhyllotreta cruciferagColeoptera: Chrysomelidae),

glycosides from quercetin were deterrent at sevirsés.
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Figure 2. Comparative amounts (mean + SE) of flavonoids basedecotype and
geographical area (A). Amounts of flavonoids betwvedld and cultivated murtilla plants

(B), in a reciprocal transplant experimebDifferent letters indicate significant differences
(ANOVA,; Tukey test,P < 0.05).

Finally, reports by Augusto et al. (2014) for deshte fruit of murtilla, compared
cultivated ecotype 14-4 growing in INIA-Tranapuemah their respective wild plant
located in Puerto Saavedra, Region de La Araucah@yed that total phenolic compound,

measured trough gallic acid equivalent, was highecultivated plants (40.28 mg) than
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wild ones (19.35 mg). Moreover, antioxidant capgaatvaluated trough as 2,2 diphenyl 1-
picrylhydrazyl (DPPH), trolox equivalent antioxidazapacity (TEAC) and 2.2" azino-bis
(3-ethylbenzothiazoline 6- sulphonic acid) (ABT3says showed that cultivated plants

presented a better antioxidant capacity than tle evies (Augusto et al. 2014).

Table 1. Summary results of ANOVA for the effect of domeation and compounds in
murtilla plants.

Parameter Source of df? F° P
variation
Flavonoid concentration @g/g) Domestication 3,252 2.68 P=0.047
Residual 252
Error 259

Flavonoid concentration fug/g) Domestication 3,256 5.20 P<0.001
reciprocal transplant

experiment
Residual 256
Error 259
Compound concentration Compounds 103,416 108.11P < 0.001
(ng/9)
Residual 416
Error 519

@ Degrees of freedom: numerator, error.

® Estimate population variance

Nevertheless, there are two possible explanati@iated to these data; the former
corresponds to the different environmental systeamwihich plants were collected

(Tranapuente versus Puerto Saavedra). AccordingGepts (2014), domestication is an
evolutionary process that responds to induce atiaptaelated to the change in the
environmental conditions. Hence, wild and cultidapants have a differents ways to use
their nutrient pool in response to the environmlefgetors. The second reason has to do

with the genetic relation between wild and cultedplant, for instance the wild ancestor of
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the ecotype 14-4 was originally collected in Maraahlto (Inland zone), and surprisingly
wild plants for being used in that study were adble in Puerto Saavedra, coastal zone.
Therefore, wild and cultivated plants were not clise related in an evolutionary view.
Hence, changes within the plant could be basedemetg or environmental factors that
induce variation when the plant adaptation is sddn wild and cultivated plants in
different environments. According to Wyngaard (19@®mparisons of populations living
in different habitats can be particularly difficuitboth the populations and environments
differ in an assortment of variables. This casexsmplified by the life history variation
exhibited byU. molinaein the nature. Our results indicate that plantseaneciprocal
transplant experiment change their flavonoid cotregions, e.g., cultivated plants
transplanted in a wild location increase their dlawid concentration in contrast to wild
plants under cultivated managements. This agretbstia@ theories reported by Ross-lbarra
et al. (2007) indicating that adaptation is thsetfinstance, where domestication can occur.
Moreover, these results suggest that there wermiche defense recuperation, probably
generated by chemical defense induction due tacbartd abiotic stresses in cultivated
plants exposed to wild environment. In contrastdwiants exposed to a cultivated system
showed a decrease in their flavonoid concentratiBosh results suggest that could be an
enzyme that under somes stresses —biotic and @h®bverexpressed generating a higher
flavonoid concentrations in cultivated plants exgbso wild environments ok). molinae
plants have the capacity for reallocate the nussiequickly for develop a defense
mechanism modifying the trade-off between yield detense. Therefore, cultivated plants
could recover chemical defense to detriment yieldvild conditions through trade-off
process. Our results suggest strongly thdf.imolinaethe adaptation process occurs at a

brief time as can be seen in Figure 1A, wherehaldultivated ecotypes —22-1 and 23-2-
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showed a higher flavonoid concentrations than llhts transplanted in locations under
agricultural management (INIA-Tranapuente). Henlbese results support the idea that in
a reciprocal transplant experiment, the adaptatidd. molinaeis presented in at last one
year from the change of environmental conditiondjcating that domestication process in

U. molinaeis broadly subjected to an adaptation process.
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Table II. Reciprocal Transplant experiment and their totalcemtration of flavonoids in leaves for cultivatedd wild plants.
Different letters indicate significant differencascording to ANOVA and post-hoc Tukey teBt0.05).

Control (ng/q)

Reciprocal transplant experiment ig/q)

Compound Ecotype Ecotype Mehuin Queule Ecotype Ecotype Mehuin Queule
names 22-1 23-2 plants plants 22-1 23-2 plants plants
Biochanin A 0.00£0.00 0.00£0.00 1.50+0.69 1.52+0.43 0.15£0.05 0.23+0.11 0.82+1.10 0.30+0.08

n n n n n n n n
Daidzein 65.58+ 12.00+ 1.32+0.91 75.06+% 163. 68.80% 38.40+ 0.26+0.18 0.34+0.13
2-5:|-klmn 3-53n n 53 klmn 9-33klmn 22-99Imn n n
Daidzin 91.05% 318.00+ 732.30+ 424 .34+ 648.00+ 718.00+ 146.46x 72.27%
5.22jkimn 28.634n 181.004¢ 112.7 11, 14.83pc 46.58,; 36.20jj 19.5%imn
Formononetin  0.00+ 0.00 0.00+0.00 5.44+0.00 7.10+0.00 1.02+0.00 0.42+0.00 1.08+£0.00 1.42+0.00
n n n n n n n n
Genistein 0.00£0.00 0.00£0.00 0.14+0.00 0.08+0.00 0.08+0.00 0.03+£0.00 0.02+0.00 0.01+0.00
n n n n n n n n
Genistin 138.74+ 57.20% 24.70x 46.62+ 19.65 327.31% 345.01+ 494+1.28 7.79%+1.27
14.49;y 8.31kimn 6.41mn Imn 70.79gn 62.03¢4 h h
Kaempferol 0.00+ 0.00 0.00+0.00 2.16+x0.00 0.82+0.00 9.28+0.00 0.57+0.00 0.43+0.00 0.16%+0.00
n n n n n n n n
Myricetin 2447+ 7441275 631.20 445.12+ 129.75+ 190.04+ 125.34+ 87.90%
5.88m n 80.49 30.12¢¢ 41.07jjkim 48.90;; 15.1Ljjkim 5.15imn
Ononin 40.57+ 50.56+ 1.86+£ 052 1.44+159 0.11+0.04 1.50+1.33 0.37£0.10 0.20+£0.26
5-68|mn 3-17k|mn n n n n n n
Quercetin 128.32+ 122.34+ 3.08+0.47 3.46+2.70 0.64+0.21 0.38+0.36 0.61+0.09 0.51+0.25
10-68ijklm 12-66ijk|m n n n n n n
Quercetin 34 93.21+ 94.77+ 2.56% 2.34 0.18+0.08 0.48+0.33 0.51+0.46 0.78+0.15
Glycoside 3.00jkimn 1.87 jimn n 4.36+ 1.07, n n n n
Rutin 351.02+ 562.67+ 786.10+ 426.00+ 225.62+ 422.05+ 157.22+ 488.00+
131.96, 65.144 58.49, 40.37efg 19.17y, 178.21¢1, 11.69j 100.844c
Sissotrin 0.00£0.00 0.06:0.00 0.16:0.00 2.40:0.00 0.0A#0.00 0.06£0.00 0.03:0.00 0.0k 0.00
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5.5. CONCLUSION

Reciprocal transplant experiment showed that thdillauadaptation into different wild —
Mehuin, Queule- and cultivated areas -Tranapueate-affect the flavonoid concentrations
in response to the new ecological interactions.ddwer, our results strongly suggest that
changes generated in almost one year in which pleotild develop variations in their
defense mechanism -flavonoid profiles-. Furthermore results suggest that cultivated
plants exposed to wild environments can recover themical defenses due to abiotic and
biotic —herbivores- interactions. Finally, phenatyphanges due to domestication process
are not only co-evolutionary examples. In factytlean be used as a tool for developing
mechanisms for facilitating, breeding programsrasent and future in investigation of/on
adaptive genes iJ. molinae plants offering a new alternative for improvingtusd

agricultural managements.
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CHAPTER VI:

Flavonol synthase (FLS) enzymatic activity is decesed in
cultivated Ugni molinae plants subjected to a domestication

process
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6.1 INTRODUCTION

Flavonoids have been associated to a broad rangappfications such as
antioxidant, deterrence for insects and even rlegehuman health in cancer prevention
(Ruiz et al. 2010). Moreover, according to Xu et(2D12) flavonoids are a family of over
8,000 secondary plant metabolites characterizethby C6-C3-C6 skeleton that can be
classified into eight subgroups: flavanones, dibfldvonols, flavones, flavonols, flavan-
3,4-diols, flavan-3-ols, anthocyanidins, and prbanyanidins, according to the oxidation
state and substitution pattern of their C-ring cuee. Flavonoids can be conjugated to
sugar molecules occurring most of them naturallyplant tissue. Within flavonoids,
flavonols are one of the most abundant, actinguagaransport regulators, modulation of
flower color, protection against ultraviolet radgdet, prevention against microorganism and
pest invasion, and signaling interactions with aiseand microbes have been attributed to
these compounds. Moreover, flavonols have been stisdied due to their defensive
characteristics against insect pests in plants ifBel al. 1998, Harborne and Williams
2000, Winkel-Shirley 2001). These compounds arenéal from dihydroflavonols, as
illustrated in Figure 1, by the introduction of autble bond between C-2 and C-3 through
the action of flavonol synthase (FLS) (Forkmann 1)99Moreover, the B-ring of
dihydrokaempferol can be hydroxylated at the 3tpmsiby flavonoid 3°- hydroxylase
(F3'H), or at the 3" and 5" positions by flavon8i& -hydroxylase (F3'5°H) to produce
dihydroquercetin and dihydromyricetin, respectivelyne oxidation reaction introducing
the C-2/C-3 double bond was considered to be spekf dihydroflavonol substrates
(Lukacin et al. 2000, Preub et al. 2009). Furtheend-LS has been reported, as a

bifunctional enzyme capable of transform not ontyydrokaempferol into kaempferol but
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also is efficient to transform naringenin into kaderol (Lukacin et al. 2003). Related to
the pest management, there are studies aboutatdtamd anti-feeding properties of these
compounds. Onyilagha et al. (2012) reported traatothols such as kaempferol, quercetin
and isorhamnetin were deterrent against flea heRtigllotreta cruciferae(Coleoptera:
Chrysomelidae) inCamelina sativaleaves. Besides, Beninger and Abou-Zaid (1997)
reported that quercetin, rutin and a quercetin agide reduced the growth of%anstar of
gypsy mothLymantria dispar(Lepidoptera: Erebidae) when they were incorparatéo a
diet. Finally, Abou-Zaid et al. (1993) showed tHavonols quercetin, rutin, rhamnetin and
quercitrin reduced the growth @strinia nubilalis (Lepidoptera: Crambidae) larvae at
doses of 1, 10 and 100 mg/g of fruit. For the Résyears, a highly polymorphic perennial
and wild native shrub from Chile, named “Murtillaigni molinae (Valdebenito et al.
2003, Hoffmann 2005) has been domesticated andesitiny Instituto de Investigaciones
Agropecuarias Carillanca in Region de La Arauca@tile. 100 localities were originally
selected in South of Chile for collecting wild. molinae plants and cuttings were first
grown in greenhouses for 10 years and then tramsalato the field until now (Chacon-
Fuentes et al. 2015). In Chile and worldwide, thisr@a strong economic interest in the
production ofU. molinaefruit due to its high antioxidant content givenrtpaularly by
flavonol compounds. Furthermore, a recent investigaby Chacén-Fuentes et al. (2015)
reported differences in the flavonols concentrapogsent wild and cultivated plants Of
molinae showed a domestication effect on the flavonol potidns. Considering that the
flavonols reported by those authors are derivegaoingenin through the same biosynthetic
pathway and previous analysis when this substrate wsed in our research, the only
guantifiable peak by high performance liquid chréogeaphy was kaempferol. This

compound was selected in this study as enzymdiidtsggarameter (see chromatogram in
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annex, Fig. 1). Moreover, kaempferol has been q4sily associated to deterrent activity
in insect by those last authors and also they stioaveelation between domestication
degree and kaempferol concentrationUnmolinae plants. However, to our knowledge,

there is scarce information about FLS in berrider@s et al. 2014) and currently, there is
no information about flavonol synthase th molinae Therefore, the hypothesis of this
research was: There is a lower amount of FLS iresbiv kaempferol production in leaves
of cultivated than wildJ. molinaeplants. For dealing with that, we analyzed kaemgbfe

extract from leaves of both wild and cultivatednitausing naringenin as substrate for FLS

enzyme.

3

==

(285)-Naringenin
OH (o]

FLS | FHT

OH

OH

OH O (+H)-trans-
Dihydrokaempferol

OH (o] Kaempferol

Figure 1. Scheme of the kaempferol biosynthetic pathway framngenin into kaempferol
through the action of the enzyme flavonol synthaskS: flavonol synthase. FHT:
flavanone 3R3-hydroxilase.
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6.2 MATERIAL AND METHODS

6.2.1. Cultivated Material collectiorseven cultivated plants (Ecotypes: 08-1, 12-1,
14-4, 18-1, 19-1, 22-1 and 23-2) bf molinaewere used for collected cuttings at the
Experimental Station-Tranapuente of the Institiédri/estigaciones Agropecuarias (INIA)
in the Region de La Araucania (south of Chile, 88°S, 73° 21°W). Cuttings were grown
in greenhouse in INIA Tranapuente. Then, after dr yg acclimation in a common garden,

leaves were sampled and stored until their uskdempferol analysis and enzyme assay.

6.2.2. Wild Material Collection.Wild plants were sampled from the original
geographical area where their cultivated countéspaere collected originally around 20
years ago. The following sampling areas were usedhie cutting collection: Caburgua
(39°11° S, 7249°'W), Pucon (347 S, 7855°'W), Manzanal Alto (3®3" S, 7810'W),
Soloyo (3835" S, 7234'W), Porma (3®8" S, 7816°'W) from Region de La Araucania
and Mehuin (326" S, 7812°'W) and Queule (393" S, 7812°W) from Region de Los
Rios, Chile. Each cultivated plant was paired whigir respectively wild plantas follow:
Eco 08-1/Caburgua; Eco 12-1/Pucoén; Eco 14-4/Manzalta Eco 18-1/Soloyo; Eco 19-

1/Porma; Eco 22-1/Mehuin and Eco 23-2/Queule.

6.2.3. Kaempferol ExtractionLeaves of both cultivated and wild plants were
collected. Samples were rapidly frozen in liquittagen for 5 s (Mikulic-Petkovsek et al.,
2012), and then milled in a grinder. Then, sameg) were placed in a flask where 25
mL of methanol HPLC grade (Sigma-Aldrich, St. LquidO) was added to the samples
(50% v/v in water, solvent-to-solid ratio of 5:Mhese flasks were placed in a magnetic

stirrer at 170 rpm for 20 min at 3C. After this time, samples were filtered in darksie
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through a Whatman®n filter paper (Whatman International Ltd., Maidstp U.K.). The
filtrate was lyophilized. Finally, each sample vaaspended in 10 mL of methanol and left
for 5 min in a Branson 3510 sonicator accordin@bacon-Fuentes et al. (2015). Samples
were stored at -2C in amber flasks (25 mL) until their analysis byghl Performance
Liquid Chromatography (HPLC).

6.2.4.Enzyme Preparation. U. molindeaves were ground in a mill up to a fine
powder. 1.5 g of the powder obtained, 0.25 g qusatr, 0.25 g Polyclar AT and 4 mL of
0.1 M Tris/HCI (containing 0.4% Na-ascorbate, pk25j. were properly homogenized
(Halbwirth et al. 2009). Then, the resulting homuage was centrifuged at 50009 for 10
min at 4 °C. Finally, the supernatant was takeactmmplish FLS assays. This preparation

was performed in triplicate for statistical anasysi

6.2.5. Enzymatic ActivityOnce obtained the enzyme extract, FLS activilvese
measured according to Halbwirth et al. (2009) wiight modifications. Briefly, 20 pL of
50 mM of naringenin, 50 pL enzyme extract obtairsmbve, 5 pL of 3.48 mM 2-
oxoglutarate, 5 pL of 2.01 mM Fe$®@H,0, and 60 uL of buffer (0.1 M Tris/HCI + 0.4%
Na-ascorbate, pH 7.25) were mixed. Then, the enzssay was incubated for 60 min at
30 °C. The assay was finished by addition of 140o0fikethyl acetate, 10 puL of acetic acid
and 10 pL of 0.1 mM EDTA. Finally, the organic pbasas taken to carry out the HPLC
analysis as detailed below. In addition, the reactn absence of substrate (so-called blank)
was also performed for comparison. Enzyme actwi@g expressed as pkatal, where one
katal is defined as the enzyme activity transfogriinmol of compound per second (Flores

et al. 2014).
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6.2.6. HPLC AnalysisThe methanolic extracts obtained from leaves ared th
enzyme preparations were filtered through a 0.22nwambrane and they were analyzed by
HPLC. 20 pL of sample were injected into a Shima@#eLC equipped with a C-18
column (250 x 4.6 mm 1.D.; particle size 5 mm) ntained at 40 °C. The analysis was
performed using a linear solvent gradient congistin1% formic acid (A) and acetonitrile
(B) as follows: 0-5 min, 5% A/ 95% B; 5-10 min, 3084670% B; 10-20 min, 55% A/45%
B; 20-30 min, 5% A/95% B at a flow rate of 1 mL/m{$imirgiotis et al. 2009).
Kaempferol was monitored at 280 nm. The identifaabf kaempferol was based on the
peak retention time in comparison with its standard construct calibration curves for
flavonols, standard solutions were dissolved infraebl (Sigma-Aldrich, St. Louis, MO) at
1,000 mg/L. The stock solutions of each standardewesed to prepare a serial
concentration between 0.05 to 500 mg/L (Kumar .€2@09).

6.2.7. Statistical Analysig.he statistical software Statistix 10 (Tallahas$derida,
United States of America) was used to analyze temipferol concentration and FLS
enzyme activity data. Thetests were used for paired comparisons betweed and
cultivated plants. Data were natural-log transfairne meet the assumptions of normality
and homogeneity of variance. ValuesPok 0.05 were considered as significant. Results

are expressed as means and their correspondirdastiaerrors.
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6.3 RESULTS

Kaempferol Contentaempferol concentration was evaluated per eadicpkar ecotype
and compared with their respective counterpart.febdhces between the ecotypes
compared with their wild counterpart are shown iguFe 2, significant differences
between cultivated and their respective wild corpags, such as Eco 18-1/ Soloyo from
0.04 ug/g for cultivated plants to 0.14g/g for wild ones F; s= 61.40;P = 0.0159); Eco
22-1/Mehuin from 0.03g/g to 0.18ug/g (F1, 5= 40.97;P = 0.0235) and Eco 23-2/Queule
from 0.08pg/g to 0.25ug/g (F15= 84.28;P = 0.0117) were found accordingtitest @ <

0.05).

Incubation to Assay FLS ActivitKinetic studies were carried out to select the best
incubation time to the enzymatic assays for FLguFé 3 shows the correlation in the
amounts (nmol) of naringenin consumed as well asrigderol produced with four reaction
times; 30, 60, 120 and 240 minutes at 30 °C atethperature in all cases. The time where
the high level of kaempferol was detected corredpdrto 60 minutes (1.13 x3@mol),

coinciding with a low level of naringenin (2.79 Xlftmol).

Enzymatic Activity Significant differences in FLS activity were obssivfor Eco 14-
4/Manzanal Alto from 73 pkatal in cultivated platts134 pKatal in wild oned( =7.11,

P= 0.0500), Eco 18-1/Soloyo from 66 pKatal to 96 f#dF; =12.45;P= 0.0243) and
Eco 22-1/Mehuin from 38 pKatal to 119 pKat&h (=11.81;P= 0.0264) according tt
student test (Table 1). Nevertheless, for all ttielocomparisons there were no significant

differences between cultivated and wild plafs<(0.05).
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Figure 2. Kaempferol leaf concentrations compared ecotypeb their respective wild
counterpart. * mean significant difference betweeitivated and wild plantstfestP <

0.05) (N=5).
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Figure 3. Correlation of the amount of naringenin consumed kaempferol produced
(nmol) in reaction time. Data are expressed as m@aad their correspondent standard

errors.
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Table 1. Total FLS activity and their standard deviation {SD leaves of cultivated and
their respective wild murtilla. In all cases thegme was incubated for 60 minutes. * mean
significant difference between cultivated and waldnts {-testP < 0.05) (N=3).

Ecotypes/Locations Cultivated plants (pKatal) Wildplants (pKatal)
Ecotype 08-1; Caburgua 83.64 +£74.28 61.11 +2.80
Ecotype 12-1; Pucén 105.28 +91.18 70.66 +14.29

Ecotype 14-4; Manzanal Alto 73.30 £ 34.66 134.79 +£19.87 *
Ecotype 18-1; Soloyo 66.42 £ 13.09 96.48 £6.79 *
Ecotype 19-1; Porma 85.15 + 75.67 54.09 + 3.94

Ecotype 22-1; Mehuin 37.97 £33.01 119.97 £24.85*
Ecotype 23-2; Queule 73.91 + 68.46 66.64 + 10.53

6.4 DISCUSSION

Plant domestication can affect the flavonols préidac generating a decrease in
these metabolites and an increase in productivigs tia the so-called domestication
syndrome (Meyer et al. 2012). Nonetheless, in #yadrome, chemical defenses —
flavonols- can be affected in unpredictable ways. &xample, the trade off between yield
and production can be modified in detriment to flagonols responsible of the chemical
defense in plants that acting on insects feedingawer. In this framework, Chacén-
Fuentes et al. (2015) reported a decrease in fidvoompounds as quercetin, rutin and
kaempferol in cultivated murtilla plants in compam with their respective wild
counterparts. In addition, flavonols particularthgve been studied due to their defensive
characteristics, Chacon-Fuentes et al. (2015)des#eeral concentration of kaempferol on

the feeding behavior o€hilesia rudis (Lepidoptera: Arctiidae) and found that all the
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concentration used (0.1, 1, 5 and 50 mg/L) wereifge stimulants. Hence, kaempferol
could be modified over the domestication processimtilla plants, generating changes in
its concentrations that could affect the feedinigaw®or in insect pests due to changes in the
enzyme flavonol synthase (FLS), transforming a dibffavonol into flavonol, e.g.
dihydrokaempferol into kaempferol. For instancendrat al. (2013) showed a positive
correlation between kaempferol concentration angymatic activity of FLS in grape
berries,Vitis vinifera(cv: Cabernet sauvignon). Hence, our results atdit the enzymatic
activity by FLS from naringenin to kaempferol, BtitS could be acting from naringenin as
bifunctional enzyme. Our results showed that charigekaempferol concentration were
related to the amount of FLS presented in muntileants (Soloyo and Mehuin), showing in
cultivated plants a decrease of kaempferol conagotr due to a low enzymatic activity
(Eco 18-1 and 22-1) in comparison to respectivel wlhnts. Moreover, differences in the
total kaempferol concentration were found for SoloMehuin and Queule. These results
were agreed with the activity of FLS where Eco 18d Eco 22-1 presented a lower

activity than their respective wild counterpart.

6.5 CONCLUSION

In general, wild plants are exposed to high envitental pressures —biotic and abiotic
factors- having a high defensive compounds poatdpe against these several stresses.
Hence, our results showed a higher kaempferol ¢dret@n in wild location as Soloyo,
Mehuin and Queule, indicating a decrease in théiivated counterparts, this reduction in

kaempferol concentration could be related with Fh& Activity. Therefore, these results
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suggest a decrease of enzyme key as FLS and tax tkeduction of kaempferol production
in cultivated plants. Kaempferol concentrations #imel FLS activity could be correlated
with the domestication ik). molinaeplants, indicating that the activity of FLS is exdted

in some ecotypes by domestication process accotdirgur results. Furthermore, these
results suggest that murtilla plants under culédanhanagements could be experimenting a
decrease in the kaempferol production due to theadmucultivation showing a loss in the
pool of defenses because the low activity of FLScamparison to wild counterparts

(Manzanal Alto, Mehuin and Queule).
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Representative HPLC chromatogram of enzymatic igtwf FLS in murtilla,Ugni molinae leaves. 1) Naringenin, and 2) kaempferol.
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GENERAL DISCUSSION

Plant domestication is a co-evolutionary process selection for adaptation to
environmental condition changes (Gepts 2014, Mazleadl. 2014) that frequently occurs
gradually (Machado et al. 2014). One of the mosfpadrtant characteristics for
domestication take place is the “cultivation”. Aoding to Chen et al. (2015) cultivation
describe the agronomic activities that promote ogopwth, pest control activities and
tilage. In general, the main focus of the agromomianagements is to improve traits on
plants for human needs. In this sense, there diereatit characteristics that difference a
wild plant with a cultivated one. For instance,natural environments there is a strong
competition of plants for light, water or soil nietits in contrast to the agrosystems (Gepts
2014). Moreover, the need of developing a morecieffit production system, in terms of
biomass per unit of surface and time in cultivgiéahts is, according to Gepts (2014), an
important difference between wild and cultivatedrnpé. Finally, this author indicated that
the human necessities for novelties such as netvdolors or size and shape of seed are
decisive differences in cultivated plants relaavild ones. In the same framework, plants
artificial selection is based on criteria dictatbgg the human society. Mainly, the
characteristics proposed for domesticating plargsaacording to Maag et al. (2015), in a
first place, reach an increase in nutritive qualiyd in a second one is reduce toxic
metabolites for enhance palatability. Finally, tomote plant growth can affect however
the relationship insect plant, increasing the pemémce and fitness of herbivores as a
consequence of the increase in nutritive traits dedrease in constitutive chemical
defenses (Rodriguez-Saona et al. 2011, Maag 0&b). Hence, crop domestication can

affect plant defenses and resistance against leegsivn unpredictable ways (Meyer et al.
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2012). As is indicated above, domestication ancedirey for high-yielding crops are
expected to reduce chemical defenses in plantsubecaf potential trade-offs between
growth or reproduction and defense (Wink 1988, Heand Mattson 1992, Rodriguez-
Saona et al. 2011). Plant domestication can afsetaflavonoid production, generating a
decrease in these compounds (Chacon-Fuentes2€i1al) and changing both diversity and
community of insects (Chacén-Fuentes et al. 20b6)he present research, we identified
around 60 insect species in wild and cultivated tithurplants from December 2012 to
October 2013 that had not been reported previqUslgle 2; Chapter Il). The high number
of insects reported in association withmolinaesuggests that once this crop completes its
domestication process could be affected by a wjkxtsum of phytophagous insects,
producing different kinds of damage due to thefoliating or sucking feeding behavior or
insects that generate damage when they oviposgiad the case of ettigades chilensis
Amyot & Serville (Hemiptera: Cicadidae) found inighsurvey. As the first approach,
domestication process can be responsible for loskecrease of biodiversity in cultivated
species ofU. molinae Seguel and Torralbo (2004) indicated tlBmbusspp. is the
principal pollinator ofU. molinae Therefore, loss of biodiversity through domesiara
process can induce a decreasing in pollinationthin last years several authors have
developed a theoretical framework for understandimg evolution of plant defenses
against herbivores. Rhoades (1979) suggested tbatlégree of resistance to herbivores
reflects a compromise between the benefits of redlierbivory and the costs of diverting
resources from other functions to resistance. Gwaw{1997) reported that plant
morphology can influence insect acceptability diseeither by providing suitable visual
cue, or by influencing the ability of insects tolkvan or bite into the tissue. Furthermore,

most phytophagous insects are confined to cerfaint parts determining the physical and
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chemical attribute to which the insects respondthis framework, domestication id.
molinae has focused mainly on selection of traits assediatith increased productivity,
such as bigger plants, more fruit, and larger fsiae (Seguel and Torralbo 2004). Overall,
we detected changes in insect assemblages, danmabelizersity indexes that could
suggest murtilla domestication has altered thecinassemblages. Furthermore, flavonoid
composition was also affected for domesticatiorcess in murtilla agreed with previous
data related to insect diversity and assemblagesafdi@r II). We reported that
domestication inJ. molinaereduced the concentration of rutin (231 mg/L v® 18g/L)
quercetin (2.34 mg/L vs 1.93 mg/L) and kaempfetoD{ mg/L vs 0.87 mg/L) from wild
plants to cultivated ones. Despite its short histdrdomestication, theses data suggest that
domestication irJ. molinaehas led to decreases in flavonoid concentratimmsmportant
class of defensive secondary metabolites in plartss agrees with our hypothesis that
domestication has reduced chemical defensdd. imolinae Although the trend was the
same, i.e., reduction in flavonoid concentrationscultivated plants, the strength of the
effect of domestication varied among populationg.(EB; Chapter Ill), with some of them
responding more strongly than others. Hence, tivaiked plants are less defended (Chen et
al. 2015), we predicted that domestication Un molinae would make plants more
susceptible to herbivores. In fact, some flavondaisd inU. molinaehave been implied
in resistance against herbivores in other plantesys. For example, Todd et al. (1971)
showed that quercetin, a constituent of barleydsawas toxic to greenbudSchizaphis
graminum(Rondani). Moreover, Dreyer and Jones (1981) teploincreased resistance of
wheat againsM. persicaealso due to quercetin. However, this was not thee dor the
herbivore C. rudis (Angulo and Ruiz 1974), an important defoliator the ecosystem

associated to murtilla (Aguilera et al. 2009), whishowed higher performance and
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preference for wildJ. molinaeplants than their cultivated counterparts. In factr study
shows that flavonoid content stimulates feedingCinrudis Even thoughC. rudisis a
generalist herbivore, preference for widd molinaemight be due to the fact that both plant
and insect are native from the region and it hlaslyli evolved to exploit its host plant
defenses. In this regard, our study demonstraigsehilevels of flavonoids in wild than
cultivated U. molinae leaves. Despite that these chemical compounds beascting as
phagostimulants in this insect—plant interaction,molinaeis a crop that is highly valued
due to the antioxidant activity of flavonols in itiwit (Rubilar et al. 2011, Alfaro et al.
2013). However, the conclusions presented heredcbal risky in the sense that the
determination of flavonoids was conducted from dasygrom different agro-ecological
zones. This was corrected, and in Chapter IV wewslothe flavonoids determination
carried out in a common garden with the aim of miming the environmental variations.
The results were similar to those obtained preWyousor example, the concentration of
rutin, quercetin glycoside, kaempferol and quercefried from 175, 85, 0.74 and 124
ug/g respectively in wild plants to 138, 75, 0.55dahl2 ug/g in cultivated ecotype.
Overall, this agrees with our hypothesis that ddioason has reduced chemical defenses
in U. molinae These results suggest that during the domesticatiocess and because the
content of flavonoids change, the domesticatedtglanld express or inhibit the production
of a particular compound resulting plant more sp8bk to insect attack. In addition, we
detected for the first time the presence of eigbflavone compounds id. molinaeleaves
(Table I; Chapter IV. According to Lapcik (2005,@A) these secondary metabolites seem
to be typical in Myrtaceas, Therefore, the presesicthese compounds id. molinae—
Myrtaceae- is according to the chemotaxonomy regofr this species. Furthermore, we

detected changes in community and numbers of $exirassemblages, biodiversity index
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and also in damage index that could suggest tieatitimestication has elicited a decrease
of defense secondary metabolites such as flavarudsisoflavonoids in murtilla plants.
Finally, C. rudis showed to be a proper biological indicator of tmegative effect of
domestication on murtilla chemical defense. We olesk that the feeding behavior was
increased in cultivated ecotypes. However, redoyt€hacon-Fuentes et al. (2015) showed
that theC. rudis preference was higher for wild plants in no-chqi@@%) and choice test
(45%). Nevertheless, these results could be exgdaidue to the high environmental
variation in that study. In the present study, émyironmental factors were minimizing
because of the establishment of a common gardimas explained above. Therefore, this
is a product of the decrease of the flavonoid auf?t&nsuring this is risky, but our results
strongly suggest that the answer goes in thattibrecAccording to Machado et al. (2014)
artificial selection is considered as the main etiohary force. In this framework, we
analyzed the effect of the human influence bnmolinae domestication in a reciprocal
transplant experiment. Plants under reciprocal splamt experiment changed their
flavonoid concentrations showing in cultivated psaexposed to wild locations an increase
in the flavonoid defenses and visceversa. Thergtorecovery chemical defenses capacity
in cultivated plants exposed to wild environmentalld be suggesting a physiological
plasticity in murtilla plants. Furthermore, wildguits exposed to cultivation presented a
decrease in their flavonoid levels, suggesting #&kgwadaptation to an agricultural
management. This agrees with the theories repditedRoss-lIbarra et al. (2007) that
indicated adaptation is the first instance whemnektication can occur. Furthermore, this
recovery capacity suggests a possible increaseesrpgyoduction of enzymes involve into
flavonoid pathways. On the other hand, we repartHe first time the relationship between

domestication and enzyme involve in plant defendeus, we showed that enzymes
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responsible of flavonoids production are also a@ffdcfor a domestication process.
Specifically, FLS activity seems to be highetdnmolinaefor producing kaempferol. Our
results showed a higher kaempferol concentratiowild location as Soloyo (0.149/9),
Mehuin (0.18ug/g) and Queule (0.2pg/g), indicating a decrease in their cultivated
counterparts with 0.04, 0.03 and 0.08/g respectively. This reduction in kaempferol
concentration was related to the FLS activity, hsbowed values from 96 and 119 pKatal
for Soloyo and Mehuin, in general higher than tieitivated counterparts with 66, and 38
pKatal for Eco 18-1 and Eco 22-1. Therefore, theseilts showed a decrease of a key
enzyme for flavonoid production such as FLS agésgnted in ecotypes 18-1 and 22-1. In
summary, the concentration of kaempferol and theigcof flavonol synthase could be
correlated according to the domesticatiorinmolinaeplants, indicating that the activity
of FLS as well as the flavonoid concentrations filecied by domestication process.
Overall, first chapters showed a domesticationcefts cultivated plants, decreasing their
defense pool in comparison to wild plants samptedriginal wild locations. Nonetheless,
the developing of a common garden experiment wasedgwith these previous data —
affected for environmental factors- showing a daseeof flavonoids in cultivated plants. In
conclusion, although domestication and selectiveeting have had great positive
influences on food availability through increasedpcyield and quality (Wink 1988), it has
often had a cost for resistance against herbivféen et al. 2015), which may lead to
increased use of pesticides. Whereas in a numberopf plants, domestication has been
reportedly to lead to lower levels of defensive poomds hence lower resistance to pests
(e.g., Rosenthal and Dirzo 1997, Rodriguez-Saor4 ,20hen and Bernal 2011, Altesor et
al. 2014). In the system studied here, domesticdtias led to lower levels of chemical

defenses in the Chilean native cidpmolinae The study olJ. molinaein this incipient
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stage of domestication would make possible to aeailyas an evolutionary continuum and
in places where cultivated and wild plants coestally, in areas where wild relatives and
cultivated plants coexist it is possible to idgntbntinuous gradients of states or degrees
of domestication and this fact is useful for sttidy effect of adaptation in cultivated plants
and use as tool for redomestication, neodomesiitgtepts 2014) or superdomestication

of crops (Vaughan et al. 2007).

CONCLUDING REMARKS

Ugni molinaedomestication effect was showed in three diffeexgeriments. In the first
approach, a comparison between wild and cultivaednolinae plants in relation to
flavonoid contents, insect diversity and feedingdweor of Chilesia rudiswas developed.
In the second approach the same aspects were deddln a common garden. In the third
experiment the plasticity response frdi molinaeto the flavonoid content changes were
tested in a reciprocal transplant. Finally, thesrof flavonol synthase in thd. molinae

domestication process was evaluated. Hence, the enaclusions from this thesis are:

- The first experiment showed that the chemical d&ferflavonoids- was decreased
in cultivated plants and the insect communities evancreased. Hence, the
domestication effect can be not determined in #iperiment because of the

different environmental conditions involved in tlaigproach.

- The domestication effect was determined in murpliants subjected to a common

garden experiment.
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- Finally, murtilla plants show plasticity in the mering flavonoid contents in a

reciprocal transplant experiment.

FUTURE DIRECTIONS

- Because ofJgni molinaedomestication is a dynamic and continuous prodbss,
evaluation of the insect-plant interaction and trede-off between growth and
chemical defenses on the following domesticatiages of domestication could be
useful for increasing the knowledge and their agpion in agricultural

management and breeding programs.

- Biosynthetic pathways can be altered in cultivaigdnts due to the plant
domestication process. In this sense, to analyzedhation of key enzymes in the
flavonoid pathways in plants under domesticatideat$ could be useful for find a
mechanism for increase or stimulate their produciiocultivated plants subjected

to the domestication process.

- The plasticity found irJ. molinaeplants suggests that their flavonoid contents can
be handled. Hence, to study the effect of shadimgshanical damage, fertilization

or hydric deficit on the content of these defensnetabolites.

- In areas where wild relatives and cultivated plamsxist it is possible to identify
continuous gradients of states or degrees of decaéish. This fact is a solid base

for understanding the effect of adaptation in galied plants. This knowledgements
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can be applied for develop a powerful tool for tifgture processes of

redomestication, neodomestication or superdomeistican crops.
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